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RESUME 

Les ingrédients pharmaceutiques actifs peuvent conserver leurs propriétés indéfiniment à l'état 

solide. En conséquence, de nombreux médicaments sont produits et stockés dans la phase 

solide la plus stable parmi celles connues. Cependant, plus de 50% des médicaments à l'état 

solide peuvent avoir plus d'une modification polymorphe. Différentes formes polymorphiques 

du même composé peuvent posséder des propriétés différentes, qui affectent de manière 

significative l'efficacité d’un médicament, ses capacités à être fabriqué et stocké. Le contrôle 

du polymorphisme des ingrédients pharmaceutiques actifs est un problème relativement 

nouveau, dont les réglementations commencent à peine à se développer. Pour parvenir à une 

surveillance efficace des propriétés lors de la production et des caractéristiques prévisibles des 

formes posologiques, il est nécessaire de contrôler les causes profondes du polymorphisme. Il 

s'agit d'un changement de conformation de la molécule et / ou de la formation d'un nouvel 

ensemble d'interactions intermoléculaires. 

Dans la première partie de cette thèse, deux méthodes expérimentales du contrôle de la 

composition polymorphe des ingrédients pharmaceutiques actifs et de leur cristallisation 

sélective à partir du dioxyde de carbone supercritique sont présentées. Le premier est le suivi 

des conformations de molécules bioactives par spectroscopies infrarouges et Raman in situ. 

Les relations entre les conformations en solution et les modifications polymorphes 

recristallisées sont illustrées dans l'exemple de l'acide méfénamique et de la carbamazépine, 

substances particulièrement sensibles au polymorphisme. La deuxième méthode 

complémentaire permet de cultiver des monocristaux d’haute qualité directement à partir de la 

solution dans le dioxyde de carbone, de déterminer leur structure par diffraction des rayons X 

sur monocristaux et, par conséquent, d'établir précisément une référence pour des méthodes 

rapides d'analyse de composition polymorphe (analyse vibrationnelle, thermique, etc.). Il est 

étudié pour un co-cristal d'acide méfénamique et de nicotinamide (vitamine B3). 

Dans la deuxième partie de la thèse, l'approche est proposée pour l'analyse de la réponse 

mécanique des formes polymorphiques individuelles et de la probabilité de leurs 

transformations sous des influences extérieures (pression, broyage, etc.) et en cas de faible 

stabilité d'une forme crystalline. C'est une méthode multi-étape ou les calculs des énergies 

d'interaction par paires dans les cristaux permettent d’identifier les fragments les plus 

fortement liées d'arrangements cristallins (unités de construction, colonnes, couches, etc.). 

L'unité de construction et une partie de la couche voisine sont utilisés comme système modèle 

pour l'étude ultérieure. Les directions probables du cisaillement des couches moléculaires sont 

supposées à partir de l'analyse topologique. La dernière étape consiste en des calculs 

quantiques et chimiques précis des profils d'énergie de décalage et des barrières pour le 

déplacement des couches dans ces directions. Cette approche est appliquée aux médicaments 

populaires: l'aspirine, le piracétam et l'ibuprofène. 



8 
 
 

  



9 
 
 

RESUME 

Active pharmaceutical ingredients can retain their properties indefinitely in a solid 

state. As a result, numerous drugs are produced and stored in the most stable solid phase 

among the known ones. However, more than 50% of solid-state drugs may have more than 

one polymorphic modification. Different polymorphic forms of the same compound can 

possess different properties, which affect significantly the effectiveness of a drug, its abilities 

to be manufactured and stored. The control of polymorphism in active pharmaceutical 

ingredients is a relatively new approaching problem, whose regulations just start to develop. 

To achieve effective monitoring of the properties during the production and dosage forms 

predictable characteristics, it is necessary to control the root causes of polymorphism. They 

are a molecule conformational change and / or the formation of a new set of intermolecular 

interactions. 

In the first part of this thesis, two experimental methods for the control over the 

polymorphic composition of the active pharmaceutical ingredients and their selective 

crystallization from the supercritical carbon dioxide are presented. The first is the monitoring 

of the conformations of bioactive molecules with in situ infrared and Raman spectroscopies. 

The relationships between conformations in solution and recrystallized polymorphic 

modifications are shown in the example of mefenamic acid and carbamazepine, substances 

especially susceptible to polymorphism. The second complementary method allows one to 

grow high-quality single crystals directly from the solution in carbon dioxide, to determine 

their structure by single-crystal X-ray diffraction and, as a result, to clearly establish a 

reference for fast methods of analysis of polymorphic composition (vibrational, thermal 

analysis, etc.). It is studied for a co-crystal of mefenamic acid and nicotinamide (vitamin B3). 

In the second part of the current thesis, the approach for the analysis of mechanical 

response of individual polymorphic forms and the probability of their transformations under 

external influences (pressure, milling, etc.) and in case of low stability of a crystalline form is 

proposed. It is a multi-step method, where calculations of the pairwise interaction energies in 

crystals allow to identify the most strongly bound fragments of crystalline arrangements 

(building units, columns, layers, etc.). The building unit and a part of the neighboring layer 

are used as a model system for the further study. The probable directions of molecular layers 

shear are assumed from topological analysis. The final step is precise quantum-chemical 

calculations of shift energy profiles and barriers for the layers displacement in these 

directions. This approach is applied to popular drugs: aspirin, piracetam and ibuprofen. 
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1.1. State of a problem 

Bioactive molecules are kind of chemicals that have actions in the human 

body promoting good health. Usually, small amounts of them can be found in 

plants, fungi or other living organisms, but they can be collected and 

concentrated producing active pharmaceutical ingredients (APIs). Such 

ingredients are the substances used in drugs and intended to furnish 

pharmacological activity or to otherwise have direct effect in the diagnosis, cure, 

mitigation, treatment or prevention of disease, or to have direct effect in 

restoring, correcting or modifying physiological functions in human beings. The 

drugs made of APIs with other excipients can be delivered in numerous forms: 

solutions, aerosols or even gaseous mixtures, but the vast majority of drugs are 

delivered in the solid form [1]. Recent assessments [2, 3] have shown that more 

than 70% of all the APIs are used in a solid state. 

It seems logical, that the solids are the most used among all the 

possibilities to produce and spread the medications. They seem the most stable 

and easy to handle, but the solids same from the first glance may not coincide in 

structure and, thus, in properties. Time to time differences in structure may also 

cause differences in solids exterior. This effect is not reliable and cannot be used 

to signal the presence of differences [4-6], but in 1832 this phenomenon was 

observed in practice by F. Wöhler and J. von Liebig for benzamide [7] creating a 

question of “miraculous transformations of crystals”. The causes of the issue 

remained unclear until in 1916 L. Vegard experimentally showed the existence 

of the different modifications of TiO2: rutile, anatase and brookite [8]. The 

ability of substances to form more than one crystalline phase with varying long-

range order was proved and later called polymorphism (or allotropy, when 

referred to a chemical element). For a long time, the APIs polymorphism was 

not a subject of investigations. Differences in the properties of solid drugs have 
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not been considered as the consequences of distinctions in crystalline 

arrangements of basic APIs. 

Aspirin, an anti-inflammatory drug, became the first object [9], of 

investigations that show that the polymorphic modifications (forms) of APIs are 

possible as for other substances (TiO2, benzamide, etc.), but their analysis for 

APIs is more complex. These investigations attracted the attention to 

polymorphism and proved the thought of W.C. McCrone that “…the number of 

forms known for that compound is proportional to the time and money spent in 

research on that compound.” [10]. The discussion of the possibility of a 

transition between two crystalline arrangements for this wide-spread medication 

continued until the next incident triggered the interest of manufacturers. 

Carbamazepine, an anti-epileptic drug, became the first pointer, which showed 

that the substance released at the market can possess an unstable crystal 

structure and have drawbacks caused by molecular arrangement in a solid phase. 

The slow dissolution rate of the new solid form caused the incomplete digestion 

and seriously decreased the dose of medication delivered with the pill. The 

reason for this was attributed to the hydration of anhydrous carbamazepine [11, 

12]. Further, the European Pharmacopoeia issued new rules to prohibit the use 

of any solid phases of carbamazepine, except for polymorphic modification III 

(CRS) [13]. 

Finally, the significant growth of interest in the question of crystal 

polymorphism in the pharmaceutical industry started in 1995. This is due to 

several litigations and the first big problem around ranitidine hydrochloride 

(Zantac®). The most popular drug on the market ($3.45 billion / year) [14], 

ranitidine hydrochloride had 2 polymorphic modifications patented by Glaxo 

company in 1978 [15] and in 1985/1987 [16, 17], respectively. In 1995 the 

patent defense of the form I had to end. Novopharm company tried to reproduce 

the polymorphic modification I, but did not succeed to get rid of the polymorph 

II and suffered the first financial losses associated with polymorphism [18]. 
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Further, the most famous polymorphism-based case of financial loses happened. 

Ritonavir (Norvir®) is a drug for the treatment of Acquired Immunodeficiency 

Syndrome (AIDS), which has been sold in solid form from 1996 till its 

withdrawal from the market in 1998 [19]. The appearance of a new undesirable 

polymorphic modification II of the API caused a sudden drop in the solubility of 

the ready drug product by near 400% of the solubility inherent to the metastable 

form I [20]. Large amount of the formulated medication was recalled [21]. This 

case was the first strongly associated with the changes in solubility caused by 

polymorphism and stimulated the interest in the polymorphs as a tool for 

the manipulation of drugs properties. Some other cases including a few major 

incidents happened in the next years (Figure 1.1), but they were just 

consequences of insufficient preliminary researches or production control. 

During the latest years, the problems of an occurrence and distinctions in 

properties of various solid phases of one component, along with the issues of an 

acquisition, purification and characterization of individual polymorphic 

modifications, have become fundamental in any pharmaceutical research [23]. 

The polymorphism is an option strictly controlled before the release of an API 

on the market by European Pharmacopoeia beginning from its fifth edition 

(2004). The number of publications and patents in the field grows very quickly 

[14] and the quantity of the indexed articles has increased by near 2 times during 

the latest decade, from 2010 till 2020 (Figure 1.2), according to the Scopus 

database. In an analogous way, the number of patents in the field of 

polymorphism of drugs has grown from around 11100 issues to 24800 

worldwide according to the data from Espacenet [24]. 

 



18 
 
 

 
Figure 1.1. A timeline of the most famous pharmaceutical accidents concerning 

polymorphism led to financial loss (adapted from [22]). 

 

Noteworthy, that in spite of all the regulations and the efforts to control 

the polymorphism there were still at least 30% of APIs with undefined crystal 

structures among the non-protein part of the top 200 in the world pharmaceutical 

products by retail sales in 2018 [25]. The same situation repeats for example for 

the Ukrainian industry. There are 13 drugs used in the solid state among the top 

20 brands (Table 1.1) by pharmacy sales in monetary terms [26]. In their 

composition, 20 individual APIs were found and just for 11 of them the question 

of polymorphism was studied according to available data. Multiple structures 

were obtained just for 6 out of 20 individual APIs according to the data of the 

Cambridge Crystallographic Data Center (CCDC) and published papers. Since 

the modern assessments show, that more than 50% of all the bioactive 

compounds can have more than 1 solid form [27], it is possible to speak about 

the serious incompleteness of the data available for wide-spread medications. 

The properties have been studied for an even smaller number of polymorphic 

forms. 
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Figure 1.2. Number of publications (top) and patents (bottom) concerning 

polymorphism according to the data from Scopus and Espacenet, relatively. For patents 

worldwide (red bars and blue line) and summary for all the countries (black bars and orange 

line) sections are highlighted. 

 

Table 1.1. Example of polymorphism problem for the solid dosage forms among 

the top 20 drug brands in Ukraine by pharmacy sales in monetary terms. 
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 Brand name API Action 
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efC
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es C
C
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C

 

Number of 

polymorphic 

modifications 

C
C

D
C

 

L
iteratu

re 

1 Nurofen® Ibuprofen NSAID* DB01050 IBPRAC 

2 

[28, 

29] 

2+NC** 

[30] 

2 Xarelto® Rivaroxaban Anticoagulant DB06228 LEMSOO 1 [31] 
4+NC 

[32-35] 
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Table 1.1 Continued. 

R
atin
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 Brand name API Action 

D
ru

g
B

an
k

 ID
s 

R
efC

o
d

es C
C

D
C

 

Number of 

polymorphic 

modifications 

C
C

D
C

 

L
iteratu

re 

3 Nimesil® Nimesulide NSAID DB04743 WINWUL 

2 

[36, 

37] 

2+NC 

[38] 

6 Spazmalgon® 

Metamizole 

sodium 
NSAID-like 

DBSALT 

000332 
METMIZ 1 [39] 1 

Fenpiverinium 

bromide 

Anticholinergic, 

antispasmodic 
DB13759 - 0 0 

Pitofenone Antispasmodic - - 0 1 [40] 

8 Tivortin® 
L-Arginine L-

aspartate 

Antihypoxic, 

cytoprotective, 

antioxidant 

DB00125, 

DB00128 
NAGLYB 1 [41] 1 

10 No-spa® 
Drotaverine 

hydrochloride 
Antispasmodic DB06751 - 0 

4 

[42, 

43] 

11 ACC® Acetylcysteine Mucolytic DB06151 NALCYS 

2 

[44, 

45] 

2 

13 Valsacor® Valsartan 
Blocker of 

angiotensin II 
DB00177 KIPLIG 1 [46] 

13+NC 

[47] 

15 Novirin® 

Inosine 

Neuroprotector, 

cardioprotector, 

anti-

inflammatory, 

immuno-

modulatory 

DB04335 INOSIN 

2 

[48, 

49] 

2 

Acedoben Undefined DB04500 DIXFAR 1 [50] 1 

Dimepranol Undefined - - 0 0 

16 Citramon® 

Caffeine CNS stimulant DB00201 NIWFEE 
3 

[51-53] 

4+NC 

[54-

56] 

Paracetamol 
Antipyretic, 

pain reliever 
DB00316 

COTZAN, 

HXACAN 

6 

[57-62] 

9+NC 

[62, 

63] 

Acetylsalicylic 

acid 
NSAID DB00945 ACSALA 

3 

[64-66] 

4+NC 

[67, 

68] 

18 Fervex® 

Paracetamol 
Antipyretic, 

pain reliever 
DB00316 

COTZAN, 

HXACAN 
5 9+NC 

Ascorbic acid Vitamin C DB00126 
LASCAC, 

COFKOA 
1 [69] 1 

Pheniramine 
Antihistamine, 

anticholinergic 
DB01620 - 0 0 
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Table 1.1 Continued. 
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Number of 

polymorphic 

modifications 

C
C
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C

 

L
iteratu

re 

20 Pulmicort® Budesonide 

Corticosteroid, 

antispasmodic, 

anti-

inflammatory, 

antihistamine 

DB01222 RHBUXP 1 [70] 
1+NC 

[71] 

* NSAID (NonSteroidal Anti-Inflammatory Drug) is a drug class that reduces pain, decreases 

fever, prevents blood clots and, in higher doses, decreases inflammation. 

** NC (Non-Crystalline or amorphous form) is a form of solids that lacks the periodicity 

appearing in crystals. 

1.2. Solid-state classification 

Properties of the drugs can differ depending on the molecular arrangement 

and conformation in a solid state, but what actually underlies the phenomenon of 

polymorphism? To answer this question, it is necessary to look at 

the classification of all the solids. It has been an object of controversy and 

confusion for a long time [21, 72-81]. Different goals were pursued from the 

creation of universal processing and description procedures for the compounds 

used in the pharmaceutical industry to the prediction of some properties (like 

bioavailability, stability, tabletting, etc.) for substances by the principle of 

similarity [82-84]. Some consensus has been reached in recent years regarding 

the classification of the pharmaceutical compounds, but it still remains a subject 

of controversy. The most comprehensive classification systems were proposed 

by Grothe et al. [85] and Cruz-Cabeza et al. [14].  
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Figure 1.3. Schematic drawing representing the connection between the degree of 

disorder in pharmaceutical solids and their classification. Adapted from [89, 90]. 

 

At first, the two large groups can be distinguished according to the degree 

of ordering or, more precisely, according to the presence of a strong periodicity. 

Every solid consists of atoms or molecules. If their positions are known at one 

point, the place of each nucleus can be foretold with high accuracy in case if 

periodicity takes place. Expectably, the number of possible arrangements is 

infinite [86, 87], but just very few of them are capable to exist long enough to be 

detected, studied and used. Thus, the crystals are defined as the first group. They 

have such characteristic sets of crystalline lattices, where the atoms constituting 

the solid phase are distributed regularly. These sets are the polymorphic 

modifications, so formally they are the patterns of atoms distribution in some 

ideal crystals. However, defects always are present. With an increase in their 

number, periodicity is more and more violated and a transition to short-range 

order occurs. It operates on the probability distribution of several nearest 

neighbors in a structure, but the distance of prediction is limited [86, 87]. The 

second group is amorphous solids and polyamorphic modifications, respectively 

(Figure 1.3). Since the real border between the crystalline and amorphous states 
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is blurred, earlier, polyamorphism was considered as polymorphism of highly 

disordered defective crystals [88], but, in the present time, amorphous solid 

phases are defined as a separate class [89]. 

 

 

Figure 1.4. Visualization of the classification scheme for multicomponent crystalline 

organic pharmaceutical solid forms combining molecules from different initial phases. 

Adapted from [85]. 

 

Further, it is common for the pharmaceutical compounds to divide the 

aforementioned groups into subclasses by the number and type of the structural 

units that build them up. Single- and multicomponent systems can be 

distinguished first. All of them can possess polymorphic forms. However, the 

additional separation of the most significant classes of compounds is considered 

for multicomponent systems in the pharmaceutical industry. These classes are 

salts, solvates and co-crystals [80, 85]. They are not mutually exclusive and any 
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of the aforementioned true or mixed subclasses may possess more than one form 

to crystallize (Figure 1.5) [78]. Such a classification is problematic for the 

amorphous solids because of their disorder [91]. Some similarity can be 

observed between the subclasses of crystalline solids presented below and 

polyamorphs [92], but their classification is in development and not yet 

specified. 

 

 

Figure 1.5. General options for crystallization of active pharmaceutical ingredients. A-

D are the examples of polymorphism appearance for the pure subclasses of pharmaceutical 

solid forms: single-component crystals based on neutral molecules (A), solvates (B), co-

crystals (C) and salts (D). The examples of crystal structures for the mixed subclasses (E-H) 

are offered to introduce the breadth of possibilities for the formation of molecular crystals. 

 

The two types of differences in the crystal structure are expectable. They 

can be orientational (inducing packing polymorphism) or both conformational 

and orientational at the same time (inducing conformational polymorphism) 
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[18]. As it is seen, the reasons for the polymorphism types are not mutually 

exclusive, so it can be difficult to make a perfect distinction basing on the 

crystallographic definition. Thereby, the phenomenon of polymorphism should 

be formulated in terms of the energy and stability of different crystal forms. The 

total energy of a crystal form consists of two main terms. They are the internal 

energy of structural units involved in a crystal and the energy of their 

interactions. The orientational polymorphic modifications differ mostly in 

the mutual arrangement of the molecules, but not in their conformation, the 

interactions between the structural units have the main influence on the diversity 

of polymorphic forms. On one hand, the Gibbs free energy of two orientational 

polymorphic modifications may differ, on the other hand, it is not obligatory and 

may be close to zero [93-95]. For the second type of the differences between the 

polymorphic forms, the definition of conformation should be given, because it 

can cause significant differences in total energy. According to A. J. Cruz-Cabeza 

and J. Bernstein [96], the new conformation occurs if the conformational change 

goes through a potential energy barrier into a different minimum on the potential 

energy surface. It means that any conformational change cannot take place 

without the appearance of the two energetically favorable conformations of 

a molecule in a crystal. The definition can be extended with the fact that barriers 

may be close or of the same order at RT [97-101]. Thereby, the final formulation 

of the polymorphism may be given mixed geometric-energetic. 
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Figure 1.6. The visualization of the polymorphism classification, where the 

conformers A and B can exist in the solid state as pairs of orientational polymorphs (X and 

Y), which are conformational in relation to each other (any of X to any of Y). The conformers 

can transform mutually after overcoming the corresponding energetic barriers (blue arrow) as 

well as the conformational and orientational polymorphs between each other (green and 

magenta arrows for changes in packing and conformation respectively). 

 

Polymorphism is then the ability of crystalline material to form more than 

one arrangement with different mutual orientations of molecules, including the 

possibility for them to change their conformation from one energetically 

favorable through overcoming energy barrier (Figure 1.6). The different 

polymorphic modifications are correlated with the fact that the positions of 

molecules (orientation and conformation) may explore different local minima of 

the potential energy surface in crystal. 
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The difference in energy for polymorphic modifications is usually small 

and can often only be detected using state-of-art computational methods. 

Commonly the assessment of the energy is limited to the enthalpy (or lattice 

energy) without taking into account the effects of temperature and pressure. It 

may lead to contradictions [102]. Even so, the energy difference between the 

polymorphic modifications is shown to be less than 10 kJ/mol for the most of 

molecular crystals [103-105]. According to J. Nyman and G. M. Day, this 

number can be even lowered to 2 kJ/mol for near 50% of tested molecular 

crystals or 7.2 kJ/mol for 95% respectively [102]. While S.L. Price postulates 

[106] that “the energy differences between polymorphic forms are of the order 

of 1 kJ/mol”, which is a rather small value. Among all the numerous minima on 

the potential energy surface only limited number of the polymorphic forms are 

known for a given substance [106-109]. For example, there are just 13 

compounds with a high amount of studied polymorphic forms registered in 

CCDC out of 64 active pharmaceutical ingredients registered in Ukraine (Figure 

1.7). Thereby, the following questions arise: 

1. Why is the number of detected polymorphic modifications so small with 

such vast possibilities? 

2. How the suitable polymorphs can be chosen for the pharmaceutical 

industry during the research? 
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Figure 1.7. APIs registered in Ukraine from well-studied to an undefined structure. 

The amount of the APIs with a few (in blue) and sole (in green) polymorphic modification, of 

the ones, whose structure is studied just for derivatives of original compounds (in orange), 

and of non-studied ones (in red) is represented as a histogram (on the left). The width of bars 

is scaled following the amount of the polymorphic modifications appearing in CCDC (equals 

1 for the non-studied compounds). Table of compounds with a few polymorphic 

modifications whose structure is studied with their Refcodes is shown to the right. 

1.3. Formation and transformation of crystalline forms 

To answer both questions on polymorphism, many factors should be 

considered, but in particular the metastability of crystalline forms. In 1899 

W. Ostwald wrote: “Almost every substance can exist in two or more solid 

phases provided the experimental conditions are suitable” [144]. Then Kuhnert-

Brandstatter stated that “…probably every substance is potentially 

polymorphous. The only question is, whether it is possible to adjust the external 

conditions in such a way that polymorphism can be realized or not…” [87]. 

These statements lead to the obvious conclusion that the conditions of 

experiment and storage should be optimized to obtain a specific polymorphic 

form and to preserve it for long enough time for its analysis and application. So, 

amount of observable polymorphic modifications is bound to their stability 

under specific conditions. 
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In 1897, a general rule of the relative stability of polymorphic 

modifications was formulated from thermodynamic principles. It is known as 

the Ostwald rule of stages: “If a reaction can result in several products, it is not 

the most stable state with the least amount of free energy that is initially 

obtained, but the least stable one, lying nearest to the original state in free 

energy” [145]. In the current sense, it predetermines that the system, leaving any 

state, seeks to achieve an equilibrium, thereby passing into the state of minimum 

free energy. However, a jump-like conversion is usually not possible, therefore 

the system passes into the phase with the lowest free energy available at a given 

time and undergoes a series of transformations to reach the most 

thermodynamically favorable state (Figure 1.8). The probability of this 

transformation to occur is determined by the energy barrier value, i.e. the energy 

required for the system to overcome the unfavorable configurations lying 

between the structures from local minima of the free energy. If this barrier is too 

high, then a transformation is not possible without the breakage of periodicity 

and a new arrangement of the molecules occurs as a new solid form. The time 

steps required for such transformations depend on a substance and 

the conditions of its formation and storage. They can last from very short 

periods of time to months or even years [146-149]. 

The last point in the issue of the relatively small number of polymorphic 

modifications is about the formation and reorganization of crystals at the stage 

of nucleation. The classical theory of nucleation from the solution or melt can be 

used to understand this fact. According to it, the nucleation rates of stable and 

metastable forms per unit volume can be derived from the Arrhenius equation 

[150-153]: 

 

𝐽 = 𝐾𝜐(𝑇) ∗ 𝑒𝑥𝑝 [−
𝑊 + 𝐸𝑎
𝑘𝐵𝑇

] = 𝐾𝜐(𝑇) 𝑒𝑥𝑝 (−
𝑊

𝑘𝐵𝑇
)𝑒𝑥𝑝 (−

𝐸𝑎
𝑘𝐵𝑇

) (1.1) 
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𝐾𝜐(𝑇) = 𝑛𝑁0𝜐 (
𝑟𝑎
2𝛾

𝑊𝑘𝐵𝑇
)

1/2

 (1.2) 

𝑟𝑎 =
−2𝛾

𝛥𝐺𝑣
 (1.3) 

𝛥𝐺𝑣 = (𝐺𝑠 − 𝐺𝑙)∆𝑇 = (
𝑆𝑠 − 𝑆𝑙
𝑉𝑀

) ∆𝑇 = (
𝑆𝑠 − 𝑆𝑙
𝑉𝑀

) (𝑇 − 𝑇𝑀) (1.4) 

 

where J is a nucleation rate; kB - Boltzmann constant; T - absolute temperature; 

W - diffusion energy barrier caused by redissolution of nuclei; Ea - activation 

energy barrier for nucleation; Kυ(T) - pre-exponent kinetic factor showing 

empirical dependence between temperature and frequency of molecules 

attachment to solid nuclei; n - number of molecules on the surface of 

transforming nuclei; N0 - number of molecules per unit volume; υ - molecules 

attachment frequency; ra - critical solid nucleus size at which the nucleation 

occurs; γ - interfacial tension; ΔGv - the energy required for the formation of 

a new phase and a difference between the Gibbs energies of a solid phase, Gs, 

and a solution containing these forming crystals, Gl, per molar volume, VM; Ss 

and Sl - entropies of solid and liquid phases, respectively; TM - melting 

temperature of a new solid phase. 

 

According to the equation 1.1, the two opposing processes take part in 

the crystallization: formation and redissolution of the nuclei [150]. Redissolution 

values are usually small (Figure 1.8), but it affects significantly the initial nuclei 

formation giving enough time for reorientation and conformational changes to 

occur [106]. So, the crystal structures unstable under the crystallization 

conditions change to more stable ones. 
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Figure 1.8. Schematic drawing of Ostwald rule of stages with (black) and without 

(red) the implementation of nuclei redissolution correction from classic nucleation theory 

showing the process of the formation of the most thermodynamically stable form from the 

disordered state through intermediate ones (A and B). Adapted from [162, 163]. 

 

 At least two popular methods, which allow to decrease the amount of 

observable polymorphic modifications, are based on the avoidance of 

redissolution. They are the introduction of seeds to bypass the redissolution 

process [154] or the slow formation of thermodynamically favorable crystals 

[155-157]. However, the polymorphic forms can still disappear [148, 158] and 

emerge [159] occasionally in the pharmaceutical production processes. All the 

aforementioned facts show that the best way to the application of specific 

crystalline forms in pharmaceutical application is by the choice and maintenance 

of correct conditions for their synthesis and storage [5, 146, 160, 161]. 
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Figure 1.9. Properties capable to change for different polymorphic modifications of 

the same API. Adapted from [22]. 

 

Numerous metastable polymorphic modifications of drugs possess other 

properties (Figure 1.9) than their stable analogs. Since the Gibbs free energy of 

their formation is lower than the ones of stable forms, the intermediate solid 

forms can dissolve much faster [20, 164, 165] showing higher bioavailability 

[164, 166] for active pharmaceutical ingredients belonging to the groups II and 

IV according to the biopharmaceutical drug classification [167]. Thus, 

the solubilization of drugs can be reached through manipulations on 

polymorphic modifications for at least 25% of orally administered drugs with 

respect to the analysis made for the Essential Medicines of the World Health 

Organization [168]. The powder flow, tabletability and hardness also can be 

affected [169-173]. The prepartion of metastable form of paracetamol [174] and 

of β-lactose [175] helped to overcome their incompressibility during their 

tableting process. It also can improve the hygroscopicity [176, 177] and the 

surface area and morphology of drug [178, 179]. However, only the most stable 
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forms of drugs are often used and sometimes they are even solely permitted by 

the Pharmacopoeia or other regulations as in the cases of carbamazepine [180], 

indometacin [181], chloramphenicol palmitate [182] and doxazosin mesilate 

[183]. Changes in properties are especially problematic for substances acting on 

the central nervous system (CNS), such as antipsychotics, pain relievers and 

anesthetics, etc. [22, 184-186], whose higher bioavailability or faster dissolution 

potentially may cause a transition from a therapeutic to a toxic or even lethal 

dose. It counters the efficiency, but the usage of metastable forms without 

stringent control of their synthesis, formulation in ready dosage forms and 

storage is dangerous. Thereby, the issues of the control of synthesis conditions 

and the stabilization for the subsequent storage of such polymorphic forms and 

formulations made of them are of primary importance. 

Returning to the classical theory of nucleation, the other useful conclusion 

done from equations 1.1-1.4 is that the transformation to the structure with the 

smaller entropy is preferable. It follows the rule of stages, but also numerous 

questions appear, among which the most interesting for us is “How the equation 

will change and will it work for the cases other than crystallization from the 

solution or melt?” It can be solved partially by the addition of empirical 

coefficients analogous to strain coefficients for solid-solid transformations. 

However, the above equations and in particular the calculation of a critical 

nucleus size becomes dependent on the form of contact of solid phases during 

the transition and molecules specific positions in crystals of both phases [187], 

which is difficult to solve: 

 

𝑑𝛥𝐺(𝑟)

𝑑𝑟
|
𝑟

= 0 = 4𝜋𝑟2(𝛥𝐺𝑣 + Δ𝐺𝑠𝑡𝑟𝑎𝑖𝑛) + 8𝜋𝑟𝛾 (1.5) 

where r is a radius of a particle of a new phase and ΔGstrain - strain energy per 

unit volume. 
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It should be noted as well that the interfacial tension, strain coefficient and 

particles radii are not the same parameters for all the parts of the crystal. They 

change significantly even for different faces of molecular crystals and have to be 

actually represented as tensors even if we exclude the conformational flexibility 

of the majority of bioactive molecules. The effects of pressure and surrounding 

solvent should also be taken into account with the fact that they are distributed 

unevenly in crystal. Thus, the multilayer correlations between variables 

complicate the analysis and the prediction of the stability and mechanisms of 

transformation of drug polymorphic modifications. Thus, it is difficult to assess 

the possibilities of polymorphs formation in fluids and almost impossible to do it 

for solid-solid phase transitions, i.e. polymorphic transformations in the classical 

meaning. 

To conclude, new techniques are required for the synthesis and storage, 

which will give a possibility to produce and to keep for a relatively long time the 

polymorphic modification of interest other than the most stable ones. Thus, the 

new methods for the control and analysis of these processes are needed, as well 

as for the search of possible but not observed polymorphic forms. 

1.4. Methods for solid forms synthesis 

Stabilization of polymorphic modifications begins already at the stage of 

synthesis. There are many methods for its implementation and their number 

continues to grow. They include both classical and new methods created for the 

improved control over the crystallization process and, as a result, the 

composition of the final product. In the former group, these methods are 

recrystallization from solution or melt, sublimation and evaporation-based 

methods, freezing, anti-solvent methods, various types of grinding, granulation 

and compression [188-192]. In the latter group, 3 methods are often discussed. 

The first one is growing crystals in a confined space, which is gaining popularity 

and has proven its efficiency for such popular objects as aspirin [66] and 
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paracetamol [62], the second one is based on laser processing (nucleation) of 

solutions [193, 194] and the third one is based on the templating with the 

addition of solid matrices for crystallization [179, 195] or additives similar to 

dissolved substance [189]. All of these 3 methods can be divided into several 

groups according to 3 characteristics: duration; initial phases of the components 

used in the formation of a new solid phase; and the type of the process that is the 

cause of a new solid phase formation. 

It has been noted that the synthesis methods with the highest duration suit 

better for the formation of the most stable phases. The same principle works in 

the opposite direction. It is generally accepted that the preparation of metastable 

polymorphic modifications of APIs is more successful in the case of rapid 

synthesis methods [179, 190, 196]. According to [190, 191], sublimation, anti-

solvent methods and various techniques based on supercooled phases containing 

APIs could be called the most productive for obtaining metastable forms 

(Figure 1.10). Recrystallization and grinding go next, although their popularity 

is much higher. This may be explained in 2 ways. Firstly, thermal methods 

associated with the melting or evaporation of APIs are often characterized by 

thermal destruction of some fraction of bioactive molecules [197-200]. This is 

unacceptable for the pharmaceutical industry [201-203], since the degradation 

products of the API may exhibit biological activity themselves [204, 205]. 

Secondly, the probability of finding a new polymorphic modification is high 

when large range of synthesis conditions for its detection can be varied, i.e. the 

greater the variability of the conditions available for the method and the wider 

the thermodynamic stability zone of the desired modification [192]. These two 

restrictions, along with the requirement to control strictly the conditions of the 

acquisition of solid forms, limit the use of the fastest methods from the sides of 

both low and high temperature. 
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Figure 1.10. Timescales of crystallization experiments and the dependence of the 

processing time from the probability of metastable form acquisition. Adapted from [190]. 

 

Recrystallization, as one of the most wide-spread and accessible methods 

in the pharmaceutical industry, allows also to vary easily the conditions of 

synthesis. Thus, it has been chosen for this work, but a few difficulties required 

resolution. Molecules do not remain in the solid state during recrystallization, it 

is a complex process consisting of at least 2 phases: the dissolution of an initial 

polymorphic modification and its crystallization into a new crystalline 

arrangement. Thereby, the control of composition should be realized at every 

phase (initial and final solids, intermediate solution) and stage (dissolution and 

crystallization). 

During recrystallization, it is usual to control just the composition and the 

temperature of the solution [189]. However, the control of just these parameters 

doesn’t ensure the reproducibility of the polymorphic forms as it is shown in the 

literature data [148, 158, 166]. The polymorphic modifications may re-dissolve 

during storage [5, 206] and even small impurities in the cavities of crystals may 

be the reason for changes in polymorphic form as well as the desolvation, which 
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leads to the disruption of crystallinity [207]. Therefore, if it is necessary to 

obtain the desired polymorphic modification, the interaction of the API with the 

environment should be taken into account, as well as the possibility of "drying" 

of the solvated forms in a dry environment. The metastable polymorphic 

modification should be purified from the solvent during the synthesis [192]. 

Thus, a new method that would give the possibility to control a large number of 

conditions without the complexity associated with subsequent storage. It is the 

synthesis of solid forms in supercritical fluids (SCF). Closed reaction chamber 

together with the ability to maintain constant pressure and temporary convert 

gases to fluids gives it a significant advantage, while the principle of method 

operation remains almost the same. Thus, supercritical fluid technology has 

shown itself to be the most suitable candidate as a method for the synthesis of 

metastable polymorphic modifications increasing their lifetime, as well as the 

study of conformational changes inherent to molecules in the fluid phase [208]. 

1.5. Crystallization from supercritical fluids 

Liquids (water, ethanol, etc.) or gases (carbon dioxide, ammonia, ethane, 

etc.) acquire unusual properties partially similar to liquid and gaseous phases 

when exposed to specific temperatures and pressures (Figure 1.11) [209]. 

In particular, these are density, viscosity and diffusion coefficient [210, 211]. 

These critical pressure and temperature are proportionally interdependent [211]. 

Thus, the variation of the thermodynamic parameters can be used to control the 

density of the solvent and the solubility of API in SCF [213, 214]. However, a 

critical point exists for each material, although its position varies in a 

complicated way for multicomponent systems [215]. The smallest fluctuations 

of temperature and pressure close to that point affect significantly the properties 

of SCF. Range of the method performance is somewhat limited then, but only in 

the low-temperature region. The high-temperature formation of polymorphic 

modifications and the conversion of conformations in the solution can still be 
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studied because the solubility of APIs increases with temperature [216]. 

Pressure is the main factor leading to the compounds dissolution [217] and the 

miscibility of SCF with other solvents is extremely high [209], making it 

possible to use anti-solvent methods in tandem with supercritical technology. It 

should also be noted that high diffusion coefficients make it possible to avoid 

the local overheating of the API and, consequently, its destruction [210]. 

The last and the most important argument in favor of the synthesis of 

polymorphic modifications in SCF is the possibility of fast depressurization of 

the system which allows the formation of a solid phase from a solution [218]. 

 

 

Figure 1.11. Example of a liquid-gas critical point on a pressure-temperature phase 

diagram with the photos of the liquid-gas interphase (at the top-left) transforming to the 

supercritical CO2 (at the top-right). 

 

The application of fast crystallization through depressurization or slow 

recrystallization depends on a chosen method of synthesis and solvent. Firstly, 

the huge number of solvents suitable for APIs treatment under supercritical 

conditions exists. Water and carbon dioxide are popular, safe for human and 
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environment friendly [219], so the methods based on them are to be explained. 

Water is characterized by mean acidity and oxidizing properties in the 

supercritical state [220], which makes it reactive in relation to APIs and 

corrosive to reactors containing water-based solutions. Carbon dioxide is non-

flammable, non-toxic and cheap (up to 0.15 €/kg for industrial needs in France 

[221]). It is also an extremely popular "green" solvent because it is chemically 

inert and can be completely removed from the most of solid APIs by 

depressurization. Rather low critical temperature of 304.2 K [222] allows it to be 

used for the treatment of thermolabile molecules [206]. Role of carbon dioxide 

can change in this case. Three groups of techniques based on this role can be 

distinguished. In the first case, CO2 acts as an additive, as in the case of 

supercritical-assisted atomization or spray-drying, particle formation from gas-

saturated solutions, etc. In the second case, it is an anti-solvent (gas anti-solvent, 

supercritical anti-solvent, etc.). Finally, carbon dioxide is a solvent in several 

methods that seem to be the most interesting for the pharmaceutical industry due 

to the production of solvent-free crystals with a high shelf life and ease of 

handling [223]. Varieties of rapid expansion of supercritical solutions (RESS) 

and the crystallization from supercritical solution (CSS) [224] can be assigned to 

this group. In the former method takes full advantage of supercritical CO2 

(scCO2). The API of interest is dissolved in a supercritical fluid under high 

pressure in an autoclave. The mixture is then rapidly expanded through the 

autoclave nozzle to collect the fine powder. This expansion causes instant 

supersaturation of the supercritical fluid, whereby a rapid formation of 

microcrystalline powder occurs. However, crystallization occurs during 

depressurization. It is not an equilibrium process and, therefore, the control of 

conditions is reduced without giving advantages in reproducibility at the post-

expansion stage. In the later method, CSS provides the same capabilities for 

controlling liquid and solid phases during the pre-expansion stage as in the 

RESS method, without the aforementioned problem, because, in essence, CSS is 
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the evaporative recrystallization with uncommon solvent. The product in CSS is 

not only a dissolved part of an API but also the solid phase that does not come 

into solution constantly and stays in equilibrium with it. There is also a 

limitation for RESS similar to usual recrystallization techniques but more 

problematic than for CSS, for example. Just part of bioactive molecules can be 

dissolved in scCO2 well enough for a significant fraction of API to remain in the 

solution. It makes CSS a more convenient method for in situ control over the 

phase composition of APIs and inherent conformational equilibria. 

Experiments using RESS and CSS methods have been performed on 

many APIs [223-226]. However, most of them have undergone only 

micronization, which, although useful for increasing solubility, is not a 

manifestation of polymorphism. Several compounds can be identified as the 

most interesting from the viewpoint of polymorphs formation. From RESS 

experiments, these are carbamazepine [227] and tolbutamide [228], for which, 4 

and 3 polymorphic modifications were obtained through different crystallization 

routes, as well as mefenamic acid and paracetamol, whose processing showed 

ambiguous results according to powder X-ray diffraction [229] at temperatures 

up to 353 K. CSS is applied usually to co-crystallize mediations [223, 224], so 

the results received for the pure drugs treated with scCO2 are very few. These 

are the acquisition of the pure polymorphic form II of paracetamol after 

processing [230] and the amorphization of ibuprofen [231]. 

1.6. Mechanically induced polymorphic transformations 

The stability of a polymorphic modification of an API during and after 

production should also be controlled. The post- processing to ready formulations 

can easily cause transformations [5, 164, 196, 232-237]. For example, the 

compaction takes place at elevated pressure (typically 40-200 MPa) during a 

short period of time (≤ 1 sec) [238]. However, this is often enough to induce 
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phase transformations affecting significantly the final product performance [5, 

22, 232, 239, 240]. 

Indeed, the pressure has an effect in the process of recrystallization of 

bioactive molecules from scCO2 too, but its contribution is not exactly defined 

there and affects the solution as well as solid. It is currently not possible to 

determine the effect of pressure on the solid and fluid phases and, as a 

consequence, on the mechanism of the formation of crystalline phases. Thus, the 

orientational changes of molecules are mixed with strong conformational 

changes coming from the solution phase, especially at the elevated temperature. 

Their joint analysis is too complicated for the initial stage of characterization of 

polymorphic transformations. On the other hand, the pressure becomes a key 

process in multistage mechanical deformation of API crystals and solid-solid 

transformations, which suit much better for modelling. 

 

 

Figure 1.12. Pressure transmission during the different types of mechanical treatment. 

From the left to the right: grinding, DAC, nanoindentation. Examples of instant impetus 

vectors appearing due to the pressure are shown in red, instant vectors of individual particles 

before collisions - in yellow. 

 

There are many ways to transfer mechanical energy to the solid phase 

[241-243], but only a few of them are suitable for studying molecular 

interactions and are wide-spread enough to use the experimental data acquired 

with them to build theoretical models of polymorphic transformations. To 
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estimate the probability of polymorphic transformations 3 practical methods are 

usually used: classical dry grinding, compression in the diamond anvil cell [244, 

245] and nanoindentation [246, 247]. They all can lead to polymorphic 

transitions through the application of pressure to a solid phase. Their main 

differences are in fact the efficiency of energy transfer and the orientation of the 

impetus vector to the surface (Figure 1.12), which radically affects the 

anisotropy of the interactions and, as a consequence, the mechanical response of 

materials [6]. It is possible to put the previously mentioned methods in a row 

according to these factors as follow in order to simplify the construction of a 

physical model for the description of solid-solid transformations: 

• Pressure is transmitted to polycrystalline samples in the direction 

changing with time affecting different particles and crystalline faces 

during the dry grinding. It is somewhat similar to a movement of 

molecules or large structural units in a crystal in different directions 

[248]. The pressure here affects the solid phase, whose crystals are 

disoriented relatively to walls of vessel containing them and a 

compression element, as well as the faces of neighbors [249]. Formally, 

very fine powders can be assumed as ideally disoriented, so the pressure 

will be applied simultaneously to all the faces [250] in the same way as in 

the case of preferential orientation in powder X-ray diffraction [251]. 

However, this approximation is questionable. Powders are usually 

analyzed before and after such treatment, and only recently rapid in situ 

control techniques started to emerge [252-255]. 

• Directed pressure on all the faces of a crystal or a powder [245, 256] at 

the same time occurs in the case of compression in a diamond anvil cell 

(DAC). An inert liquid carrier is used in it to transfer impetus from the 

moving parts of a DAC to a sample whose properties are measured. The 

transfer, in fact, occurs in a chaotic manner, depending on the collisions 

of the carrier molecules with the ones of the sample onto the surfaces of 
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crystal(s) faces. Its probability depends on a large number of factors (the 

pressure value, molecular and crystal structures of the analyte and the 

carrier, the possibility and intensity of their interaction, the crystal 

habit(s), etc.). Nevertheless, the probabilities of collisions per unit of 

surface area can be brought to almost the same values, when operating 

within the hydrostatic pressure diapason [257]. Therefore, the 

contribution of pressure on each face of the single crystal becomes 

proportional to their areas. The method of compression in a DAC allows 

the creation of constant pressure for an unlimited period of time, so it is 

often combined with X-ray diffraction for better control of crystal 

structure. So, then the structure and the structure-to-pressure relationship 

can be described in details. 

• Directed pressure on one of the faces of a single crystal is created with a 

special probe (Berkovich, Vickers or Knoop probe [241]) during the 

nanoindentation, which is the simplest method to describe. Compression 

is performed for given face-direction combinations, and the pressure is 

often detected in situ directly from the probe itself using an atomic force 

microscope. Concomitant techniques of spectral analysis are also 

available and the structural deformation caused by local stress can be 

assessed before and after the experiment. Thus, the data received from 

this method is abundant, but it is not suitable specifically for the synthesis 

of new polymorphic forms in its current form, which is confirmed by the 

almost complete absence of articles on this topic [258]. This technique is 

often used to analyze the mechanical properties of single crystals [259-

261], which can be called a step prior to some polymorphic 

transformations [5, 262, 263]. Thus, it lays at the junction of methods for 

the studies of polymorphic transitions and mechanical properties. 

Over the years of research, numerous experiments to study the mechanical 

response of crystals [241, 247, 258, 260, 261, 264], their flexibility [263, 265-
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270], as a transitional stage between mechanical deformation and polymorphic 

transformation, as well as polymorphic transformations have been carried out. A 

significant amount of data has been collected for transformations by grinding 

and under pressure, as well as for the substances that do not undergo 

transformations under the influence of the aforementioned techniques according 

to data from CCDC and published articles (Figure 1.13). The largest number of 

published structures and individual compounds registered in the DrugBank 

database was found for the DAC method with an observed polymorphic 

transformation (844 and 48, respectively). Particular attention is paid to the 

classes of natural amino acids (total 275 structures), saccharides (65 structures) 

and APIs not related to these 2 groups (220 structures). The compounds that 

affect CNS and so susceptible to polymorphism under pressure can be 

distinguished. These are aspirin [66, 271], salicylamide [272] and 

phenylbutazone [273] as NSAIDs, paracetamol [274-276] as NSAID-like API, 

caffeine [277, 278] as a psychoactive drug and the group of nootropic drugs and 

cognitive enhancers: piracetam [279], glycine [280-283] and sarcosine [284]. 

The number of data is significantly less for the transformations of compounds 

registered in the DrugBank database during grinding (234 and 23) and for 

processed APIs without transformations in response to pressure (172 and 11). 

Carbamazepine [285-287] as an anticonvulsant, aspirin [288], diflunisal [289], 

ibuprofen [290], indomethacin [291], nimesulide [37] and sulindac [292] as 

NSAIDs can be separated out from the first group. Ibuprofen is also noted in the 

literature as a drug unable to transformations during the processing in DAC 

[293], similar to halothane [294], which is an anesthetic. 

 



45 
 
 

 

Figure 1.13. Number of polymorphic modifications by years for the compounds, 

which proved the conversion under the increased pressure as in DAC (in violet), during 

grinding (in cyan) or whose transition was denied during the mechanical treatment (gray), 

together with the number of their polymorphic forms non-studied with aforementioned 

methods (red). 

1.7. Methods for the identification of polymorphic forms 

Individual polymorphic forms of APIs obtained at the stage of synthesis 

or after storage and processing should be identified and compared with the 

modification documented and permitted in technological processes. Many 

methods are suitable for laboratory needs, but only a small number of them are 

approved for use in industry. The European Pharmacopoeia of the 10th edition 

for 2019 allows the following [295]: 

• X-ray diffraction of powders; 

• X-ray diffraction of single crystals; 

• thermal analysis (differential scanning calorimetry, thermogravimetry, 

thermomicroscopy); 
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• microcalorimetry; 

• moisture absorption analysis; 

• moisture absorption analysis; 

• solid-state nuclear magnetic resonance; 

• infrared (IR) absorption spectrophotometry; 

• Raman spectroscopy; 

• measurement of solubility and intrinsic dissolution rate; 

• density measurement. 

It is noted as well that these techniques are often complementary and it is 

indispensable to use several of them to study polymorphism. Multi-stage 

analysis is usually required at the stage of an analytical methodology approval 

when the structure and properties of dosage forms are determined or during the 

identification of problems appearing at different stages of pharmaceutical 

production. It is completely unsuitable for express control of the product and 

related processes. Thermal analysis and vibrational spectroscopy (in particular 

IR absorption and Raman spectroscopies) are the most popular for the control of 

polymorphism in batches on line or at line. However, they all have a number of 

drawbacks that limit their use to polymorphic modifications of substances 

present in the reference data libraries. They have a stated limit of the accuracy of 

2 molar percent of the sample for differential scanning calorimetry [296] or even 

lower for spectral methods [297, 298], which depends on experimental 

conditions. Also, thermal analysis methods themselves are capable of causing 

polymorphic transitions and it is not sufficient to ensure the initial formation of 

the most stable polymorphic form [299]. So, they are not suitable for non-

destructive testing. Raman measurements are capable of this, but they are 

susceptible to changes in spectra caused by fluorescence, differences in sample 

geometry, size, shape and packing density of API particles (for example, in 

tablets) [300]. 



47 
 
 

Spectral data libraries such as AIST [301] often contain conceived 

spectrum-substance pairs, but not data for individual polymorphic modifications. 

Thus, it is common practice to measure reference spectra, which require 

verification by methods capable of revealing the crystal structure of the analyzed 

solid phases or at least to distinguish analyte structures unambiguously. Only 

methods based on X-ray diffraction are capable of this among the listed common 

techniques. Therefore, spectra or heating profiles of individual polymorphic 

modifications can be used for in situ control only if the X-ray structural or 

powder X-ray analysis was performed on the same samples at least once and the 

corresponding curves were compared. 

Application of the fast methods belonging to in situ process analytical 

technology is widely known though [299, 300, 302-329]. Raman spectroscopy is 

the most convenient technique for the pharmaceutical industry among them, 

because measurements can be performed directly on the production line through 

the packaging or even through the outer shell of the pills [318] using the 

spatially offset Raman spectroscopy [315]. Batch-to-batch variations of the 

product may be controlled then [300]. It is also useful at the stage of crystal 

formation when the shape and morphology of solid particles are monitored using 

a low-frequency Raman probe [324-326, 328]. A popular technique is the 

combination of synthesis and on-line analysis in closed-loop process control 

[302, 311, 313]. Connection of the control over the intensity of certain reference 

peaks in the spectra of solid particles with a programmable logic controller 

makes it possible to create a self-calibrating procedure for selecting the 

synthesis conditions for a given polymorphic modification [322]. The other 

advantage of Raman spectroscopy is the capability to measure only symmetric 

vibrations when the polarizability changes. It allows to use the analysis to a 

broader range of solvents than it is for IR absorption. For example, Raman 

scattering is easily measured in water, as the most popular industrial solvent 

[305, 312]. In its turn, IR spectroscopy [303, 306, 316] and thermal analysis 
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[304, 320] are spread more as in line techniques. Despite this, the IR absorption 

spectroscopy is still widely used to mother liquors, i.e. solutions of APIs [330, 

331], making it the second method after Raman measurements able to on line 

control of the batches in drug production (reactions and conformations of 

ingredients), but not their polymorphism directly. Thereby, the Raman and, in 

some extent, IR spectroscopy can be used on line for mass control of the 

manufacturing process of APIs and dosage forms. 

1.8. Quantum-chemical modelling of properties in the solid state 

Polymorphic transformations and the preceding changes in crystals are of 

great interest, as well as their mutual influence on the properties of solid APIs. 

Their analysis and prediction are not new and can be performed by a variety of 

methods, ranging from molecular dynamics [332, 333] and statistical Monte 

Carlo methods [334-336] to neural networks [337] and ab initio quantum-

chemical calculations. At the moment, the latter group is able to give the state-

of-art level of results accuracy with minimal discrepancy between the predicted 

and experimental data and the error of methods themselves at the sub-kJ/mol 

level in the case of energy [103, 338, 339], which is sensitive parameter related 

directly to the square of the wavefunction of a system [340]. Thus, it becomes 

possible to calculate accurately the data of relative stability at 0 K and the Gibbs 

free energy [338, 341], as well as many others options [341-343], if the 

appropriate level of theory for electron-electron and electron-nuclear 

interactions, in particular, exchange-correlation interactions, was taken into 

account. However, so high accuracy is available only when using large 

computing power, therefore, quantum-chemical calculations, even more than the 

other types of theoretical methods, require balancing the spent resources and the 

required accuracy. 

This is especially true for calculations performed in systems infinite from 

a quantum-chemical point of view, like crystals. Solid-state computational 
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methods based on Bloch’s plane wave theorem [344] use the periodicity of 

crystals and, therefore, the periodicity of the change in the wavefunctions that 

describe it (Equations 1.6-1.7). They allow to reduce the time required for 

calculating the properties of quasiperiodic structures and fundamentally make 

the calculations for an infinite number of electrons possible at the current level 

of computational technology [345]. Plane-wave calculations are the most 

common method for the search of polymorphic transformations of APIs. 

However, they are based on discrete sampling in the same way as classical 

quantum-chemical methods, though the way they are applied is different 

(Figure 1.14). Bloch's theorem is based on the fact that electrons, the same as 

atoms in a crystal structure, are periodically distributed. In this case, the 

wavefunction becomes equal to itself at the starting point at any other point 

distant from the original by a distance that is a multiple of a parameter a 

(Equation 1.6), which is the reciprocal lattice constant of the crystal [344, 346]. 

Molecules or atoms located at the knots of the crystalline lattice are tens of 

thousands of times more massive than electrons (so the lattice parameters are) 

[347-349] and their movements are much slower according to the Born-

Oppenheimer approximation [350]. This makes possible the replacement of real 

electronic potentials with their pseudopotential analogs without errors because 

of the edge effects or the nuclei motion [340]. Thus, an electron or, more 

precisely, a set of electrons lying in the plane of propagation of a plane wave is 

described by the product of the multiplication of the periodic function (uk(x)) 

and a particular case of the standing wave equation in periodic systems 

(Equation 1.7). 

𝑉(𝑥 + 𝑛 ∗ 𝑎) = 𝑉(𝑥) (1.6) 

𝜑(𝑥) = 𝑒𝑖𝑘𝑥𝑢𝑘(𝑥) (1.7) 

where x is a coordinate (for one-dimensional case); n - any integer; a - 

a reciprocal lattice parameter; φ - electron wavefunction; e - Euler’s number; i - 

imaginary unit. 
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Figure 1.14. Problem of wavefunction sampling in plane waves-based calculations: 

the real signal (in black) and the signals reproducing it with good (in green) and bad (in red) 

sampling. 

 

Here, the quasi-vector parameter �⃗�  is used to describe phases of 

wavefunction sets inherent to certain planes (plane waves / sets of electrons). 

This approach is equivalent to a statement that the quasi-momentum of each 

electron is proportional to its quasi-vector, and therefore the crystal momentum 

(𝑝 𝑐𝑟𝑦𝑠𝑡𝑎𝑙) is proportional to it (Equation 1.8). This is fundamentally wrong 

because the crystal momentum is periodic up to the parameter a in contrast to 

the regular moment in its classical understanding [346] and cannot be estimated 

with greater accuracy so as not to contradict 2nd Noether's theorem (law of 

conservation of momentum). 

 

𝑝 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = ℏ�⃗�  (1.8) 

where ℏ is reduced Planck’s constant. 
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This would introduce a significant error in the calculation of any crystal 

parameters, but a method was invented to partially circumvent this problem. 

According to the Nyquist-Shannon theorem, any function consisting of waves 

with frequencies from 0 to f can be precisely understudied probing it with 

timestep less than 1/(2f) seconds [351]. Thus, the continuous distribution of 

electrons can be described with an accuracy higher than the lattice parameter by 

discrete measurement of the phase at several points of the reciprocal lattice of a 

crystal using k-vectors [352]. To avoid their aliasing, the required frequency of 

measurements, i.e. the Nyquist frequency, should be the higher, the stronger the 

fluctuations of wavefunctions within the crystalline cell. Indeed, the increase in 

the frequency of sampling causes a proportional growth of the required 

computational power and time required to study the properties of molecular 

crystals. The size and descension in the symmetry of molecules in crystals affect 

the requirements as well [353]. The required discretization in plane-wave 

calculations on par with their high demand for computational resources makes it 

possible to apply to molecular crystals methods based on classical aperiodic 

quantum-chemical calculations as well. 

There are just very few methods that could be applied for a wide range of 

API crystals to assess their stability and the possibility of polymorphic 

transformations. They can be conditionally divided into those that are used to 

calculate properties directly from the wavefunction of the system, and those that 

are based on the distribution of energy in crystals. 

Screening for polymorphic modifications and the calculation of the 

Cauchy stress tensor can be assigned to the first group. Despite the obvious 

success of screening [14, 23, 99, 107, 108, 196, 354-359], it works without 

taking into account real experimental structures of API polymorphic forms and 

often based on the prediction of both conformations and orientations of 

molecules in crystals or on their pseudo-random change in order to obtain 

energetically favorable solid forms [354, 355]. Thus, it has a considerable 
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chance of discrepancy [354, 360]. In turn, the combination of the optimization 

of a real structure obtained from the X-ray diffraction experiment with the 

calculation of the Cauchy stress tensor can give results close to the true ones or 

at least it shows similar trends [355, 361]. However, the lower the 

conformational flexibility of molecules, the higher the similarity. This is due to 

the calculation method itself. It performs finite distortions of the lattice in 

different directions and subsequently calculates the stress and strain followed by 

the decomposition of the corresponding changes in the lattice parameters into 

components along the main crystallographic directions [362]. The method is 

designed to work with ions at the knots of the crystal lattice, i.e. inorganic 

crystals, therefore, it did not take into account the possibility of changes in the 

conformation of the contents of the knots of the crystalline cell with the 

distortion [363]. Therefore, the second group of computational methods, based 

on calculations of the energies of pair interactions in crystals, is often preferred. 

The structure of crystals from the energetic point of view can be described 

by two approaches: static and dynamic. The first approach implies operations on 

the initial experimental structure of API crystals, the second - measurements in 

dynamics. The foundations of the static approach were laid by Kitaygorodskii 

[364] with the calculations of pairwise atom-atomic potentials. As a matter of 

fact, a cheaper option than the computations on whole molecules, this technique 

definitely required improvements. It could not take into account covalent 

bonding. The periodicity of the crystals was also disregarded, i.e. the influence 

of the environment on the molecule in the solid phase. However, it could predict 

stability for molecules like benzene, its annelated analogs, adamantane, etc. 

[365] 

In parallel, the attachment energy model was developed so by Hartman 

and Perdok [366]. This mechanistic model was based on the fact that the 

attachment of a new layer of a given thickness to any of the crystal faces with 

Miller indices (hkl), similarly to the attachment of a molecule, will require some 
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energy 𝐸ℎ𝑘𝑙
𝑎𝑡𝑡. However, the attachment of layers, unlike molecules, will not 

depend on the relative position of the attached part and the crystal, or the 

number of molecules already connected to the surface. The energy of the crystal 

lattice (𝐸𝑙𝑎𝑡𝑡) in this case is equal to the sum of the attachment (between layers) 

and slice (in layers) energy (𝐸ℎ𝑘𝑙
𝑠𝑙𝑖𝑐𝑒): 

 

𝐸𝑙𝑎𝑡𝑡 = 𝐸ℎ𝑘𝑙
𝑎𝑡𝑡 + 𝐸ℎ𝑘𝑙

𝑠𝑙𝑖𝑐𝑒 (1.9) 

 

This method allowed to analyze the anisotropy of the energy distribution 

in molecular crystals, to estimate the relative form stability [18] and to search 

for the planes potentially capable of deformation under mechanical action [367]. 

An unpleasant moment is that the definition of the planes for which the 

calculation will be made is based on visual analysis or topology, or the theory of 

supramolecular synthons [368, 369]. Therefore, non-obvious options for the 

locations of planes may be overlooked [370]. 

New technique able to reveal the anisotropy of the distribution of 

interaction energy in a crystal with the data solely on its structure without 

additional assumptions was required. Prof. Gavezzotti solved this by proposing 

the PIXEL model [371, 372]. Its idea is the possibility to split the electron 

density of any structure, for example, a group of molecules in a crystal, into 

infinitesimal parts relative to the size of interacting objects, i.e. pixels. These 

pixels can be thought of as point dipoles. Consequently, the calculations of the 

energy of attraction, repulsion, polarization, charge transfer and even empirical 

dispersion in a London-type inverse sixth-power formulation can be made 

explicitly. PIXEL model is capable of working with any electron density, 

including that obtained from high-resolution X-ray diffraction experiments [372] 

or, theoretically, from plane-wave calculations, giving an idea of the spatial 

distribution of various energy components in three-dimensional space [373]. The 

ease of adaptation of the algorithm to the available computing power is also an 
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advantage of this method because pixels a priori could be agglomerated into 

enlarged super-pixels. The method of Gavezotti gives a good accuracy in the 

assessment of the stability of solid forms and, in some cases, of the prerequisites 

for polymorphic transformations [374-377]. This model is extremely fast due to 

the parameterization of pixel-pixel, pixel-core and core-core interactions, but its 

accuracy drops significantly with the appearance of heavy atoms (from the 3rd 

period) and core electrons. This is not an absolute problem for most APIs, since 

their molecules usually contain just light atoms. However, the systematic 

underestimation of the energy of hydrogen-bonded crystals and symmetry errors 

in the polar point groups are [378]. 

Ab initio quantum-chemical methods do not have such problems. Group 

of Prof. Shishkin drew attention to this and proposed the newest of the 

widespread methods to assess the energetic structure of crystals [379]. The 

general idea of this approach is a logical continuation of the Kitaygorodsky 

method of atom-atom potentials. It is based on the calculation of the pairwise 

interaction energies between molecules in a crystal. This is achieved through the 

formation of the first coordination spheres of each of the molecules in the 

asymmetric unit to account the non-valence binding of each of them with each 

neighbor significant from the point of view of the interaction energy. Initially, 

the first coordination sphere was formed using the Voronoi-Dirichlet 

triangulation algorithm [380, 381], but it has been replaced by a faster empirical 

criterion similar to that used in the software package “Mercury” [382]. Molecule 

belongs to the “Molecular Shell” of the other one just if the distance between at 

least one pair of their atoms is less than the sum of corresponding van der Waals 

radii plus 1 Å [383]. Thus, insignificant pairs of molecules are not taken into 

account, and due to the juxtaposition of the crystal symmetry, the number of 

necessary calculations can be further reduced [384], making it as 

computationally cheap as possible. 
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The high variability of the levels of theory together with the relative 

cheapness of calculations (depending on the functionals) makes this method 

extremely popular [385-389]. At the moment, it has been used to study various 

types of interactions and anisotropy of their distribution, as well as to 

substantiate the stability of polymorphic forms [160, 385, 390-392], mechanical 

[392-394] and biological properties [395, 396] of crystals. The method for 

calculating the pairwise interaction energies in crystals was also combined with 

the supramolecular theory of synthons. Which states, “supramolecular synthons 

are structural units within supermolecules which can be formed and / or 

assembled by know or conceivable synthetic operations involving 

intermolecular interactions” [397]. It examines all the directional interactions in 

crystals and allows one to form an idea of the most strongly bound fragments in 

them (building units) and how the fragments are interconnected (structural 

motives). However, this applies only to directional interactions, and a 

quantitative estimate of the binding strength cannot be given on the basis of 

geometric characteristics alone. Quantum-chemical calculations correct these 

shortcomings and allow the formulation of numerical criteria for the definition 

of building units (BU) and basic structural motives (BSM) [383]. Four types of 

molecular crystals have been identified based on numerous calculations 

(Figure 1.15): 

• Isotropic, where interactions are distributed approximately evenly in all 

directions. 

• Columnar containing BU chains. 

• Layered, whose structure is approximately homogeneous in BU layers. 

• Columnar-layered crystals, combining anisotropy both within the layers 

and between them. 
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Figure 1.15. Scheme of the identification of basic structural motives from molecular to 

the energetic structure. 

 

This classification, or more precisely the possibility of an unambiguous 

choice of crystal fragments resistant to external influence, gives a possibility to 

advance further in the study of relative stability using an experimentally 

determined crystal lattice and the possibility of its transformation under 

mechanical action in a static form. 

Of course, mechanical transformations of the crystal lattice during storage 

or processing cannot be fully modeled on a static model. The dynamics of the 

displacement should be estimated as well on the base of distortions similar to 

those discussed for the plane wave calculations of the Cauchy stress tensor. 

Only two such approaches were found: Burger’s vectors [398] with the Peierls-

Nabarro slip barriers [399, 400] from the inorganic dislocation theory, as well as 

the calculation of the contours for the interfacial shear-sliding [401]. 

Burger’s vectors rely on the assumption that the motion of molecules in a 

crystal is similar to the motion of dislocations, i.e. linear defects. A special 

closed contour of arbitrary shape surrounding a dislocation in a real crystal can 

be built by connecting the knots of the crystal lattice. If we then project it onto 

an ideal crystal, it will be seen that the endpoints of the contour bordering the 
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dislocation will not be connected. The translation vector connecting the ends of 

such a contour is called the Burger’s vector. Its values in molecular crystals 

coincide with the distances between the mean planes passing through the centers 

of inertia of molecules from neighboring layers oriented along the shear 

direction [402-404]. The smaller it is, the closer the layers and the lower the 

probability of such movement are. Burger’s vectors are still used by themselves 

[404-406] because layers with high interlayer separation obviously have shown 

themselves to be plastic and capable of polymorphic transformations [393, 394, 

402, 403]. However, the calculation of the Peierls-Nabarro slip barriers based on 

these vectors is more informative [407-410]. Barriers are not formally dynamic, 

because for their calculation, the movement of molecules is still not taken into 

account, and the resistance of materials to mechanical stress is estimated using 

the thermodynamic approach. This method postulates that the quantitative 

characteristic of deformation / transformation will be the energy difference 

between the final and initial states. It is proportional to the maximum possible 

force σpnb acting on the body during the normal deviation from the plane of 

motion by the maximum distance, i.e. Burger's vector b, and is expressed by the 

following harmonic potential [411]: 

 

𝑈(𝑦) =
𝜎𝑝𝑛𝑏𝑎

2𝜋
[1 − 𝑐𝑜𝑠 (

2𝜋𝑦

𝑎
)] − 𝜎𝑏𝑦 (1.10) 

where σpn is the stress of the pinning (Peierls stress); a - lattice parameter in the 

direction of shear; y - the dislocation displacement in a slip plane; σby is the 

additional external stress affecting the crystal in the direction of molecular 

movement on compression. 

 

It is seen that this potential unapplicable to crystals whose knots are 

occupied by non-point charges. Superposition of multiple harmonic potentials 
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can help to some extent, but the shape of molecules is neglected in Peierls-

Nabarro displacement barriers [410, 411]. 

A relatively new method, which makes not only the causes and 

mechanisms of polymorphic transitions understandable but also gives a 

possibility to predict their occurrence, was proposed by Prof. Chaoyang Zhang 

[400]. However, its application at the moment is limited to the response of 

energetic materials to mechanical action [401, 412-417]. The logic of the 

method is as follows: 

1. Layers of molecules in the (hkl) plane can be distinguished on the basis of 

visual observations and the theory of synthons in a crystal. 

2. Adjacent crystalline layers are capable of shifting relative to each other in 

this plane, up to positions identical to the original one. 

3. The crystal structure is optimized after each displacement step and the 

interaction energy analogous to the attachment one is calculated. 

4. The maximum energy required for a molecule to move to a new position 

through all intermediate points is estimated and compared with the 

activation energy of the decomposition of a polymorphic modification. 

Obviously, the method requires some improvements, in particular, it 

should be combined with the method of pairwise interaction energies in crystals 

to reduce the excessively high costs of computational time for multiple 

calculations of the attachment energy. Optimization at every point also puts 

questions. On the one hand, it allows one to get rid of the problem of rigid 

conformations and take into account the ability of the molecules themselves to 

deform during shear. On the other hand, it also makes the calculation many 

times more expensive, if at all possible (depending on the convergence of the 

wavefunction), and causes changes in the geometry of molecules from the 

experimentally determined one. 
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Thereby, a new method that would combine static and dynamic 

assessment of stability and the possibility of structural transformations in the 

crystals of APIs. The criteria for its effectiveness are: 

• Workability under normal conditions and the influence of mechanical 

stress. 

• Capability to work on a structure as close as possible to the 

experimentally determined by X-ray diffraction methods. 

• Consideration of the real conformation of molecules 

• The maximum possible ratio of price-quality-information content in the 

analysis of the structures of polymorphic modifications of APIs. 

1.9. Conclusions 

Combining all the mentioned above, crystal polymorphism is indeed a problem 

for the pharmaceutical industry. It can create challenges at any stages of APIs 

manufacturing and already led to the numerous accidents in the latest 40 years 

(Section 1.1). Among the many ways for a drug to change, namely, 

polymorphism is the most difficult to control and analyze, because it can happen 

to any class of pharmaceutical solid forms without the variation of a crystal 

chemical composition. Thus, the orientation and conformation of the molecules 

have to be analyzed to characterize crystalline structures and to understand the 

mechanism of the polymorphs formation during the manufacturing (Section 

1.2). 

As shown in Section 1.3, the current theory of nucleation becomes inefficient for 

the description of the polymorphs formation from fluids and transformations in 

solid phases. Thereby, the improvement should be introduced to the theory for 

the both cases to synthesize the polymorphic modifications of interest and to 

preserve them during further processing and storage. 

The most spread experimental methods used for the synthesis of desired 

polymorphic modifications do not allow the complete control of the polymorphs 
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formation processes (Section 1.4). Thus, the pressure, for example, is out of 

control in most experimental techniques. The recrystallization of the drugs as the 

well-known crystallization pathway does not allow it too, but it can be improved 

with the introduction of the supercritical technology. It is shown in Section 1.5 

that the two methods fit best for APIs. They are the rapid expansion of 

supercritical solutions and the crystallization from supercritical solution. 

The supercritical CO2 is used for the both of them, however, solely the CSS 

works in equilibrium conditions and so allows to reproduce perfectly the 

conditions of polymorphs formation. CSS is the method, which will be 

discussed a lot in Chapter 3 of the thesis and used on par with the in situ 

analytical techniques (Section 1.7) in order to analyze the relationship of 

conformations in solution and resulting polymorphic forms. 

The other family of methods used to reach polymorphic transformations is 

the mechanical processing of APIs. It can be used as for the synthesis, as for 

the analysis showing the proximity of practical and theoretical approaches. A lot 

of data is available on the most known methods: grinding, DAC and 

nanoindentation (Section 1.6). This data, especially the experimental crystalline 

structures received under pressure, will be used by us to create a new 

computational approach for the analysis and prediction of the mechanical 

properties and polymorphic transformations of the crystal structure. The crucial 

criteria for the new method able to analyze the orientational changes of 

molecules in crystals during the mechanical treatment are formulated in Section 

1.8 from the comprehensive analysis of the existing computational approaches. 

The application of the technique will be discussed in details in Chapter 4. 
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2.1. Objects of the investigation 

The objects of investigation in this work were selected so as to cover 

a larger number of problems arising in the process of obtaining the desired 

polymorphic modification during pharmaceutical production. They were divided 

into two groups depending on the stage when control is especially necessary. 

APIs crystallizing in various polymorphic modifications or their mixture, 

whose structure is difficult to identify and control, are assigned to the first 

group. It is composed of mefenamic acid (MFA) and carbamazepine (CBZ), as 

well as a co-crystal of mefenamic acid with nicotinamide (NA). These 

crystalline phases are studied experimentally at the stages of in situ 

crystallization from scCO2 using the CSS method and post-processing in 

Chapter 3. The general view of their molecular structures is presented in Figure 

2.1. 
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Figure 2.1. Chemical structures of six APIs whose crystal structures were studied with 

experimental (at the top) and theoretical (at the bottom) methods. Top: mefenamic acid (on 

the left), carbamazepine (in the middle) and nicotinamide (on the right). Bottom: aspirin (on 

the left), piracetam (in the middle) and ibuprofen (on the right). 

 

Mefenamic acid is a well-known analgesic-antipyretic agent belonging to 

the fenamates class (anthranilic acid derivatives) of NSAIDs and is used to treat 
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mild to moderate pain. Four polymorphic forms [1-4] of MFA have been 

discovered and the properties of the first two have been characterized. The third 

form has very low stability and, moreover, cannot be obtained by direct 

crystallization [3]. Just the structure is known for the fourth form, while its 

preparation and stability are not described in the literature. It has been shown 

that the second form has a higher dissolution rate [5, 6]. However, the ratio of 

polymorphs in commercial forms of MFA is not usually specified and this 

influences significantly the measured values of the relative concentration of 

MFA in blood plasma. This is illustrated by the enormous dispersion of the 

reported data which range between 28 and 86% [7]. It should be mentioned that 

this ratio also is not available when quantifying the solubility of MFA [6, 8-15] 

and the solubility of the ready dosage form of MFA in water at normal 

conditions has an extremely low value (the molar fraction is lower than 10-4) 

[14]. 

In order to control the formation of specific polymorphic form, thermal 

conversion upon heating above 155°C at ambient pressure [10] and 

recrystallization from polar aprotic solvents [5, 16, 17], among which 

dimethylformamide is the most popular [13, 18], have been proposed. However, 

there are three issues, which significantly limit the use of these methods: high 

speed of sublimation, which is faster than the conversion between crystalline 

forms [10], the toxicity of DMF and incomplete conversion from the first 

polymorph into the second one [13, 19] and finally, the second polymorph form 

is not stable in the wet state, which is a drawback during both its synthesis and 

long-term storage [20, 21]. Nevertheless, it was shown that when MFA is kept in 

the dry state, the back-transformation of the second form to the first one does 

not occur even within 90 days [21, 22]. Thereby, the mefenamic acid seems to 

be problematic during the crystallization and storage. 

Carbamazepine is the second compound to study. It can crystallize in five 

different polymorphs [23-28], four of which can be easily obtained in 
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recrystallization [29]. They differ only in the orientation of the molecules in the 

crystal structures and have rather low conformational flexibility. Polymorph III 

of CBZ is the only one used in pharmaceutics nowadays as the most stable at 

room temperature [24]. However, polymorph I that is less stable at room 

temperature [29], could be more interesting pharmacologically. The possibility 

of polymorphic control of carbamazepine at the crystallization stage is very 

problematic, but it is of great interest. 

As the last system, the API mefenamic acid and nicotinamide, vitamin B3, 

an extremely popular co-former and API with 9 polymorphic modifications [30], 

was chosen. Co-crystallization is a widely used method to improve the chemical 

properties of the targeted active pharmaceutical ingredient such as its aqueous 

solubility, bioavailability, dissolution rate, melting point and stability [31-33] by 

obtaining its joint crystal with a co-former. It may be carried out in scCO2 that 

allows synthetizing co-crystals of high purity in a single step process with the 

possibility to handle thermosensitive APIs [34-53] as MFA or CBZ. Application 

of scCO2 can solve most of the drawbacks of synthetizing the co-crystal with 

commonly used mechano-chemical and solution-based methods [54, 55]. 

Specifically, when compared with conventional methods (solid-based or 

solution mediated ones), the utilization of scCO2 helps to control the 

thermodynamic parameters (temperature, pressure) and to achieve the 

repeatability of the proposed process [56-59]. However, using scCO2, co-

crystals have been synthetized mostly as microcrystalline powders, the structure 

of which is determined by powder X-ray diffraction (PXRD). It is well 

established that the structure determination using PXRD is a powerful auxiliary 

implement to single-crystal X-ray diffraction (SCXRD). Whereas, the structure 

determination using PXRD is more challenging than single-crystal X-ray 

diffraction, in particular in the case of organic molecular materials with a large 

number of atoms in an asymmetric unit cell [60, 61]. Furthermore, because of 

the impossibility to obtain single crystals of sufficient size, it was not possible to 
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determine the structure of many synthesized samples [62, 63]. The growth of a 

defect-free single crystal using scCO2 was demonstrated only for acetylated 

carbohydrates [64]. The validation of co-crystals structure is rather difficult and 

the acquisition of its single crystals from scCO2 will simplify it significantly. 

MFA:NA co-crystal was already synthetized as a powder using 

conventional methods and gas anti-solvent process [46, 65, 66]. The solubility of 

MFA from such a co-crystal in water was declared to be near 1.5 times higher in 

comparison with that of the pure API [66] making it an alternative for obtaining 

a metastable polymorphic form II. However, numerous experimental results 

have shown that, in the co-crystallization process in a solvent, the large 

difference in solubility existing between the API and the co-former in that 

solvent is an incompatibility factor, which makes the formation of the co-crystal 

incomplete [67]. For the NA the solubility in water is more than 105 times 

higher than for the MFA under normal conditions [68, 69]. Their solubility in 

scCO2 is relatively close [70, 71], but the validation of co-crystals purity is 

complex because of the presence of at least 3 phases: API, co-former and co-

crystal, each of which can exhibit polymorphism. The spectral methods are 

hardy capable of this. Thereby, the important task was to obtain the single 

crystal of MFA:NA co-crystal from scCO2, to determine its structure with 

SCXRD and, as a consequence, to receive the reference spectra and PXRD 

patterns for the express control of any powder samples. The details of the 

crystallization process, as well as the principal device scheme, will be discussed 

in Chapter 3 as an object of modifications. 

All the used powders of APIs were purchased from “Sigma-Aldrich”. 

The CAS numbers are 61-68-7, 298-46-4 and 98-92-0 for the mefenamic acid, 

carbamazepine and nicotinamide respectively. The purity of components in the 

same order corresponds to >98%, 99% and 99.5%. In order to characterize the 

MFA initial form used in the experiment, the IR spectra of three MFA samples 

in KBr tablets were measured. The analysis of these spectra presented in Figure 
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2.2 in the wavenumber range corresponding to the N-H stretching vibrations 

region (3250-3400 cm-1) has revealed the presence of a small spectral 

contribution related to polymorph II. It means that the initial commercial form 

of MFA used in this study is not pure polymorph I, and it contains a small 

amount of polymorph II. This is in good agreement with the results of [10, 15]. 

Moreover, a quantitative analysis of these three spectra in the N-H stretching 

vibrations region has shown that the average percentage of polymorph II is 

13.6% that is commensurable with the value of 10% given in [10]. The 

commercial CBZ was not checked as a one meeting the testing specifications of 

Pharmacopoeia (pure form III), as well as NA, whose polymorphic modification 

I is the sole stable under ambient conditions according to [72]. The CO2 gas 

(99.99% purity) was purchased from “The Linde Group”. 

 

 

Figure 2.2. IR spectra of three samples of crystalline mefenamic acid commercial 

form. The area limited by a rectangle shows the N-H stretching vibration region and 

corresponds to the insert. 

 

The second group consists of the following APIs: aspirin, piracetam and 

ibuprofen. Their processing after the crystallization and storage is the bottle-

neck for the pharmaceutical production, so the studies were aimed at the 

analysis of polymorphic transformations and solid-state changes accompanying 
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them. The creation of a new theoretical model will be based on the molecules 

represented in Figure 2.1 and will be discussed in Chapter 4 of the current thesis. 

Polymorphic modifications of the aspirin were chosen as a very suitable 

object for the development of a new method for modeling the mechanical 

properties of molecular crystals using quantum-chemical calculations. Aspirin is 

a well-studied drug, so the results obtained within a new approach can be 

compared with the available experimental and theoretical data. For a very long 

time, the existence of aspirin polymorphs remained questionable [73-78]. 

The crystal structure of the polymorph II was obtained only in 2005 by 

Zaworotko and co-workers [79]. However, the very subtle difference between 

polymorphs I and II as well as the low quality of the experimental data required 

additional evidence. Further studies of the new crystal form of aspirin showed 

that it was not a twin or a mixture of form I and form II but it was an intergrown 

crystal containing domains of both forms I and II [80, 81]. After crystallization 

of form II as a pure phase [82], both polymorphic modifications were 

thoroughly studied by experimental [83-87] and theoretical methods [88-91]. 

Particular attention was paid to the study of possible polymorphic transitions of 

aspirin polymorphs [86]. The transition of the less stable form II into the form I 

was proven under grinding [85]. The existence of polymorph III obtained at the 

pressure above ~2 GPa from the polymorph I was assumed based on Raman 

spectroscopy data [86]. Unfortunately, the structure of this polymorph was not 

proven reliably. The newest ambient polymorph of aspirin (form IV according to 

the original publication [92]) was found only in 2017 and turned out to be 

metastable so its properties are still not studied. It should be mentioned that the 

mechanical properties of polymorphic structures I and II as the interconvertible 

ones are still unclear are the directions for the easiest deformation, which can be 

important during the treatment, were determined ambiguously [84, 85]. Thereby, 

the mechanical response and any possibilities of conversion between the 

polymorphic modifications I, II and IV of aspirin are of great interest. 
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The further development of the computational method and its application 

to the polymorphic transformations will be discussed in the example of 

piracetam. This simple molecule possesses low conformational flexibility and 

can form different sets of intermolecular interactions due to the presence of two 

strong proton donors and two strong proton acceptors. The structures of four 

polymorphic modifications of this API have been identified and characterized 

using the X-ray diffraction method [93]. Most of them are capable to transform 

mutually under pressure, such as during tableting or grinding. However, just for 

one transition from polymorph II to form V pressure was described as the 

dominant and sole factor necessary for the transformation without the need of 

a solvent. It is characterized as reversible and occurs at the pressure near 

0.70 GPa, while the crystal behavior is described in detail till the pressure of 

4.00 GPa [94]. However, driving forces and reasons for this transformation have 

not been described. Together the aforementioned characteristics make the 

polymorphic transition of piracetam polymorphic modification II to V an ideal 

object to test the new technique. 

The latest object for theoretical studies is ibuprofen. Ibuprofen belongs to 

class II according to BCS [95] and has a low solubility under normal conditions 

(0.143 g / l) [96]. The increase in its solubility is an important unsolved task for 

the pharmaceutical industry. During the search for a solution, the amorphous 

form of the API [97] and its polymorphic modification II [98] were found, as 

well as that solubility has a clear relationship with the shape (habit) of crystals 

[99-101]. It should be noted that the amorphous form and the polymorphic 

modification II of ibuprofen are metastable and prone to a transition to form I 

[102, 103], which prompts the search for transformation mechanisms and 

possible stabilization of these forms. Mechanical processing of ibuprofen 

produced ambiguous results. From one side, the compression of this drug till 

4.00 GPa did not lead to significant changes in the experiment [104]. At the 

same time, the amorphous form can be partially stabilized by the grinding with 
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the mesoporous silica [105]. It makes the polymorphic transformation of 

ibuprofen an interesting object for the theoretical study of its polymorphic 

transformations and mechanical properties. 

The polymorphic structures of aspirin (whose Refcodes are ACSALA14 

[81], ACSALA15 [80] and ACSALA23 [92]), piracetam (BISMEV [106], 

BISMEV06-BISMEV10 [94]) and ibuprofen (IBPRAC04 [98], IBPRAC05-

IBPRAC15 [104]) have been extracted from the Cambridge Crystal Structure 

Database [107]. 

2.2. Vibrational analysis 

2.2.1. In situ infrared spectroscopy 

The control over the process of crystallization requires constant 

monitoring of the conformational equilibria in the fluid phase. This control is 

usually performed in the pharmaceutical industry inside of the flow-reactors 

[108, 109] and allows to crystallize selectively the solid phases of interest [110]. 

The conformational equilibria of MFA and CBZ were studied in the scCO2 pre-

expansional phase which was in contact with the excess of the corresponding 

API crystalline form (with respect to the expected solubility in scCO2), the same 

experimental setup as described in detail in [111] was used. The experiments 

were held under isochoric heating conditions to avoid the influence of the scCO2 

density and so the corresponding changes in APIs concentrations. The high-

pressure high-temperature (HPHT) optical cell with a variable optical path 

length [112] was improved. This cell allows reaching the equilibrium 

concentration of the solute in scCO2 relatively fast and to record spectra with a 

high resolution as well as with a high signal-to-noise ratio in a wide range of 

thermodynamic parameters of state. The general and sectional views of this cell 

are shown in Figure 2.3a,b. In this cell, the optical windows with an effective 

working diameter of 8 mm and thickness of 9 mm to stand the high pressure up 
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to 1000 bar were used. The windows made of silicon allowed one to measure the 

IR spectra in the wavenumber range of 1000-7000 cm-1. The isolation of cell is 

done with graphite packing rings. The sample of initial (commercial) crystalline 

form of MFA with a diameter of 9 mm and thickness of 7 mm was placed into a 

sample holder in the bottom part of the cell (Figure 2.3b). In order to avoid the 

contamination of the initial sample by the residuals of atmospheric components 

(in particular, water and oxygen), the HPHT cell was pumped out to a residual 

pressure of 0.1 mbar. After that, the cell was filled with dry CO2 through a 

stainless-steel capillary connected to a high-pressure setup allowing the 

adjustment of the pressure with an accuracy of ±0.5 bar. The cell was heated by 

means of four cartridge heaters disposed in its body corners. Three 

thermocouples were used for temperature control. One of them was located in 

the vicinity of one of the four cartridge heaters and was connected to a 

proportional-integral-derivative (PID) controller allowing controlling the 

temperature with an accuracy of about ±1°C. The second thermocouple was 

located in the upper part of the cell body close to the fluid solution phase and the 

third one was located in the bottom part of the cell containing the crystalline 

form of MFA. By choosing the thermocouple positions it is possible to control 

the temperature gradient between the bottom and the fluid phases. In the 

experiments with MFA and CBZ, this gradient did not exceed 3°C even at the 

highest temperature studied.  

The measured mid IR spectra corresponded to the CO2 phase of a binary 

[MFA-scCO2] mixture (the sectional view in Figure 2.3b). These spectra were 

obtained using a FTIR spectrometer Bruker Vertex 80 equipped with a 

deuterated triglycine sulfate detector in the wavenumber range of 

1000-4000 cm-1. The choice of temperature ranges was based on the melting 

points of the APIs under pressure in scCO2 and the temperatures of 

conformational transitions in the bioactive molecules the APIs built of. It was 

80-220°C and 110-200°C for MFA and CBZ respectively. The temperature step 
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of 10°C was used. The density of scCO2 and the optical path were adapted to 

avoid the oversaturation of the analytical spectral bands of APIs in scCO2. For 

the MFA, the density corresponded to ρ=1.1*ρcritical(CO2), where 

ρcritical(CO2)=10.625 mol·L-1 is the critical density of carbon dioxide, and the two 

optical path lengths were used: 1.600 mm in the temperature range of 80-160°C 

when the solubility of MFA is low and 0.137 mm in the temperature range of 

150-220°C. CBZ absorbance was lower, so the density was increased to 

coincide with the isochore of 1.3*ρcritical(CO2) and the optical path length of 

1.000 mm was used. For these isochores, the pressure varied in the ranges of 

172-459 bar and 289-539 bar for MFA and CBZ respectively. At each 

temperature, the initial spectrum was measured immediately when the 

temperature reached the target value. Since it takes some time to achieve the 

equilibrium concentration of APIs in the scCO2 phase (when the intensity of the 

spectra remains constant in the last 3-4 measurements), the dynamic spectra 

were recorded every 30 minutes to get information on the dissolution of APIs in 

the scCO2 phase at a given temperature during the equilibration process. It took 

the following times to reach the equilibration: 

• MFA: 6 hours for the temperatures in the range of 80-170°C, 24 hours at 

T=180°C, 48 hours at T=190°C, and 12 hours for the temperatures in the 

range of 200-220°C. 

• CBZ: 110°C - 12 hours, 120°C - 30 hours, 130°C - 6 hours, 140°C - 

30 hours, 150°C - 30 hours, 160°C - 15 hours, 170°C - 12 hours, 180°C - 

5 hours, 190°C - 5 hours, 200°C - 5 hours. 

Thereby, the IR spectra of the scCO2-rich phase (SCF solution phase) of 

two-phases systems of “API solid - SCF solution” or “API melt - SCF solution” 

depending on parameters of state were measured. 
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Figure 2.3. (a) Schematic representation of the experimental HPHT optical cell for IR 

spectroscopy with a variable optical path length; (c) Schematic representation of the 

experimental HPHT optical cell for Raman spectroscopy; (b,d) Cells sectional views showing 

their internal geometry and position of the IR beam or excitation red laser beam relative to the 

bottom part of the cell containing the sample solid phase. 

 

Since the single-beam spectrometer was used in experiments, the 

influence of the atmosphere components (in particular, water vapor) caught in 

the path of the infrared beam outside the cell has to be excluded. Thus, the dry 

air was continuously pumped through the sample spectrometer chamber where 

the optical cell was positioned. For each temperature, the spectra of the empty 

cell (the silicon windows spectra) and the spectra of the cell filled only with CO2 

were recorded. Finally, the spectra were recorded from the binary mixture where 

API was placed in the bottom part of the cell (Figure 2.3b) filled with CO2. All 
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these spectra were measured with a resolution of 1 cm-1. For each spectrum, 128 

interferograms were recorded and averaged out to increase the signal-to-noise 

ratio. The resulting spectra of API diluted in scCO2 were calculated by direct 

subtraction of the spectra measured for the cell filled only with CO2 from the 

spectra of the binary mixture. The final spectra were corrected by baseline 

subtraction. 

2.2.2. In situ Raman spectroscopy 

The same changes followed with in situ IR technique can be analyzed as 

well with the Raman measurements. In this case, the analyzed phase is not the 

fluid, but the solid phase of the API. It gives a possibility to select the synthesis 

conditions looking directly at the changes in the vibrational structure of a solid 

and to see the correlation between the conformations observed in the 

supercritical solution and the polymorphic composition. As well, it allows one to 

follow up the changes occurring on the surface of an API crystalline sample. 

To achieve this, the samples of MFA and CBZ with linear sizes of 14 mm 

in diameter and 3 mm thick (the sectional view in Figure 2.3d) were placed in 

the sample holder in contact with the scCO2 fluid phase. The inox Raman cell 

equipped with the sapphire window and packed with graphite rings  

(Figure 2.3c) was heated in the same manner as the one for IR measurements, 

but the analyzed temperature ranges changed for MFA and CBZ to 80-190°C 

and 40, 110-120°C respectively, to exclude the work on molten APIs. A He-Ne 

laser (λ = 632.81 nm) with an output power of about 18 mW was connected to 

an optical fiber directing the laser beam into the specific module “Power Head” 

[113]. This module was used to ensure the remote collection of the Raman 

scattering with optimal sensitivity. The laser beam was focused on the sample 

by a lens with a focal length of 40 mm. The laser beam power at the focal point 

was about 10mW. The Raman light was collected in the backscattering mode by 

the same lens and then was focused inside the module at the entrance of the 
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collecting optical fiber connected to a visible Raman spectrometer LabRAM HR 

Evolution (produced by HORIBA Jobin Yvon, France). The spectra were 

registered in the wavenumber range of 50-4000 cm-1. The diffraction gratings of 

600 and 1800 grooves/mm were used for MFA and CBZ respectively. The 

acquisition time and the number of accumulations were adapted to optimized to 

get spectra with a good signal-to-noise ratio. 

2.2.3. Micro infrared spectroscopy 

The IR analysis of crystalline samples after the crystallization can be done 

in many ways. The most popular techniques which do not require any sample 

treatment are the attenuated total reflectance IR and micro IR spectroscopies. 

However, just the second gives well-resolved spectral data for solids. In this 

work, the micro IR reflectance spectra of the MFA crystalline forms were 

recorded using a Vertex 70 spectrometer equipped with a liquid nitrogen-cooled 

Mercury-Cadmium-Telluride (MCT) detector. This spectrometer was coupled 

with a Hyperion 3000 FT-IR confocal microscope (produced by Bruker Optik 

GmbH) equipped with a 15x magnifying objective and was operated in the 

reflectance mode using an aperture size of 160x160 μm. In order to obtain the 

spectra with a good signal-to-noise ratio, 256 interferograms were recorded and 

averaged out for each measurement. Then the resulting absorption spectra in the 

wavenumber range of 800-3600 cm-1 with a 1 cm-1 spectral resolution were 

derived from the recorded reflectance spectra by applying the Kramers-Kronig 

transformation algorithm [114]. It helped in the identification of the 

polymorphic forms of MFA by the comparison with reference spectra 

represented in [15].  

2.2.4. Diffuse reflectance infrared Fourier transform spectroscopy 

The alternative algorithm for studies of solids is to work in diffuse-

reflection mode and diffuse reflectance infrared Fourier transform spectroscopy 
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(DRIFTS) is a good variant for mass analysis of the crystallized APIs because it 

allows to collect high amount of reflected IR waves and to obtain good signal 

practically without sample treatment [115]. Thus, the vibrational spectra of 

MFA:NA co-crystal were registered using Bruker Vertex 70V infrared 

spectrometer equipped with liquid nitrogen cooled MCT detector in the spectral 

range from 700 to 4000 cm-1 with the resolution of 2 cm-1 (256 scans per 

spectrum). For the DRIFTS a Harrick Scientific Diffuse reflectance attachment 

“Praying Mantis” combined with the cell equipped with CaF2 windows was 

applied. Further data manipulation including Kubelka-Munk transformation 

[116] was performed in OPUS Bruker software. The samples for DRIFTS were 

used in two ways: as is and milled in an agate mortar. It was done to decrease 

the Mie scattering, but both analytes showed the same spectral pattern, 

demonstrating that the samples received through the crystallization in scCO2 are 

very fine powders (diameter of crystals less than 5 μm [115]). All samples of 

MFA:NA co-crystal were mixed with KBr to receive the final percentage of 

analyzed powder ≤ 5 molar per cent and loosely packed in the sample holder. 

2.2.5. Micro Raman spectroscopy 

The micro Raman spectroscopy is also an effective and wide-spread 

method for the analysis of solid phases. Recording of the inelastically Raman-

scattered photons has a serious advantage in comparison to IR-based methods 

when the crystals are analyzed. The cross-section of inelastic Stokes scattering 

basic for Raman spectroscopy is usually from 10-8 times smaller than that for 

Rayleigh scattering [117], so the oversaturation is hardly reached without 

purpose. Thus, the powders can be taken as is after the crystallization. 

Two measurement methods based on micro Raman spectroscopy were 

applied in this work: conventional analysis of powders and in situ measurement 

with heating (no CO2). The MFA samples were studied using heating without 

scCO2 to check for the possibility to obtain the other polymorphic modifications 
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from the form I. For this, the add-on Linkam THMS600, which allows studying 

the solid phase under heating and cooling in the temperature range from -196°С 

to 600°С with an accuracy of 0.1°С was applied. Raman spectra of the MFA 

crystalline forms were obtained using the same visible Raman spectrometer as 

for in situ measurements in CO2, combined with a confocal microscope 

(10-100x magnifying objectives were used), in the back-scattering geometry in 

the spectral range of 50-3600 cm-1. A He-Ne laser (λ = 632.81 nm) with the 

energy of 15 mW at the sample was applied for excitation. The Raman signal 

was collected with a CCD-detector (1024*256 pixels) placed after a diffraction 

grating (1800 grooves/mm) giving the final spectral resolution of about 0.3 cm-1. 

The spectra were accumulated in each single scan with the exposure time of 300 

s per each orientation of the grating that assured the spectra with a good signal-

to-noise ratio. 

The spectra measured for CBZ were done to reveal polymorphism in the 

final product, so they were measured using conventional micro Raman 

spectroscopy under ambient conditions with the same LabRAM HR Evolution 

Raman spectrometer combined with a confocal microscope. The objective with 

a magnifying power of 100x was used. The acquisition times, the number of 

accumulations and laser beam power were varied according to the orientation 

and thickness of the sample in order to avoid its burning-out and to improve the 

signal-to-noise ratio. 

2.3. Microscopic observations of sample changes 

The thermal changes in the APIs surface permanently contacting with 

their saturated solution in scCO2 were visually observed with the help of the 

system specially designed for this work. It is based on a digital long-focus 

optical microscope. This microscope is united with a universal High-Pressure 

High-Temperature optical cell via a precise positioning system. Moreover, the 

microscope is also equipped with coaxial brightening that allows making a 
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bright image of a target placed deep inside the optical cell. The HPHT cell is 

equipped with an optically transparent sapphire window enabling one to take a 

photo of the API surface inside the cell. Its thickness of 9 mm in combination 

with a small diameter (the external diameter is 12 mm and the effective working 

diameter is 8 mm) allows one to work at pressures of up to 1 kbar inside the cell. 

The detailed descriptions of the optical cell and experimental setup for the 

control of temperature and pressure of the reaction medium are given in Sections 

2.2.1. “In situ IR spectroscopy” and 2.2.2. “In situ Raman spectroscopy”. The 

photos of the API surface permanently contacting with API saturated solution in 

scCO2 were made with an optical resolution of 2 megapixels. The images were 

obtained for a number of temperatures along the chosen isochores. 

2.4. Single-crystal X-ray diffraction 

SCXRD experiment was performed on the co-crystal of MFA and NA to 

prove that its structure corresponds to one obtained earlier and to generate the 

reference PXRD pattern and DRIFT spectra for the express unambiguous 

determination of the co-crystal during synthesis. Reflection data and unit cell 

parameters of the synthetized crystals were measured at the temperature of 100 

K using an Apex II CCD 4K Bruker diffractometer (λ = 0.71073 Å). Correction 

for Lorentz polarization was performed in SAINT software [118]. Empirical 

absorption corrections introduced in SADABS software [119]. The structure was 

solved by a direct method using the SHELXTL program package [120, 121]. 

Hydrogen atoms bonded to carbon were placed at geometrically calculated 

positions. The other H atoms were revealed from the Fourier difference map. 

The refinement was done in the riding model with Uiso values scaled to the ones 

of the parental heavy atoms. OLEX2 program [122] was used for visualization 

and data processing. Previously the structure of the co-crystal with 1:2 MFA:NA 

ratio was determined from powder X-ray data using not an easily accessible 
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synchrotron source of radiation [123], so it was used for the comparison with the 

current data. 

2.5. Powder X-ray diffraction 

PXRD analysis of the MFA:NA co-crystal was carried out at room 

temperature and humidity using a BRUKER AXS D8 ADVANCE 

diffractometer (Bragg-Brentano geometry) equipped with a 1D PSD detector 

(Lynx-Eye). Copper (Kα) radiation was used for the measurements over the 2θ-

range from 4° to 60° with a scan rate of 0.02°/sec (goniometer continuous 

mode). The X-ray source operated at the generator voltage of 40 kV and the tube 

current of 40 mA. Match! Software [124] was used on powder X-ray data to 

assess semi-quantitatively the phase composition of the synthetized solid. 

2.6. Quantum-chemical calculations 

2.6.1. Conformation analysis and frequency assignment 

The assignment of the spectral contributions of the different conformers 

of bioactive molecules in the supercritical fluid phase required to perform the 

conformational search and vibrational spectra calculations with GAUSSIAN 09 

software package [125]. To do so the preliminary optimization of the geometry 

and calculations of vibration frequencies were performed using the density 

functional theory hybrid Becke three-parameter functional B3LYP [126] for 

MFA and Austin-Frisch-Petersson functional with dispersion APFD [127] for 

CBZ molecules. The split-valence triple zeta basis set with diffuse functions for 

all atoms and the additional sets of p- and d-type polarization functions 

6-311++g(2d,p) [128-130] was used. The conformational search was based on 

the analysis of the potential energy surface scans. The potential energy profiles 

were calculated along with the three dihedral angles, which determine the 

rotations of the carboxylic group and two aromatic fragments of the molecule, 



102 
 
 

respectively. The search for all possible conformers was based on the analysis of 

the potential energy surface scan. The preliminary scanning of the hyper-surface 

of potential energy was performed by semi-empirical method PM3 [131, 132] 

and the obtained set of conformers was further optimized using the same 

functionals and basis sets as for preliminary calculations. The dihedral angles 

scanned for MFA and CBZ are shown in Figure 2.4. The structure of each 

conformer corresponded to the local minimum of potential energy, which was 

confirmed by frequency calculations. 

 

 

Figure 2.4. Schematic representation of the MFA and CBZ molecules with atoms 

forming the scanned dihedral angles. 

 

Sixteen MFA conformers have been identified, but only the four most 

stable conformers were further taken into account. CBZ demonstrated four 

probable conformers for the conformer corresponding to the form I in solution 

among which two mirror pairs were found, so only two conformers were 

considered. Sole conformer occurrs after the dissolution of the modification III 

scCO2. The other molecules, namely conformer appearing in fluid phase after 

polymorphic form III dissolution, iminostilbene (IMST), its protonated form 

(IMST-H+) and isocyanic acid (ICA), discussed in details in [133] were 
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optimized as well. Their vibrational spectra were calculated using all the same 

routines as for conformers search. 

2.6.2. Analysis of polymorphic modifications structure 

2.6.2.1. Crystal structure analysis from the energetic viewpoint  

The crystal structure analysis was performed within the approach based 

on quantum-chemical calculations of pairwise interaction energies between 

molecules in a crystal [134, 135]. According to the proposed method, any 

molecule (simple or monomeric building unit) or strongly bound dimer of 

molecules (complex or dimeric building unit) may be considered as a basic 

building unit and its first coordination sphere can be constructed using standard 

procedure within the Mercury program [136]. This option allows one to 

determine all molecules (in the case of monomeric BU) or dimers (in the case of 

dimeric BU) for which the distance between atoms of the basic BU0 and its 

symmetrically equivalent BUi is shorter than the corresponding van der Waals 

radii sum plus 1 Å at least for one pair of atoms. Usually, the van der Waals 

radii proposed by A. Bondi [137] for all the atoms except the hydrogen ones 

were used [138]. The fragment of a crystal packing containing the basic BU0 

(monomeric or dimeric) and all the BUi belonging to its first coordination sphere 

was divided into dimers BU0-BUi without any change in their geometry. The 

pairwise interaction energies for BU0-BUi dimers were calculated using B97D3 

[139, 140] density functional method with the 3rd version of the empirical 

correction of dispersion interactions (D3) proposed by Grimme (including 

Becke-Johnson dumping) [141] and Karlsruhe triple zeta valence polarized 

def2-TZVP basic set [142, 143]. All the energies were corrected for a basis set 

superposition error by the counterpoise method [144]. The choice of the 

calculation method was based on the benchmark study of accurate estimation of 

pairwise interaction energies described in details in [145]. All the single-point 

calculations were performed within the Gaussian09 software. 
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The energy vector diagrams (EVD) were used for the visualization of the 

obtained data [135, 146]. The calculated interaction energy between two 

building units takes on vector properties if it originates the geometrical center of 

the basic BU0 and is directed toward the geometrical center of symmetrically 

equivalent BUi. The use of such an assumption to the calculated pairwise 

interaction energies between BU0 and each of the BUi belonging to its first 

coordination sphere makes it possible to visualize the interaction energies in a 

crystal as a set of such vectors (Li) originated the geometrical center of a basic 

BU. The length of each energy vector Li is calculated using the following 

equation: 

 

𝐿𝑖 =
𝑅𝑖𝐸𝑖
2𝐸𝑠𝑡𝑟

 (2.1) 

where Ri is the distance between the geometric centers of the building units in 

pair, Ei is the interaction energy between the basic building unit and its ith 

neighbor and Estr is the energy of the strongest interaction between the basic 

building unit and its neighbor from the first coordination sphere. 

 

Replacing the basic BU0 with such a vector image and applying all 

symmetry operations to it result in the visualization of a crystal packing in terms 

of interaction energies between molecules. This method allows one to define the 

most strongly bound fragments of a crystal packing such as primary basic 

structural motif (BSM1) or secondary basic structural motif (BSM2) according to 

[135]. 

To understand the driving forces of the polymorphic transition, the 

contributions of different types of interactions to the total interaction energy in 

piracetam (Section 4.2) were studied. For this purpose, the modified method of 

Morokuma and Kitaura [147] namely Localized Molecular Orbital Energy 

Decomposition Analysis (LMOEDA) [148] implemented in the GAMESS-US 
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software package [149] was used. The geometry applied during these 

calculations was chosen identically to the one described above. The calculations 

were carried out using the B97 method with the 2nd version empirical correction 

of the dispersion interactions (D2) proposed by Grimme [150] and triple zeta 

valence polarized TZVP basis set [151, 152] and corrected for basis set 

superposition error by the counterpoise method. The accuracy of the DFT grid 

[153] was increased to ultrafine (99 radial shells with 590 Lebedev points in 

each) similar to that used in the current Gaussian09. Pulay's direct inversion of 

the iterative subspace (DIIS) interpolation [154, 155] was used in these 

calculations to increase the convergence speed. 

The contribution of the dispersion term (DISP) was separated within this 

method while the hydrogen bond contribution is approximated as the sum of 

electrostatic (ES), polarization (POL), and charge transfer terms. 

These parameters were described as the most appropriate in numerous sources 

[156-159]. 

The interaction energies calculated in the GAMESS-US software package 

were compared with those calculated in the Gaussian09 software package to 

justify the change of the functional and basis set for LMOEDA calculations. 

2.6.2.2. Comparison of experimental and optimized in solid state 

structures 

The metastable polymorphic modification II of ibuprofen was obtained 

from the Rietveld powder refinement technique and required additional 

optimization step for further application of its structure in the analysis. 

However, this action must be justified. 

Thereby, the first step to apply the optimization was the comparison of 

experimental and optimized in solid state structures. The experimental 

crystalline structure of the polymorphic modification I at ambient pressure was 
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optimized using the variable cell relaxation (“vc-relax” subroutine) in Quantum 

Espresso 6.3 software package [160, 161] at the pressures coinciding with the 

ones studied experimentally in [104] with the maximal deviation of pressure 

equal ±0.05 GPa (or +0.05 GPa for the initial structure obtained at ambient 

pressure). Projector augmented-wave pseudopotentials (namely H.pbe-

kjpaw_psl.1.0.0.UPF, C.pbe-n-kjpaw_psl.1.0.0.UPF and O.pbe-n-

kjpaw_psl.1.0.0.UPF) were used in combination with Perdew-Burke-Ernzerhof 

PBE density functional theory method [162] corrected with the parametrized 

three-body (D3) dispersion correction (including Becke-Johnson dumping). The 

total energy and force convergence thresholds for ionic minimizations were 10-4 

and 10-3 Ry/atom, respectively. The convergence threshold for self-consistent 

calculations was set to 10-6 Ry/atom. The kinetic energy cutoff for the 

wavefunctions and for charge density and potential were set to 80 and 640 Ry, 

respectively, as the ones required for good reproducibility in [163, 164]. 

Monkhorst-Pack k-point samplings of a 1x3x2 grid were applied to check the 

Brillouin zone with a minimal resolution of 0.05 1/Å. Molecular arrangements 

in experimental and optimized structures of polymorphic modification I were 

compared with the corresponding experimental ones in order to understand the 

applicability of the solid-state optimization for ibuprofen. Besides the lengths of 

the principal crystallographic axes, the volume of the unit cell, the lengths and 

angles of hydrogen bonds occurring in crystals were studied. The volume of 

crystal voids [165] under different pressure was computed using Crystal 

Explorer 17.5 software [166]. The crystals density after the optimization was 

calculated with Platon software [167]. 

The second step, i.e. the optimization of the polymorphic modification II 

of ibuprofen, was to apply a very similar strategy to the one used for its 

checking. However, the variable cell relaxation was not applied to prevent any 

changes in experimentally defined data and according to the comparison, which 

will be given in Section 4.3. 
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Chapter 3. Control of the polymorphism of active 

pharmaceutical ingredients crystallizing from 

supercritical CO2 

The material presented in this chapter forms the basis of publications 

Oparin, R. D.; Vaksler, Ye. A.; Krestyaninov, M. A.; Idrissi, A.; Shishkina, S. V.; 

Kiselev, M.G. Polymorphism and conformations of mefenamic acid in supercritical carbon 

dioxide. J. Supercrit. Fluids 2019, 152, 104547 (1-15). 

Oparin, R. D.; Vaksler, Ye. A.; Krestyaninov, M. A.; Idrissi, A.; Kiselev, M.G. High 

temperature polymorphic conversion of carbamazepine in supercritical CO2: A way to obtain 

pure polymorph I. J. Mol. Liq. 2021, 323, 114630 (1-10). 

Vaksler, Ye. A.; Benedis, D.; Dyshin, A. A.; Oparin, R. D.; Correia, N. T.; Capet F.; 

Shishkina, S. V.; Kiselev, M.G.; Idrissi, A. Spectroscopic characterization of single co-crystal 

of mefenamic acid and nicotinamide using supercritical CO2. J. Mol. Liq. 2021, 334, 116117 

(1-7). 

 

Control over the crystallization and its products is the key prerequisite in obtaining 

the pure polymorphic modifications of the APIs. We propose the methods based on 

recrystallization from scCO2. They are usually associated with fast and uncontrolled crystal 

formation, but the techniques proposed in this chapter allowed us to obtain forcefully 

the required polymorphic modifications. We divide the process of recrystallization into pre-

expansion and expansion stages, as well as the stage of product analysis and make a detailed 

assessment of the possibility of simplifying the control over the production of pure 

polymorphic forms. We give suggestions on the monitoring of conformations and the 

interfaces of the APIs (MFA and CBZ) with the solution in scCO2 during the pre-expansion 

stage, as well as on the equilibria between phases during the recrystallization. Different 

approaches to the control of the product after crystallization are shown for the selected APIs. 

As well as a new way to easily obtain the crystal structure through single-crystal X-ray 

diffraction and, as a consequence, the reference spectra and powder patterns of individual 

polymorphic modifications demonstrated for MFA:NA co-crystal. 
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3.1. Polymorphism and conformations of mefenamic acid in 

supercritical carbon dioxide 

3.1.1. Recrystallization of mefenamic acid through sublimation 

The sublimation of MFA at different temperatures was studied specially 

to obtain the reference patterns of API pure polymorphic forms and to compare 

with the ones proved by X-ray diffraction experiment, as well as to choose the 

spectral domains for unambiguous determination of the polymorphic 

modifications. To do this we continuously measured the Raman spectra of single 

crystals of MFA that were placed in temperature-controlled plate of Linkam 

system. These measurements were fulfilled in fast mode when the acquisition 

time was 5 sec and only one orientation of the grating was used. The 

wavenumber range of 1300-1360 cm-1 was used as analytical. Indeed, in the case 

of polymorph I (PI) it contains one spectral contribution whereas for polymorph 

II (PII) two spectral contributions are observed (Figure 3.1). This figure also 

shows the differences between Raman spectra of a single crystal of the MFA 

initial form and a single crystal of the obtained MFA polymorph II in two 

spectral domains (50-1800 cm-1 and 2700-3600 cm-1). 

We have found that the sublimation of polymorph I into polymorph II 

begins at a temperature slightly above 160°C. However, the rate of this process 

is slow and depends on the crystal size. Though the transition of small crystals 

occurs faster, nevertheless it may take hours. Finally, we have found that the fast 

phase transition occurs in the temperature range of 180-190°C. In this 

temperature range irrespective of crystal size the sublimation of polymorphic 

form II from I takes minutes. This fact is in good agreement with the results of 

[1], where the authors showed that starting from the temperature of 150°C, the 

sublimation of MFA from polymorph I into polymorph II is observed, but the 

dynamics of this process is extremely slow. Nevertheless, these authors did not 
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succeed in achieving the full transformation of the sample to polymorphic form 

II at this temperature even after 140 hours, and the full recrystallization of the 

polymorphic modification II was reached by us only at 160°C, after 35 hours. 

 

 

Figure 3.1. Comparison of Raman spectra of single crystals of mefenamic acid 

polymorph I and polymorph II in two spectral domains of 50-1800 cm-1 and 2700-3600cm-1. 

The area limited by a rectangle corresponds to the spectral band used as an indicator of 

recrystallization through sublimation of polymorph I to polymorph II during measurements. 

3.1.2. Recrystallization of mefenamic acid being in contact with scCO2 

phase: in situ Raman spectroscopy 

We have also studied the thermal transformation of the MFA crystalline 

form being in contact with a scCO2 phase under isochoric heating. We have 

measured a set of Raman spectra of the crystalline MFA sample surface in the 

bottom part of the cell at different temperatures. Figure 3.2a,b shows the 

temperature evolution of these spectra. Here we monitored the polymorphic 

transformation on the base of observation of spectral bands change in three 

wavenumber ranges (50-200 cm-1, 1300-1360 cm-1, and 3300-3400 cm-1). It has 

been found that in the temperature range 80-140°C the obtained spectra 

correspond to polymorph I. Further, at the temperature of 160°C, the spectral 

signature reveals the transformation of polymorph I to polymorph II. However, 

the rate of this process is slow as in the case of the sublimation of MFA without 
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the scCO2 phase. Finally, the full polymorphic transformation has been found at 

the temperature of 190°C. 

 

 

Figure 3.2. Thermal evolution of Raman spectra in wavenumber ranges of 

50-1800 cm-1 (a) and 2800-3600 cm-1 (b) of crystalline mefenamic acid being in contact with 

scCO2 phase under isochoric heating. Comparison of Raman spectra of crystalline mefenamic 

acid and its melted phase (c). 

 

Moreover, the visual inspection of the crystalline MFA surface being in 

contact with a scCO2 phase also allowed detecting the changes in the sample at 

160°C. The emergence of dark domains on a bright background (Figure 3.3) 

may indicate the beginning of this transition. Then, the full change of color of 

the sample surface has been found at the temperature of 170°C. Nevertheless, 

this visual analysis has not allowed us to state the fact of a polymorphic 

transformation in the sample bulk and gives only a general idea about the 

temperature range of this polymorphic transition. It has also been discovered 
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that after 30 hours when the temperature was maintained at 190°C, the 

crystalline sample was melted and became transparent (the last photo in Figure 

3.3). As a result, strong fluorescence appears and gives contribution into the 

Raman spectrum (Figure 3.2c). This fluorescence occurs because of the 

interaction of the laser beam with the metal alloy of the sample holder. 

 

 

Figure 3.3. Photos of the powder of mefenamic acid in the sample holder of an optical 

cell being in contact with scCO2 under isochoric heating conditions for various temperatures 

and for various time ranges. The last photo shows the melted transparent phase of mefenamic 

acid. 
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According to various literature data [2-4] the MFA melting point of 

polymorph II is expected in the temperature range of 230-233°C, however, in 

the case of a binary system of [MFA-scCO2] under isochoric heating conditions, 

the MFA melting point is reached at 190°C under the pressure of 459 bar. 

Indeed, this is in good agreement both with the previous findings of our research 

group, namely for a binary system of [Ibuprofen-scCO2] [5] and with the 

literature data [6-8], where the authors noted the depression of melting 

temperatures of organic solids by high-pressure CO2. 

3.1.3. Choice of analytical spectral domains for in situ infrared 

spectroscopy 

In order to analyze the experimental IR spectra, two spectral domains 

were chosen as analytical. These domains are located in the wavenumber ranges 

of 1400-1550 cm-1 and 3250-3500 cm-1 (Figure 3.4). The first spectral domain is 

associated with complex vibrations that include the vibrations of the MFA 

molecule aromatic system and rocking vibration of the N-H group; the second 

wavenumber range is associated with the stretching vibration of the N-H group. 

This choice is linked with the fact that changing the MFA conformations 

induces a direct change in the N-H vibrations because the amino-group can be 

directly involved in the formation of intramolecular hydrogen bonds with 

hydroxyl or carbonyl oxygen of carboxyl fragment depending on its orientation. 

Thus, the change in the parameters of these bonds as a consequence of 

conformational transition will directly affect the vibration parameters of the N-H 

group itself. On the other hand, conformational changes affect the vibration of 

atoms of aromatic fragments indirectly, namely by means of electronic density 

redistribution, because of their close positions to the MFA functional groups (in 

particular, C=O, N-H, O-H) that are sensitive to the conformation changes. 

Therefore, the emergence of a new spectral contribution in this spectral domain 
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that is induced, for instance, by the change in the thermodynamic conditions, is a 

signature of the change in the MFA conformation. In the recent works of our 

research group [9, 5], the advantage of using the spectral domain of 

1400-1550 cm-1 associated with the aromatic ring for screening the 

conformational transitions of pharmaceutical molecules diluted in scCO2 has 

also been shown. 

 

 

Figure 3.4. Analytical spectral domains in the wavenumber ranges of 1400-1550 cm-1 

and 3250-3500 cm-1 of mefenamic acid IR spectrum measured at 170°C in scCO2 phase as an 

example. 

 

Another reason to choose the N-H stretching vibration mode as analytical 

is associated with differences in its behavior in the various polymorphs of MFA. 

Indeed, the spectral domain of 3300-3350 cm-1 was successfully used for 

screening the polymorphic transformation of crystalline MFA as has been shown 

above in the text and in a number of works [1, 10]. The authors of these works 

have shown that the appreciable change in the N-H stretching band position that 

occurs in the range of 3300-3350 cm-1 allows distinguishing between 

polymorphs I and II. As a result of the transformation from polymorph I to 

polymorph II, the position of this band shifts from 3312 cm-1 to a higher 

frequency of 3353 cm-1. Such behavior is consistent with the crystallographic 

results. For polymorph I, the proton of the N-H group is involved in relatively 

strong interaction with the carbonyl oxygen (the intramolecular hydrogen bond). 
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Indeed, in this case, the N…O distance is 2.636(2) Å [11]. However, the 

transformation to polymorph II, because of the changes in the molecular 

geometry, changes this distance too (Figure 3.5). Thus, for two different 

configurations of polymorph II, the N…O distance increases up to 2.67(1) Å and 

2.72(2) Å, respectively [12] (these distances were measured in the Mercury 

program [13]). It is logical that the N-H bond length also decreases upon this 

polymorphic transformation. All these changes indicate the change in the 

parameters of the intramolecular hydrogen bond as a consequence of the 

polymorphic transformation, namely the weakening of the interaction between 

the proton of the amino-group and the carbonyl oxygen. This shifts the amino-

group vibration toward higher energies (the blue shift of the N-H stretching 

band). Furthermore, the IR and Raman spectroscopic studies and computational 

studies of the MFA polymorphic forms point out the noticeable difference in the 

position of the N-H stretching spectral band [14, 4]. 

 

 

Figure 3.5. Conformations of MFA molecules in crystals of its polymorphic form I 

(on the left) and disordered modification II (on the right). The lengths of covalent N-H (in 

blue) and intramolecular hydrogen N-H…O (in olive) bonds are shown in angstroms. 
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3.1.4. Assignment of spectral contributions 

In order to assign the spectral contributions of the analytical spectral 

domains presented in Figure 3.4 to the different MFA conformers, we relied on 

the results of the quantum-chemical calculations. It is been said in Chapter 2 that 

the four most stable conformers were taken into account. These conformers, 

named Ia, Ib, IIa, IIb, are schematically presented in Figure 3.6. They can be 

realized through the variation of two dihedral angles of τ1 and τ2, which 

correspond to ∠(C4-C3-C10-O11) and ∠(C4-N15-C17-C19) respectively 

(Figure 2.4). The values of these angles for the given conformers are presented 

in Table 3.1. 

 

 

Figure 3.6. Schematic representation of the four most stable conformers of mefenamic 

acid obtained by quantum-chemical calculations. 

 

Table 3.1. Values of the dihedral angles of τ1 and τ2, N-H bond length in the molecule 

amino-group, and potential energy for 4 most stable conformers in comparison to the most 

stable one obtained by quantum-chemical calculations. 

Parameter conformer Ia conformer Ib conformer IIa conformer IIb 

τ1, ° 4 -2 180 177 

τ2, ° 135 77 135 77 

d(N-H), Å 1.02 1.02 1.02 1.01 

ΔE, kJ·mol-1 0 1.5 16.1 16.7 
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For these conformers, it has been found (Figure 3.7) that the energy 

barriers quantifying the conformational transition (that are related to the 

variation of dihedral angle τ1) Ia→IIa and Ib→IIb are high (>33 kJ/mol). This 

definitively excludes the possibility of a spontaneous thermal transition between 

the conformers within these pairs even at the highest investigated temperature 

(RT493K=4.1 kJ/mol). However, as shown in Figure 3.7, the energy barriers of 

the conformational transitions Ia→Ib and IIa→IIb that are related to the 

variation of dihedral angle τ2 do not exceed 1.5 kJ/mol. Thus, because of the fact 

that these barriers are lower than the thermal fluctuations even at room 

temperature (RT298K=2.5 kJ/mol), the formation of each conformer within these 

pairs is equiprobable over the whole investigated temperature range. 

Consequently, these conformers may be grouped into two pairs, namely Ia-Ib 

and IIa-IIb; and each of these pairs may be considered as a single conformer. 

These two conformers were named conformer I and conformer II, respectively. 

 

 

Figure 3.7. Energy barriers of conformational transitions within pairs Ia→IIa→Ia and 

Ib→IIb→Ib that are related to the variation of dihedral angle τ1 and within pairs Ib→Ia and 

IIb→IIa that are related to the variation of dihedral angle τ2. 
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In order to analyze the changes in the experimental spectra and to get 

information on the conformational state of the MFA molecules in the scCO2 

phase, we have also calculated the IR spectra for these conformers within the 

quantum-chemical calculations. These spectra are presented in Figure 3.8a. 

It is obvious from these spectra that the N-H band positions for 

conformers IIa and IIb are blue-shifted relative to those calculated for 

conformers Ia and Ib. Therefore, taking into account this difference in the N-H 

band positions, which correlates with its behavior during the transformation 

from polymorph I to polymorph II [1, 10], the difference in the potential 

energies for these conformers as well as the difference in the N-H bond lengths 

for these conformers (Table 3.1), we have made a hypothesis that the 

conformational pair of Ia-Ib may be related to polymorph I, while that of IIa-IIb 

may be related to polymorph II. However, it is obvious that the MFA molecules 

geometry for conformers IIa and IIb in vacuum differs from that of the 

conformers in polymorph II. Indeed, according to the analysis of the dihedral 

angle values presented in Table 3.1 for MFA conformers IIa and IIb, the 

carbonyl oxygen is directed to the opposite side of the amino-group proton, 

whereas in the crystalline forms of polymorph II the carbonyl oxygen is directed 

toward the amino-group proton as in polymorph I [12]. These discrepancies may 

be explained by the constrained geometry of the molecules in the crystal, where 

it is defined by intramolecular bonds as well as intermolecular weak bonding. 

However, the molecule release from crystal to the solution, where at low 

concentrations the molecule exists as a monomer, is accompanied by the 

relaxation of the aforementioned constrained geometry, which leads the 

molecule to the closest local energy minimum. 

Because according to our statement that each of the pairs of Ia-Ib and 

IIa-IIb may be considered as a single conformer, we summarized the spectra of 

conformers within these pairs. These summarized spectra, named Ia+Ib and 

IIa+IIb are also presented in Figure 3.8b for the wavenumber range of 
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1390-1610 cm-1 and in Figure 3.8c for the wavenumber range of 3200-4000 cm-

1. The spectra shown in Figure 3.8c demonstrate an appreciable shift in the N-H 

stretching band from 3480 cm-1 to a higher frequency of 3600 cm-1 at the 

transition from conformer I to conformer II. This change is consistent with the 

N-H stretching band position shift during the MFA crystalline polymorphic 

transformation. Additionally, in the wavenumber range associated with the 

vibrations of the aromatic system, we may also clearly distinguish different 

conformers, each of which gives two separated spectral contributions to the 

summarized spectrum (Figure 3.8b). 

 

 

Figure 3.8. (a) IR spectra for the four most stable conformers Ia, Ib, IIa, IIb obtained 

by quantum-chemical calculations. (b,c) Sums of the IR spectra for pairs of conformers Ia and 

Ib (Conformer Ia+Ib) and conformers IIa and IIb (Conformer IIa+IIb). 
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3.1.5 Analysis of mefenamic acid conformers in CO2 phase: in situ 

infrared spectroscopy 

Figure 3.9a,b demonstrates the evolution of experimental spectra (the two 

analytical spectral domains) of MFA in the scCO2 phase with a temperature 

increase in the range of 80-160°C. These spectra correspond to the equilibrium 

state at each temperature. The spectral bands intensity increase is related to the 

increase in the MFA concentration in the scCO2 phase with the temperature 

increase. However, the spectral band shape is not affected. The analysis of the 

experimental spectra in the wavenumber ranges of 1400-1550 cm-1 and 

3250-3500 cm-1 shows that in the first spectral domain two spectral 

contributions (at 1456 and 1515 cm-1) and in the second spectral domain the 

spectral contribution at 3346 cm-1 are predominant. According to the calculated 

spectra (Figure 3.9b,с), we can assign these contributions to MFA conformer I. 

Nevertheless, the experimental spectra contain very small contributions at 1475 

and 3436 cm-1, which we can attribute to MFA conformer II, even at these 

temperatures. 

In the previous works of our research group [9, 5], it is been shown for 

pharmaceutical substances possessing different types of polymorphism that a 

polymorphic transformation of crystalline form being in contact with a fluid 

solution (scCO2 phase) leads to a conformational transition of the molecules of 

these pharmaceutical substances in the fluid phase. Moreover, in the equilibrium 

conditions between the solid and fluid phases, the molar ratios of the 

polymorphs in the solid phase are correlated with the molar ratios of the 

conformers in the fluid solution phase. Therefore, in the case of the interface 

between the bottom phase containing the crystalline initial form of MFA and the 

CO2 phase containing molecules of diluted MFA, the presence of MFA 

conformer II in the scCO2 phase is an indicator of the presence of polymorph II 

in the initial commercial crystalline MFA as it was discussed in Section 2.1. 
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This is also in good agreement with results of [15] where authors on the basis of 

results of NMR spectroscopy have shown that in a saturated solution of 

commercial MFA in DMSO being in equilibrium with the solid phase of MFA, 

mainly two stable conformers exist. Moreover, the molar fractions of these 

conformers correspond to molar fractions of MFA polymorphs in its solid phase, 

where the fraction of the first polymorph is prevailing. The analysis of the 

spectra presented in Figure 3.9a,b also shows that the intensities associated with 

conformers I and II increases, while their ratio remains constant. It means that in 

this temperature range the percentages of these conformers do not change. Thus, 

we may assume that in this temperature range the polymorphic transformation 

from polymorph I into II in the MFA crystalline phase does not occur. 

 

 

Figure 3.9. IR spectra of mefenamic acid diluted in scCO2 phase measured in the 

temperature range of 80-160°C: (a,b) in two analytical spectral domains 1400-1550 cm-1 and 

3200-3500 cm-1, respectively (the spectra were measured at the sample optical path length of 

1.6 mm); and measured in the temperature range of 150-190°C: (c,d) in the same wavenumber 

ranges (here the sample optical path length was of 0.137 mm). 
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Figure 3.9c,d shows the spectra of MFA diluted in the scCO2 phase for the 

two analytical spectral domains in the temperature range of 150-190°C. For each 

temperature in the range of 170-190°C both spectra that were measured 

immediately after reaching the targeted temperature and those after 6 hours of 

equilibration are presented. Examining the spectra that are presented in 

Figure 3.9c,d, we can observe that starting from the temperature of 170°C the 

spectral contributions, which are attributed to MFA conformer II and located at 

1475, 1500 and 3436 cm-1, increase appreciably. It has also been found that the 

rate of increasing these contributions is higher than the rate of increasing 

contributions that are related to conformer I (at 1456, 1515 and 3346 cm-1). 

We interpret this behavior as an indication of the transition from conformer I to 

conformer II. 

After that, we compared the intensity changes in these spectral 

contributions at the temperatures of 170°C, 180°C and 190°C over the first 6 

hours and found that with the temperature increase, the rate of transition of 

conformer I to conformer II also increase. Therefore, the highest rate of 

conformational transitions was found at 190°C. This behavior may be attributed 

to the beginning of the fast polymorphic transformation of the MFA crystalline 

phase in the bottom part of the cell. This is in good agreement with the results of 

[1] and our finding mentioned in Sections 3.1.1 and 3.1.2 of this work. 

In order to confirm this hypothesis, we examined in detail and compared 

the dynamics of the changes in the MFA IR spectra in the phase of scCO2 at two 

temperatures (180 and 190°C). For the temperature of 180°C, the spectra were 

measured every 30 minutes over 24 hours and for the temperature of 190°C, the 

spectra were also measured every 30 minutes over 48 hours. The results of these 

measurements are summarized in Figures 3.10 and 3.11 where the dynamics of 

the MFA spectral changes in the scCO2 phase as a function of time at the 

temperature of 180°C and 190°C are presented, respectively. 
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It is obvious from Figure 3.10 that the MFA concentration in scCO2 

increases. The analysis of these spectra shows that the intensities of the spectral 

bands located at 1475, 1500 and 3436 cm-1 attributed to MFA conformer II 

increase faster than those located at 1456, 1515 and 3346 cm-1 attributed to 

conformer I. Such behavior testifies the increase in the percentage of conformer 

II. Nevertheless, even after 24 hours, the spectral bands that were attributed to 

conformer I were still observed in the spectrum. It means that over 24 hours the 

full transition of conformer I to conformer II is not achieved, though we might 

expect the full transition because according to the aforementioned finding 

polymorphic transformation at this temperature should take less time. 

 

 

Figure 3.10. Dynamics of spectral changes in spectral domains of 1400-1550 cm-1 and 

32003500 cm-1 of IR spectra of mefenamic acid in scCO2 phase kept at the temperature of 

180°C for 24 hours.  

 

Figure 3.11 shows the dynamics of MFA spectral changes in the scCO2 

phase as a function of time at the temperature of 190°C. It has been found that in 

the first 19 hours, the spectral contributions intensities that are related to MFA 

conformer II (at 1475, 1500 and 3436 cm-1) are higher than the rise of intensities 

of the spectral contributions that are attributed to conformer I (1456, 1515 and 

3346 cm-1). This leads to an increase in the molar fraction of conformer II. In the 

time range of 19-21.5 hours the intensity of the spectral band that is related to 

the N-H stretching vibration of conformer I reaches its maximum. 
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Figure 3.11. Dynamics of spectral changes in spectral domains of 1400-1550 cm-1 and 

3200-3500 cm-1 of IR spectra of mefenamic acid in scCO2 phase kept at the temperature of 

190°C for 48 hours. Different colors show certain key time ranges. 

 

Further, in the time range of 22-32 hours all the spectral components that 

are related to this conformer considerably decrease, while the intensities of the 
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spectral bands associated with conformer II continue rising. As a result, after 32 

hours it becomes impossible to detect the spectral signatures of conformer I. 

Therefore, we may hypothesize that at 190°C the full transition of conformers I 

to conformers II occurs. However, the spectra at 190°C behave in an interesting 

way in the time interval of 35-48 hours. Namely, in both analytical spectral 

domains, we observe an avalanche-like increase in the spectral bands integral 

intensities. Indeed, in the wavenumber range of 1400-1550 cm-1, the spectral 

bands become wider and reach their oversaturation after 44.5 hours. Though we 

might expect an exponentially-damped increase in their integral intensities with 

time at a constant temperature (due to the limit of the MFA solubility in the 

scCO2 phase spectral intensity asymptotically reaches maximum value within a 

certain time and remains constant), on the contrary, we observe the acceleration 

of the integral intensities increase. 

The same scheme of changes is also observed in the N-H vibration mode, 

where the spectral band that is associated with conformer II also broadens, and it 

is accompanied by the simultaneous appearance of a pronounced contribution on 

its low-frequency slope (3380-3400 cm-1), whereas its integral intensity 

increases exponentially. This unusual change is correlated with the occurrence 

of critical phenomena that induce the change in the extinction coefficients of 

these spectral bands. 

Indeed, as it was shown before, the melting of MFA polymorph II occurs 

at 190°C and this is the first-order phase transition [16] that may be traced back 

to the appearance of critical opalescence in the scCO2 fluid phase being in 

contact with the MFA solid phase. This is also confirmed by the behavior of the 

raw spectra (without baseline correction) of MFA in the scCO2 phase which 

demonstrate an increase in the spectral intensity accompanied by spontaneous 

growth in the spectral background at 190°C (Figure 3.12). 

Such a phenomenon is due to the increasing of continuous absorption 

induced by a large density fluctuation of the MFA molecules in the scCO2 
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phase. It is precisely this fact that explains the occurrence of nonlinearity in the 

behavior of the extinction coefficient. Of course, it results in the non-

equilibrium state of the system that is characterized by the presence of transient 

MFA molecular clusters. This may also be confirmed by the considerable 

change in the absorption of the solvent itself. At the same time, we observe a 

considerable decrease in the integral intensities of the CO2 combination spectral 

bands (2ν2ν3 and ν1ν3), which are both red-shifted and narrowed (Figure 3.13a).  

 

 

Figure 3.12. Time-evolution of raw experimental IR spectra of mefenamic acid in 

scCO2 phase at 190°C without subtraction of silicon and CO2 contributions as well as without 

baseline correction (the screenshot was obtained from OPUS software interface).  
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Figure 3.13. IR spectra of binary [MFA-CO2] mixture in the wavenumber range that 

are related to the N-H stretching vibration of a mefenamic acid molecule and combinational 

bands (2ν2ν3 and ν1ν3) of CO2: (a) time-evolution of spectra at 190°C in the range of 35-48 

hours, (b) the spectra obtained in the temperature range of 200-220°C in comparison with the 

spectra obtained at 190°C at 0 hours and after 48 hours. 

 

These critical phenomena are expected to disappear when the temperature 

is increased further (above 190°C). Indeed, the subsequent heating to 200°C and 

further to 210°C and 220°C leads again to an appreciable decrease in the integral 

intensities and narrowing of the spectral contributions in the wavenumber range 

of 1400-1550 cm-1 (Figure 3.14a). The spectral band associated with the N-H 

stretching vibration of conformer II loses its low-frequency shoulder and its total 

integral intensity also decreases considerably. Nevertheless, these changes do 

not result in the reappearance of an N-H stretching band that is related to 

conformer I. Finally, the spectra of MFA and CO2 (combination bands) again 

become similar to the spectra recorded at 190°C in the time range before the 

avalanche-like increase in the spectral intensity occurs (Figures 3.14b and 

3.13b). Furthermore, the similarity between the MFA spectra at the temperatures 

of 210-220°C and those at 190°C that were measured in the time interval from 

30 to 35 hours allows us to state that even at such high-temperatures no thermal 

decomposition of MFA takes place. 
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Figure 3.14. IR spectra of mefenamic acid diluted in scCO2 phase in the temperature 

range of 190-220°C in two spectral domains: (a) 1000-1800 cm-1 and (b) 2650-3550 cm-1. 

The spectra were measured at the sample optical path length of 0.137 mm. 

 

Taking into account the full transition of MFA conformer I to conformer 

II at 190°C in the scCO2 phase being in contact with the MFA crystalline phase, 

we may suppose that, in the bottom phase, the total recrystallization of 

polymorph I into polymorph II also takes place. Therefore, it might be expected 

that after a fast cooling down of the cell, pure polymorph II can be obtained. To 

confirm this hypothesis we subtracted the recrystallized MFA obtained from the 

binary mixture of [MFA-scCO2] and analyzed it. 

3.1.6. Analysis of crystalline mefenamic acid obtained by crystallization 

from a binary mixture of [mefenamic acid - supercritical CO2] 

We have analyzed two processed MFA samples obtained after cooling 

down the optical cell and the subsequent evacuation of CO2. The first sample 

was extracted from the bottom part of the cell that contained an excess of MFA, 

whereas the second one was collected from the upper part of the cell, which 

corresponded to the phase of scCO2 (Figure 3.13b). This sample was obtained as 

a deposit on the cell walls as a result of recrystallization from a fluid solution 

upon its fast cooling down. The main difference between these two samples was 

in their particles sizes. Thus, the sample obtained from the scCO2 phase was 
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microcrystalline. Then, we recorded full range micro Raman and micro IR 

spectra of these two samples and compared them with the spectra of MFA of PII 

form (Figure 3.15). It has been found that for these samples, both the IR and 

Raman spectra totally correspond to the spectra of pure polymorph II. Indeed, 

the main signature of polymorph II is located in the N-H stretching region, 

whereas the signature of polymorph I in this region is totally absent. At the same 

time, there are also a number of spectral peculiarities in the wavenumber ranges 

of 50-1800 cm-1 for Raman spectra and 800-1800 cm-1 for IR spectra, which 

clearly prove that the MFA samples obtained after processing in the 

experimental cell are pure polymorph II. 

 

Figure 3.15. Comparison of Raman and IR spectra of the mefenamic acid samples obtained 

after processing in an experimental cell (the first sample was extracted from the bottom part 

of the cell that always contained an excess of MFA, the second sample was collected from the 

upper part of the cell, where it was obtained as a deposit on the cell walls as a result of 

crystallization from a fluid solution upon its fast cooling down) with spectra of mefenamic 

acid polymorph II obtained via sublimation of polymorph I using the Linkam system with 

a temperature-controlled plate. 
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Therefore, we may assert that, on the one hand, there are correlations 

between the conformational state of MFA molecules in the scCO2 phase and the 

polymorphism of the crystalline phase being in contact with each other. On the 

other hand, we can also expect the correlations between the polymorphism of 

the MFA form obtained by crystallization from the fluid phase and the 

conformational state of its molecules in the scCO2 phase, from which this form 

was crystallized. 

3.2. High-temperature recrystallization of carbamazepine in 

supercritical CO2: a way to obtain pure polymorph I 

Crystallization of polymorph II of mefenamic acid has been a success in 

obtaining pure polymorphic forms from scCO2. In a similar way, we decided to 

study the possibility of obtaining a pure metastable form I of carbamazepine. 

It was previously shown that melting of II, III and IV forms of carbamazepine 

leads to the formation of polymorphic modification I [17]. However, these 

transformations can be associated with a number of problems, the largest of 

which is the undesirable thermal decomposition of CBZ at high temperatures 

153.75°C [18]. By itself, the appearance of an impurity changes in an 

unpredictable way the bioavailability of drugs based on CBZ. In addition, 

iminostilbene, which is a product of this thermal decomposition, has an 

antiepileptic activity itself [19]. 

Preliminary studies of the ratio of forms after recrystallization at different 

densities of the scCO2 phase and temperature were published by our group 

earlier [20]. The acquisition of the polymorphic modification I of CBZ from 

scCO2 showed high efficiency. Despite this, the probability of the appearance of 

an impurity of the initial form is high, therefore, it was necessary to refine 

the methodology and to circumvent the thermal decomposition. Our suggestions 

will be described below. 
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3.2.1. Visual analysis of the changes in the carbamazepine sample 

The photos made by us using microscope is represented in Figure 3.16. 

By their analysis, three temperature ranges were identified. In the temperature 

range of 70-110°C, no changes are observed at the CBZ surface. However, at the 

temperature of 120°C, the surface takes on a yellow tint, the intensity of which 

considerably increases while this temperature is maintained. In the temperature 

range of 120-150°C, the surface color remains unchanged. The yellow color of 

the CBZ surface is the evidence of CBZ thermal degradation, with solid 

iminostilbene (IMST) and volatile isocyanic acid (ICA) formed as a result of the 

deamidation process (Figure 3.17). This is one of the most probable pathways of 

CBZ degradation described in the literature [21-24]. 

 

 

Figure 3.16. Photos of the thermal change’s evolution in the CBZ surface permanently 

contacting with CBZ saturated solution in scCO2 when heated along the chosen isochore. 

The photos correspond to the equilibrium state. For the key temperatures of 120, 160, 180°C 

we presented the series of photos with a time step of 12 hours to demonstrate the dynamics of 

the changes. 
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The heating to 160°C considerably changes the color of the CBZ surface, 

while maintaining this temperature for another 12 hours leads to the total 

melting of the CBZ crystalline phase. It is also important to note that this 

temperature is lower than the melting temperature of polymorph III as was 

shown above. Such a decrease in the melting temperature of pharmaceuticals 

occurred for MFA and was mentioned in the previous work of our group [5]. 

This fact is in good agreement with works [6-8], where the authors noted the 

reduction in the melting temperatures of organic solids in a high-pressure CO2 

medium. They attributed this to the increase in the CO2 dissolution capacity with 

an increase in its density. Further heating from 160°C to 200°C results in the 

crystallization of small yellow crystals of IMST. Along with this in the 

temperature range of 160-200°C melt CBZ phase remains stable and its 

crystallization does not occur. 

 

 

Figure 3.17. CBZ degradation pathway leading to the formation of IMST and ICA. 

3.2.2. Assignment of spectral contributions and analytical spectral 

domains 

The spectra obtained from the bioactive molecules solution in scCO2 are 

presented in Figure 3.18. Their preliminary analysis in combination with the 

aforementioned data of visual observations allowed us to identify 3 key 

temperature ranges: 110-150°С, 150-170°С, and 170-200°С, where the character 

of the spectral changes is different. Moreover, we determined the spectral 

domains: 1350-1850 cm-1 and 3250-3550 cm-1, which will be used as analytical 
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ones in the conformational analysis. On par with quantum-chemical calculations 

it will be used in the studies directed towards conformational analysis of drug 

molecules in CO2 phase. 

 

 

Figure 3.18. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting 

with an excess of CBZ in isochoric heating conditions in the temperature range of 110-200°С 

(∆T=10°С) along the chosen isochore for two spectral ranges: (a) 1000-2000 cm-1 and 

(b) 2700-4000 cm-1. 

 

The quantum-chemical calculations in this work are based on the results 

that were performed in the previous research of our group [20]. The two most 

stable conformers of CBZ were determined in that work. However, they are 

important in the current research, so their geometric parameters, determined by 

the dihedral angles of τ1, τ2 and τ3, are collected in Table 3.2. It was shown that 

the first conformer has lower energy, and the energy difference between these 

two conformers is 1.5 kJ·mol-1. For them we calculated the IR spectra and 

identified the key analytical IR spectral bands, whose behavior is sensitive to the 

conformational transitions of the CBZ molecule. Taking into account the CBZ 

thermal degradation, leading to the formation of IMST, and applying the same 

calculation approach, as described in [20], in the present work we additionally 

optimized the geometry and calculated the vibration frequencies for IMST and 

for its protonated form (IMST-H+). Moreover, relying on the possibility of the 
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CBZ tautomerization that should occur via proton transfer in the carboxamide 

group from the amide nitrogen to carbonyl oxygen [22], we also performed 

calculations for the most probable CBZ tautomer (Figure 3.19). To preform an 

assignment of the spectral bands during the further analysis of in situ IR data the 

vibrational frequencies, intensities and types of motions for each calculated 

molecule were collected to Table 3.3. 

 

 

Figure 3.19. The optimized molecular structures of two CBZ conformers (Conf. 1 and 

Conf. 2) with different orientation of the hydrogen atoms of the amide group, CBZ tautomeric 

form, iminostilbene (IMST), and its protonated form (IMST-H+). 

 

Table 3.2. Values of dihedral angles τ1, τ2 and τ3 for two CBZ conformers as obtained 

by quantum-chemical calculations. 

 τ1 τ2 τ3 

Conf. I -166° -24° -7° 

Conf. II 167° 16° -10° 

 

The vibration bands obtained from the quantum-chemical calculations 

were described with a set of Lorentzian functions with arbitrary dispersion and 

represented in Figure 3.20 for easier comparison with the experimental spectra. 
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Figure 3.20. The set of vibrational bands calculated via quantum-chemical calculations 

(straight vertical lines) for two CBZ conformers (Conf. 1 and Conf. 2), CBZ tautomeric form, 

IMST, and IMST-H+. The insertion shows the scaled spectral domain in the range of 

3000-3700 cm-1. 

 

Table 3.3. Peak maximum positions (frequency, cm-1), intensities and assignments of 

the analytical spectral bands for molecular structures (Figure 3.19). 

Conf. 1 Conf. 2 Tautomer IMST IMST-H+ 

1390.96 cm-1 

366.68 

δ(С-N-H1) 

1401.59 cm-1 

390.26 

δ(С-N-H1) 

   

  

1467.06 cm-1 

223.11 

δ(C-O-H)+ 

δ(С=N-H) 

  

   

1509.42 cm-1 

200.23 

aromatic + ρ(N-H) 

 

    

1604.28 cm-1 

91.64 

δ(H-N-H+) 

  

1713.21 cm-1 

407.54 

ν(C=N) 

  

1769.17 cm-1 

402.99 

ν(C=O) 

1768.10 cm-1 

408.77 

ν(C=O) 

   

   

3164.06 cm-1 

23.33 

ν (C-H) 

 

   

3187.88 cm-1 

26.29 

ν (C-H) 

 

  

3569.67 cm-1 

11.17 

ν(N-H) 

3573.27 cm-1 

8.99 

ν(N-H) 
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Table 3.3 Continued. 

Conf. 1 Conf. 2 Tautomer IMST IMST-H+ 

3593.76 cm-1 

24.68 

νs(H-N-H) 

3617.83 cm-1 

24.00 

νs(H-N-H) 

  

3353.73 cm-1 

44.92 

νs(H-N-H+) 

3713.97 cm-1 

59.15 

νas(H-N-H) 

3744.68 cm-1 

74.56 

νas(H-N-H) 

  

3483.57 cm-1 

50.05 

νas(H-N-H+) 

  

3828.53 cm-1 

107.40 

ν(O-H) 

  

Here we denoted the different types of vibration as follows: δ - scissoring; ν - stretching; 

νs - symmetric stretching; νas - antisymmetric stretching; δ(C-O-H)+δ(С=N-H) - antiphase 

scissoring; aromatic+ρ(N-H) - complex vibration. 

3.2.3. Analysis of carbamazepine conformers in CO2 phase: in situ 

infrared spectroscopy 

3.2.3.1. Temperature range of 110-150°С 

Figure 3.21 illustrates the thermal evolution of the IR spectra of CBZ 

dissolved in the scCO2 phase in the temperature range of 110-150°С. Based on 

the IR spectra obtained by quantum-chemical calculations we determined the 

key analytical spectral bands. The assignments of these spectral bands (Table 

3.4) were performed based on the data presented in Table 3.3. 

An analysis of the thermal evolution of the spectra presented in Figure 

3.21 allowed us to identify the appearance of the CBZ tautomeric form in the 

scCO2 phase beginning from 120°C. Further heating up to 140°C reduces the 

spectral contributions related to CBZ Conf. 1, whereas the intensity of the 

spectral contributions related to the CBZ tautomeric form considerably 

increases. Moreover, at this stage two points related to the thermal degradation 

of CBZ deserve to be also clarified. The analysis of the IR spectra didn’t allow 

us to identify the spectral signatures of IMST, despite the appearance of yellow 

tint (associated with IMST) at the surface of the CBZ solid form beginning from 
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120°C as shown in Figure 3.16. It means that IMST is not present in the scCO2 

phase. 

 

 

Figure 3.21. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting 

with an excess of CBZ in isochoric heating conditions in the temperature range of 110-150°С 

(∆T=10°С) along the chosen isochore for two spectral ranges: (a) 1000-2000 cm-1 and 

(b) 2700-3600 cm-1. The arrows with numbers show the analytical spectral bands determined 

by quantum-chemical calculations. 

 

Table 3.4. The assignment of the spectral bands in two analytical spectral domains 

(1350-1850 cm-1 and 3250-3550 cm-1) of the experimental spectra based on the results of 

quantum-chemical calculations presented in Table 3.3. 

1350-1850 cm-1 3250-3550 cm-1 

1 - δ(С-N-H1) of Conf. 1 

2 - δ(С-N-H1) of Conf. 2 

3 - ν(C=O) of Conf. 2 

4 - ν(C=O) of Conf. 1 

7 - δ(C-O-H)+δ(С=N-H) of Tautomer 

8 - ν(C=N) of Tautomer 

5 - νs(H-N-H) of Conf. 1 

6 - νs(H-N-H) of Conf. 2 

9 - ν(N-H) of Tautomer 

 

 

Concerning the ICA component, we will discuss in more details the 

problems we were faced to prove its presence in the scCO2 phase. According to 

the quantum-chemical calculations, the most intensive spectral bands related to 

the vibrations of gaseous ICA (boiling point Tb=23.5°C [25]) are either situated 

beyond the transmission band of silicon (~1000-8300 cm-1), the material the 
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optical windows of the IR cell are made of, or totally overlap with the spectral 

bands of the other component of the system. The first case is related to the 

δ(C=N-H) spectral band of ICA having a maximum at 812.46 cm-1 (Table 3.3). 

In the second case, the spectral band of νas(O=С=N) (maximum at 2344.96 cm-1) 

for the ICA molecule is completely overlapped by the oversaturated spectral 

band of ν3(CO2) lying in the wavenumber range of 2100-2600 cm-1. Another 

spectral band of ν(N-H) (with the maximum at 3703.26 cm-1) for the ICA 

molecule is completely overlapped by the intensive spectral band of the CO2 

combinational dyad (2ν2ν3+ν1ν3) lying in the wavenumber range of 

3500-3850 cm-1 (Figure 3.18). 

Nevertheless, according to [26, 27], a tautomeric equilibrium between 

ICA and cyanic acid (CA) is possible (H−N=C=O ↔ N≡C−O−H), where ICA is 

more stable, as shown by the quantum-chemical calculations [28]. Thus, we can 

expect the appearance of CA bands on the IR spectrum along with ICA spectral 

bands. Indeed, starting from 120°C two spectral bands centered at 1088 cm-1 and 

1231 cm-1 appear on the IR spectrum. According to our calculations and 

database [29], these two bands can be assigned to δ(C−O−H) and ν(C−O) of 

CA. Also, two more spectral bands related to CA can be subtracted from the 

calculations, namely ν(N≡C) with a maximum at 2389.32 cm-1 and ν(O−H) with 

a maximum at 3810.36 cm-1. However, as it was shown above, these two bands 

cannot be observed in the spectrum due to their overlapping with ν3 spectral 

mode of CO2 and the combinational dyad (2ν2ν3+ν1ν3) of CO2, respectively. 

Starting from 150°C, the intensity of the spectral contributions that are 

related to CBZ Conf. 1 reaches the lower identification threshold. Along with 

this, the total spectral intensity increases. It is accompanied by the appearance of 

a wide shoulder on the low-frequency slope of the ν(N-H) spectral band of the 

CBZ tautomeric form. Such a drastic change in the spectral behavior is 

associated with the criticality phenomena, more specifically, with the 
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appearance of the critical opalescence in the CO2 phase. Similar behavior was 

explained for MFA. 

3.2.3.2. Temperature range of 150-170°С 

Subsequent increase in the temperature from 150 to 170°С results in a 

strong increase in the total spectral intensity of CBZ dissolved in the scCO2 

phase (Figure 3.22). This behavior is related to the phase transition region, 

namely, the melting of crystalline CBZ contacting the CO2 phase. It is also 

proved by the results of visual control presented in Figure 3.16 that show CBZ 

melting at 160°С. 

Moreover, one of the interesting peculiarities characterizing the spectra of 

the CBZ-scCO2 binary mixture in this temperature range is the appearance of 

new spectral contributions related to the CBZ thermal degradation products 

(Figure 3.22). These new contributions were identified in both analytical 

spectral domains and were attributed to the vibrations of the functional groups of 

IMST and IMST-H+ (Table 3.5). It is also necessary to note that the complex 

band related to the ν(C-H) vibrations has an obvious difference for CBZ and 

IMST in the spectral domain of 2800-3225 cm-1. Namely, when IMST appears 

in the system, two additional intensive spectral contributions arise at the low-

frequency side of the CBZ ν(C-H) band (Figure 3.20). 
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Figure 3.22. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting 

with an excess of CBZ in isochoric heating conditions in the temperature range of 150-170°С 

(∆T=10°С) along the chosen isochore for two spectral ranges: (a) 1000-2000 cm-1 and 

(b) 2700-3600 cm-1. The arrows with numbers show the analytical spectral bands determined 

by the quantum-chemical calculations. The assignments of these spectral bands are presented 

in Table 3.5. 

 

Table 3.5. The assignments of the experimental spectral bands related to the vibrations 

of the functional groups of IMST and IMST-H+ in two analytical spectral domains 

(1350-1850 cm-1 and 3250-3550 cm-1) based on the computational results are presented in 

Table 3.3. The additional spectral domain of 2800-3225 cm-1 shows a set of unique spectral 

contributions of ν(C-H) that exist only in the IMST spectrum (Figure 3.20 and Table 3.3). 

1350-1850 cm-1 2800-3225 cm-1 3250-3550 cm-1 

10 - aromatic system vibration + 

ρ(N-H) of IMST 

11 - δ(H-N-H+) of IMST-H+ 

12 - ν(C-H) of IMST 13 - νs(HN-H+) IMST-H+ 

14 - νas(H-N-H+) IMST-H+ 

15 - νs(N-H) of IMST 

3.2.3.3. Temperature range of 170-200°С 

The analysis of the spectral changes in the temperature range of 

170-180°С (Figure 3.23) showed a considerable decrease in the total spectral 

intensity. Along with this, the spectral bands, which are related to the vibrations 

of IMST and IMST-H+ completely disappear. The wide shoulder on the low-

frequency slope of the ν(N-H) spectral band of the CBZ tautomeric form as well 
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as the spectral contributions related to Conf. 2 also vanished. As a result, the 

CBZ tautomeric form prevailed in the scCO2 phase. 

 

 

Figure 3.23. IR spectra of CBZ dissolved in the scCO2 phase permanently contacting 

with an excess of CBZ in isochoric heating conditions in the temperature range of 170-200°С 

(∆T=10°С) along the chosen isochore for two spectral ranges: (a) 1000-2000 cm-1 and 

(b) 2700-3600 cm-1. The arrows with numbers show the analytical spectral bands determined 

by quantum-chemical calculations. 

 

Further heating from 180 to 200°С the spectral changes become 

monotonous that is generally typical of the thermal evolution of the equilibrium 

spectra. This behavior is the evidence of the CBZ concentration increase in the 

CO2 phase, at that it is not accompanied by CBZ conformational transitions. 

The same as it was demonstrated for MFA in the CO2 phase. 

It is important to note that the disappearance of the spectral contributions 

related to IMST and IMST-H+ correlates with crystallization from the scCO2 

phase of the yellow IMST crystals, the appearance of which is observed on the 

optical window surface at the temperature 170°С and above (Figure 3.16). 

Therefore, as far as only CBZ in the tautomeric form is present in the scCO2 

phase in the temperature range of 180-200°С, it may be expected that the 
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crystallization from such a SCF solution should lead to the formation of pure 

CBZ polymorph I.  

Analyzing the data obtained for two systems: where solid-fluid 

equilibrium (CBZ solid - SCF solution) and liquid-fluid equilibrium (CBZ melt -

- SCF solution) are realized, we can assume that from a pharmaceutical 

perspective, especially in terms of fundamental understanding of such systems, 

the crystallization of pure polymorph I is more preferable from scCO2 phase 

being in contact with CBZ melt. Indeed, taking into account the results obtained 

for the MFA, one can see that in the case of CBZ melt - SCF solution system, in 

scCO2 phase there is only one CBZ conformer, and crystallization from such 

solution will lead to formation of polymorph I. On the contrary, when the CBZ 

solid - SCF solution interface exists, in scCO2 phase there is conformational 

equilibrium that can shift toward certain conformer depending on parameters of 

state, and it will lead to change of polymorphic modification of drug solid being 

crystallized. 

3.2.4. Micro Raman spectroscopy analysis 

In order to prove the aforementioned hypothesis, we analyzed the 

crystalline phase that was obtained by cooling the experimental cell (from 

200°С to the ambient temperature) with subsequent depressurization and 

removal of the residual CO2. The crystalline sample extracted from the cell was 

a mixture of two crystalline structures (Figure 3.24): relatively large rhombic 

crystals (up to 0.5 mm) and long needle crystals (0.1×1 mm). These crystalline 

samples were studied by the micro Raman spectroscopy technique. 
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Figure 3.24. The micro-photo of the crystalline sample that was extracted from the 

experimental cell after its slow cooling down with the subsequent slow depressurization and 

removal of the residual CO2. 

 

The obtained Raman spectra were compared to that of pure CBZ 

polymorph III, as well as to the spectra measured from the crystalline CBZ 

surface permanently contacting with CBZ saturated solution in scCO2 at the 

temperatures of 40, 110, and 120°С [20] (Figure 3.25). 

The spectral range (3300-3600 cm-1), that is associated with the stretching 

N-H vibrations, is more convenient for analyzing CBZ polymorphic forms. 

Indeed, in this spectral domain the characteristic spectral bands are well resolved 

and do not overlap each other (Figure 3.25b). An analysis of these spectra 

allowed us to conclude that the large rhombic crystals are IMST (the 

characteristic spectral band of ν(N-H) has a maximum at 3363 cm-1), whereas 

the long needle crystals have spectral signatures of both IMST and CBZ 

polymorph I, whose characteristic spectral band of νs(H-N-H) has a maximum at 

3487 cm-1 (see the spectrum «120°C CBZ in CO2» measured at 120°C from the 

CBZ surface permanently contacting with CO2 [20]). Moreover, the spectrum of 

the needle crystals does not show the spectral signatures of CBZ polymorph III, 

whose characteristic spectral band of νs(H-N-H) has a maximum at 3468 cm-1 

(see the spectra: «Initial CBZ room T», «40°C CBZ in CO2» and «40°C CBZ in 
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CO2» [20]). This fact means that the CBZ, which presents at 200°С preferably in 

tautomeric form, crystallizes into polymorph I when cooling down. 

 

 

Figure 3.25. The Raman spectra in two wavenumber ranges (0–1800 cm-1 and 2875–

3600 cm-1) of the crystalline sample extracted from the experimental cell (Long Crystal and 

IMST), as compared to that of pure CBZ polymorph III (initial CBZ form), as well as 

compared to the Raman spectra measured from the crystalline CBZ surface permanently 

contacting with CBZ saturated solution in scCO2 at the temperatures of 40, 110, and 120°С 

[20] along the same isochore. 

 

Thus, the obtained results showed that though the initial CBZ being in 

bottom phase of two-phase system partially decomposes with formation of 

IMST, the last has not been found in scCO2 phase in the temperature range of 

(180-200°C). Such phenomenon is mainly related to the difference of CBZ and 

IMST solubilities in scCO2 (solubility of IMST is much lower that is related to 

its molecular structure), as well as to the difference of their melting temperatures 

(Tmelt(CBZ III)<170°C, Tmelt(IMST)=197°C). Consequently, dissolution of CBZ 

in scCO2 phase will lead to the IMST crystallization from solution (salting out 

effect) without its melting. Therefore, one can suppose that if the RESS 

procedure is realized directly from the scCO2 phase containing only the CBZ 
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molecules existing in its tautomeric form, pure crystalline CBZ polymorph I 

(without an IMST admixture) can be obtained. Moreover, the probable 

admixture of ICA dissolved in scCO2 will be also removed from the target 

product along with CO2, upon their transition into the gaseous phase at adiabatic 

expansion. 

3.3. Supercritical fluids for the synthesis of single crystals 

Recrystallization from scCO2 showed itself an effective way to crystallize 

the desired polymorphic modifications. However, the method based on the 

control over the conformations of bioactive molecules gives a possibility to 

monitor exactly just the solution phase. At this time, the solid, which is 

important during the crystallization, stays out of observation and so it is 

controlled indirectly. Of course, the in situ Raman spectroscopy partly helps to 

solve this issue, but without the reference spectra of individual polymorphic 

modifications the unambiguous determination of qualitative and, moreover, the 

quantitative composition of the product of recrystallization is almost impossible. 

We decided to modify the method of recrystallization from scCO2 

proposed in the previous two sections of this thesis for obtaining the crystalline 

phase difficult to analyze with Raman spectroscopy, the co-crystal of MFA and 

NA. Using the powder and single-crystal X-ray diffraction, as well as DRIFTS, 

we searched for the optimal condition of the synthesis and formed the set of 

reference powder patterns and IR spectra for the MFA-NA co-crystal for further 

express analysis. The effect of RESS was checked as it was proposed for 

carbamazepine and its yield was compared with our method. 

3.3.1. High-pressure high-temperature reactor 

For this work, the special high-pressure high-temperature was applied in 

combination with a magnetic stirrer with heater. To start the experiment, the 

initial component, namely MFA and NA, were dried under vacuum equal to 
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10-4 bar at 60°C. Further, they were introduced in the high-pressure high-

temperature reactor and were further mixed with CO2 in the system shown at the 

Figure 3.26. The reactor was isolated with graphite packing rings and pumped 

for 24h to reduce the impact of the moisture at the solid mixture of MFA and 

NA-fluid interface. Then the reactor was refilled with CO2 and slowly heated 

(1°C/min) by a cuff-heater to a constant temperature (40 or 90°C) below the 

melting temperature of the initial powders or the co-crystal and, in particular, 

below the melting point of NA. The contents of the HTHP were compressed to a 

pressure corresponding to 1.1 critical density of CO2 (equal to 11.687 mol∙L-1 

according to NIST database [30]). The pressure in the reactor was 91 and 193 

bars at 40 and 90°C, respectively, according to isochoric conditions. The reactor 

was isolated during the whole duration of the synthesis (4 days or 3 weeks) with 

constant stirring (300 rpm). MFA:NA mixing ratios of 2:1, 1:1 and 1:2 were 

tested. 

 

 

Figure 3.26. The experimental setup used for the synthesis of the MFA:NA co-crystal: 

P1-P4 are the pressure sensors; T1 - temperature in-cell sensor; T2 - temperature sensor-

controller of the cuff-heater; MP - manual press; VP - vacuum pump. 
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3.3.2. Effect of temperature, solid mixture composition and time duration 

of the co-crystallization process 

In the first stage of our work, we analyzed the effect of the temperature 

(40°C and 90°C), the mixture composition (MFA:NA mixing molar ratio of 2:1, 

1:1 and 1:2) and the time duration (4 days and three weeks) on the co-

crystallization process. We have then systematically analyzed the composition 

of the synthetized solid form. Our analysis was based on comparing the X-ray 

diffraction patterns of the synthetized solids at the different temperatures, 

mixture compositions and duration times of the co-crystallization process with 

that measured for the corresponding physical mixture of the initial components 

without co-crystallization and the one calculated, using the Mercury program, 

for the co-crystallized sample (single crystal data). 

 

 

Figure 3.27. Comparison of the experimental X-ray diffraction patterns of the 

synthetized powder obtained at 40°C with an acquisition time of 3 weeks (A) and the ones for 

the initial NA (B) and MFA (C). The characteristic peaks appearing on co-crystallization are 

marked with dashed lines. 
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The results of PXRD analysis showed that the synthesis was not 

successful at 40°C for all the ratio of initial components and for both duration 

times. Indeed, as it is illustrated, for the 1:2 mixture in Figure 3.27, the obtained 

powder X-ray diffraction patterns did not correspond to the 1:2 co-crystal but 

coincide to larger extent with that of the initial compounds. However, at 90°C, 

as it is shown in Figure 3.28, the emergence of new peaks in the X-ray powder 

patterns at 2θ angles of 7.20°, 7.52°, 8.68°, 9.44°, 12.26°, 15.54° evidences the 

formation of a powder co-crystal phase. More precisely, the semi-quantitative 

analysis of PXRD data showed that uniquely the co-crystal with stoichiometry 

1:2 of MFA to NA was formed. 

 

 

Figure 3.28. Comparison between the experimental X-ray powder diffraction patterns 

of the synthetized powder at 90°C with the acquisition time of 4 days in the cases where 

mefenamic acid and nicotinamide are mixed in the ratio 2:1 (A), 1:1 (B), 1:2 (C) and the sum 

of the diffractograms of the initial components mixed physically without co-crystallization in 

the 1:2 ratio (E). The calculated X-ray powder pattern of the synthesized single co-crystal 

with the 1:2 ratio of MFA:NA (D). The characteristic peaks appearing on co-crystallization 

are marked with dashed lines. 
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The estimation of the co-crystal yield at different temperatures and 

acquisition times showed no significant difference between the 4 days and 

3 weeks (the powder part of the obtained sample) durations. As shown in 

Table 3.6, the co-crystal yield estimation at 90°C is obviously high, of about 

90%, when the initial mixing ratio of MFA and NA is 1:2. The residual quantity 

of the MFA varies from sample to sample with the 1:2 MFA:NA ratio, but stays 

less than 10% (weight) on average. It indicates some incompleteness of 

co-crystallization within 4 days. 

 

Table 3.6. The initial ratio of MFA and NA, the residual polymorphic form I of MFA 

in the product and the yields (%) of the co-crystal according to the semi-quantitative analysis 

of the PXRD data that were obtained at 90°C and the acquisition time of 4 days. 

Initial molar ratio of the 

components (MFA:NA) 
ω(MFA), % ω(co-crystal), % 

2:1 75 25 

1:1 33 67 

1:2* >10 90 

*The traces of initial NA were found together with MFA, but their quantification was 

impossible due to low values. 

 

The changes in the interactions during the powder co-crystal formation 

are another point of interest. Thus, we recorded the DRIFT spectra of the 

synthetized powder co-crystal and we compared them with those of the 

corresponding initial no processed MFA and NA powders (Figure 3.29). Our 

results show that there are no significant changes in the position of MFA 

vibration modes (less than 5 cm-1). On the contrary, the shifts of the NA 

vibration modes positions [31-33] in the DRIFT spectra is considered a spectral 

signature of the formation of new intermolecular hydrogen bonds in the obtained 

co-crystal (Table 3.7). Thus, the DRIFT spectra can be used for the quick 

identification of co-crystal formation. 
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Table 3.7. Wavenumbers (cm-1) of the peaks in DRIFTS shifted during the powder 

co-crystal formation (secondary peaks constituents are put in brackets). 

Vibration type Co-crystal NA MFA 

N-H stretch 

3307 

3165 

3386 (3402) 

- 

3157 

3361 

3311 

- 

- 

N-H bend 1577 (1591) - 1576 

C=O stretch 
1649 

1684 

- 

1674 

1647 

- 

 

 

Figure 3.29. DRIFT spectra of MFA-NA powder co-crystal (A) as well as the initial 

components: NA (B) and MFA (C). The changes in the positions of the peaks during the co-

crystal formation are marked (the main component position is followed by the secondary 

constituent in the case of the complex peaks in co-crystal). 

3.3.3. Comparison with the rapid expansion of supercritical solution 

experiment 

As the second step of this work, we aimed to compare the obtained 

powder co-crystal of MFA:NA in the ratio 1:2 at 90°C, the pressure of 193 bars 

and the duration of 4 days with that obtained using RESS experiment in the 

same thermodynamic conditions. To this purpose, the extraction unit of the 



160 
 
 

RESS set up was filled with the initial MFA and NA mixture with molar ratio 

1:2 and CO2 was kept under the constant pressure of 193 bars at a temperature 

of 90°C for 24 hours for the initial conversion of MFA-NA mixture to co-crystal 

phase. The supercritical solution was expanded through a 100 μm sapphire 

nozzle into the dry expansion chamber by cycles: 5 pulverizations of 20 seconds 

each followed by a break for dissolution within 2 hours. The temperature of the 

nozzle was set to 50°C. The detailed experimental scheme is shown in 

Figure 3.30. 

 

 

Figure 3.30. Stages of the RESS experiment for MFA-NA (1:2) mixture. 

 

 

Figure 3.31. Comparison between the experimental powder X-ray diffraction patterns 

of the synthetized co-crystal of mefenamic acid and nicotinamide using the RESS experiment 

(A) and the HPHT reactor (B). The characteristic peaks appearing on transformation are 

marked with dashed lines. 
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The X-ray diffraction patterns of the powders obtained by the two 

methods are compared in Figure 3.31. Their semi-quantitative analysis indicates 

that near 20% of the initial components mixture was converted into the co-

crystal using the RESS technique while with the method using the HPHT reactor 

about 90% was transformed in the co-crystal even in a relatively short 4 days 

experiment. This demonstrates the efficiency of our methodology in comparison 

with the classical fast kinetically controlled method without the addition of any 

non-ecofriendly solvent. It shows that the quick kinetically controlled RESS 

method, which worked exactly on the solution phase, may result in the 

formation of the phase different than the one obtained during continuous 

crystallization in the HPHT reactor. Thereby, the question stays open as for the 

current experiment, as for the experiments on conformational control of the 

MFA and CBZ described in the previous sections of this chapter about the 

mechanism of solid phase formation. 

3.3.4. Synthesis of single crystals of the mefenamic acid : nicotinamide 

co-crystal 

The last point discussed in this section is our main finding, namely it is 

the synthesis of the single crystal of MFA:NA co-crystal. As it is shown in 

Figure 3.32, after processing the MFA and NA raw powders for two test 

duration times: 4 days and 3 weeks, the single crystals were grown only at 90°C 

with the acquisition time of 3 weeks. For the shorter duration, as it is seen 

(Figure 3.32a), the product obtained is a powdery mass due to the large excess 

of initial components, however, in the long-term synthesis (Figure 3.32b) thin 

needle-shaped crystals up to 2 cm length and to 1 mm width were grown. 
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Figure 3.32. The morphology changes due to different acquisition times: a powdery 

product from 4-days (A) and crystals from 3-weeks (B) experiments obtained at 90°C with the 

1:2 initial ratio of MFA to NA. 

 

Table 3.8. Comparison of the crystallographic data received by us from SCXRD 

and powder synchrotron experiment [35]. 

 Current work L. Fábián [et al.] 

Formula C15H15NO2, 2(C6H6N2O) C27H27N5O4 

formula weight 485.54 485.54 

crystal system triclinic Triclinic 

space group P-1 P-1 

a (Å) 3.9660(3) 4.064104(14) 

b (Å) 12.4578(9) 12.50989(5) 

c (Å) 23.9391(14) 24.08865(10) 

α (°) 100.041(3) 99.8930(4) 

β (°) 91.621(3) 90.7285(4) 

γ (°) 91.820(4) 92.4340(4) 

V (Å3) 1163.38(14) 1205.154(8) 

Z 2 2 

Dc (g*cm-3) 1.386 1.338 

λ (Å) 0.71073 1.0002 

T (K) 100.05 295 

2θ range (°) 3.322 – 60.942 2 – 60 

data / parameters / restraints 7047 / 351 / 0 15388/240/206 

R indices (all data) 
R1 = 0.0648 Rp = 0.004, Rwp = 0.006, 

wR2 = 0.1259 Rexp = 0.004 

goodness of fit S = 1.028 χ2 = 2.574 

largest diff. peak and hole  

(e Å-3) 
0.401 / -0.233 0.33/0.33 
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Their structure has been determined by SCXRD (Table 3.8). 

The numbering of atoms is displayed in Figure 3.33. It is shown that the benzene 

fragments are turned relative to each other by 52°. This twist is probably caused 

by steric repulsion between them (the shortened intramolecular contacts are 

C6…C10 (2.39 Å), H6…C10 (2.82 Å), C6…H10 (2.58 Å), C1…H10 (2.67 Å) 

as compared to van der Waals radii sum [34] C…C (2.42 Å) and H…C (2.87 

Å)). The formation of the N1-H1...O1 intramolecular hydrogen bond 

(Table. 3.9) between the carboxyl and amino groups causes the coplanarity of 

the carboxyl group to the aromatic cycle as well as the stronger conjugation of 

the nitrogen lone pair with carboxyl substituted benzene ring leading to non-

equivalence of the N1-C9 and N1-C1 bonds (1.370(2) Ǻ and 1.409(2) Å 

respectively). As a result, the molecular conformation change of the MFA 

molecule can occur only due to the rotation around the C1-N1 bond. The 

carbamide groups of both NA molecules, found in the unit cell asymmetric part, 

are noticeably turned relative to the pyridine planes (the Car-Car-Csp2=O torsion 

angles are 15° and 24° for molecules A and B, respectively) despite a 

conjugation between the carbonyl group and aromatic system. It may be 

presumed that such a non-planarity is caused by the influence of intermolecular 

hydrogen bonds formation. 

 

 

 

Figure 3.33. Structure of the molecules involved in the MFA:NA co-crystal: A - NA 

(A), B - NA (B), C - MFA. 
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The analysis of intermolecular interactions (Table 3.9) in the co-crystal 

has revealed that two NA molecules differ by their arrangements and role in 

the crystal structure formation. NA (B) is bound with MFA molecule due to 

the O2-H2…N4 intermolecular linear hydrogen bond as well as with NA (A) 

due to the N5-H5A…N2 linear hydrogen bond. On contrary, NA (A) is bound 

with two NA molecules: with NA (A) through the N3-H3B…O3 intermolecular 

centrosymmetric hydrogen bond and with NA (B) through the above mentioned 

N5-H5A…N2 linear hydrogen bond. As a result, hexamer (Figure 3.34) 

containing two MFA and four NA molecules may be separated out as some 

structural fragment of the co-crystal. The MFA molecules form a sole hydrogen 

bond, O2-H2…N4, which may explain the previously stated higher availability 

of MFA in co-crystal in comparison with the pure component. 

 

 

Figure 3.34. Hexameric building unit formed by intermolecular hydrogen bonds in the 

structure of the MFA:NA co-crystal. The atoms involved in the hydrogen bonds are marked. 
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Table 3.9. Geometric characteristics of hydrogen bonds involved in the 1:2 MFA:NA 

co-crystal. 

Hydrogen bond Symmetry operation d(H…A), Å ∠(D-H…A), ° 

N1-H1…O1 x,y,z 1.91(2) 140(2) 

O2-H2…N4 -x,1-y,1-z 1.63(3) 175(2) 

N5-H5B…O1 1-x,1-y,1-z 2.18(2) 171(2) 

N5-H5A…N2 2-x,1-y,1-z 2.04(2) 175(2) 

N3-H3A…O4 1-x,1-y,1-z 2.21(2) 172(2) 

N3-H3B…O3 -x,-y,2-z 2.04(2) 172(2) 

3.4. Conclusions 

The conformational equilibria were studied for MFA and CBZ molecules 

in their saturated solutions in supercritical carbon dioxide being in contact with 

bottom phase containing different polymorphs of APIs, under isochoric heating 

conditions in the temperature ranges of 80-220°C and 110-200°C respectively. 

In order to understand the conversion mechanism between the conformations in 

solution and, as a consequence, crystallization of different polymorphic 

modifications of the aforementioned drugs, the two new methods of in situ 

control were applied: 

• In situ IR spectroscopy was used and supplemented with quantum-

chemical calculations to analyze the fluid phase. 

• In situ Raman spectroscopy was applied for the solid phase 

characterization. 

The correlations were found between the polymorphic modifications of 

the crystalline forms and the conformers of bioactive molecules in the CO2 rich 

phase, which occurs as a consequence of equality of chemical potentials of API 

in the solid phase and the corresponding bioactive molecule conformer in 

solution. So that the transformation of polymorph leads to change of chemical 

potential of solid phase which in turn should result in the change of chemical 
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potential of another phase as follows from conformational transition. The 

systems «API solid - SCF solution» and «API melt - SCF solution» were studied 

and the following global suggestion on crystallization conditions was 

formulated. To prepare the pure polymorphic modification of an API by 

crystallization from its solution the corresponding bioactive molecules in the 

CO2 rich phase should remain in one conformation at the moment of the 

pressure release. In its turn, this conformation should be strictly defined from the 

joint studies of the solid or melted API together with its solution. 

The method able to simplify the further analysis of the polymorphic 

composition of the recrystallized product was proposed as well on the example 

of MFA:NA co-crystal. Based on the fact of growth of the single crystal directly 

from the API solution in scCO2, it allows determining the structure of the 

acquired solid phase to compute the reference powder pattern and to use it 

further verification of the other fast analytical techniques discussed in Section 

1.6, as DRIFT spectra studied by us. 
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Chapter 4. Analysis of solid-solid polymorphic 

transformations 

The material presented in this chapter forms the basis of publication 

Vaksler, Ye. A.; Idrissi, A.; Urzhuntseva, V. V.; Shishkina, S. V. Quantum chemical 

modeling of mechanical properties of aspirin polymorphic modifications. Cryst. Growth 

Des. 2021, 21 (4), 2176-2186. 

Vaksler, Ye. A.; Idrissi, A.; Shishkina, S. V. High-pressure influence on piracetam 

crystals: studying by quantum chemical methods. Under review in Cryst. Growth Des. 

 

The process of obtaining the dosage form does not end with the crystallization of 

the polymorphic modification of the API, it is followed by their processing and storage. 

Polymorphic transformations, i.e. first-order phase transitions according to the modern 

classification of Yu. Mnyukh [1-3], and in particular solid-solid transitions between 

polymorphic modifications of APIs, are a widespread phenomenon in the pharmaceutical 

industry. Along with the crystallization of the desired form, the problem of changing the 

crystal structure and, as a result, the properties of dosage forms requires a solution. 

Obviously, polymorphic transformations during processing and storage (for example, 

tableting) are associated with the mechanical properties of crystalline APIs, more precisely, 

with the resistance of the solid phase to external (milling, pressure, etc.) and internal (low 

stability of a form) influences. The main numerical equivalent of such resistance is the energy 

required by the system for transformation. Many methods for assessing such barriers based on 

the unchanged static structure of crystals exist at the moment. However, the more realistic 

behavior of fragments of the crystal structure (molecules or other building units) during shear 

has been practically non-studied. In this chapter, we propose a new computational method 

that allows one to evaluate the mechanical properties and the probability of a polymorphic 

transformation based on the data of pairwise interactions in a crystal during the mutual 

movement of its basic structural motifs. This method is based on the experimentally 

determined crystal structure of the initial polymorphic modification before treatment or 

storage (like the one for MFA:NA co-crystal). Its effectiveness was assessed using three 

classical APIs: aspirin, piracetam, and ibuprofen. 
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4.1. Quantum-chemical modeling of mechanical properties of aspirin 

polymorphic modifications 

4.1.1. The crystal packing analysis based on the study of pairwise 

interaction energies between building units 

The crystal structures of aspirin polymorphs I and II (Figure A 4.1) have 

been thoroughly studied [4, 5]. However, only hydrogen bonds of various types 

and their geometric characteristics were discussed and layers of 

centrosymmetric dimers as a structural motif of the crystal packing were 

highlighted. Such analysis did not take into account non-directed interactions 

between molecules like electrostatic, general dispersion, polarization, etc. Also, 

stacking between π-systems was not mentioned due to the impossibility to 

describe this interaction unambiguously. The crystal structure of polymorphic 

form IV proved to be more complicated due to the presence of two molecules in 

the unit cell asymmetric part. This structure was also characterized as layered 

[6]. 

Two types of layers may be visualized in all the studied structures of 

aspirin (Figure 4.1). There are no specific intermolecular interactions between 

molecules belonging to the neighboring layers. Therefore, the choice of the 

plane in which the easiest way of crystal packing deformation may occur can be 

made on the basis of the interaction energies between strongly bound structural 

motifs. To evaluate these energies, the analysis of a crystal packing based on the 

study of pairwise interaction energies between molecules should be applied. 

At the first stage of such an analysis, the molecule was considered as 

a building unit (BU) and its first coordination sphere was constructed. In the 

case of polymorphic form IV, the first coordination sphere was constructed 

separately for each of the molecules A and B found in the asymmetric part of the 

unit cell. The basic molecule is surrounded by 14 neighbors in the polymorphic 
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form I and only by 13 in polymorphs II and IV (Tables A 4.1-4.3). At that, the 

total interaction energy of the basic molecule with all the molecules belonging 

to its first coordination sphere is -63.2 kcal/mol in polymorphic 

structure I, -64.3 kcal/mol in structure II and -62.2 kcal/mol (the basic molecule 

A) or -59.3 kcal/mol (the basic molecule B) in structure IV. The basic molecule 

forms the strongest interaction with only one neighboring molecule due to 

O-H…O hydrogen bonds in all the aspirin polymorphs. The interaction energy 

between the molecules in this centrosymmetric dimer is more than three times 

higher than the interaction energies of the basic molecule with other neighboring 

ones (Figure A 4.2). Therefore, the building unit of the aspirin polymorphic 

structures is not a molecule, but a centrosymmetric dimer [7]. It should also be 

noted that dimers of AA or BB types are the building units in the polymorphic 

structure IV. 

 

     

Figure 4.1. Crystal structure of polymorphic forms I (on the left), II (in the middle) 

and IV (on the right) of aspirin. Layers of centrosymmetric dimers parallel to the (100) 

crystallographic plane are highlighted blue; layers of centrosymmetric dimers parallel to the 

(001) crystallographic plane are highlighted yellow. 

 

These dimeric building units were used for further analysis to separate out 

some structural motifs of a crystal packing and evaluate the interaction energies 

between them. For this purpose, the first coordination sphere of the dimeric 

building unit contains 18 neighboring dimers in polymorphic structure I and 

16 neighboring ones in structure II. At that, the total energy of building unit 
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interaction with all the surrounding dimers is equal (-75.3 kcal/mol) in these 

polymorphic structures (Tables A 4.4-4.6). Each of the AA and BB dimers is 

surrounded by 16 neighboring dimers of different types, but the total interaction 

energies of the building unit with its first coordination sphere are slightly 

different (-79.7 kcal/mol for building unit AA and -78.5 kcal/mol for building 

unit BB). 

Each building unit forms two strongest interactions with equal energies 

(Tables A 4.4-4.6, Figure A 4.3) between dimers that are located in opposite 

directions. As a result, the linear column along the direction [010] can be 

separated out as the primary basic structural motif (BSM1) in all the three 

polymorphs of aspirin (Figure 4.2). Moreover, the columns containing only 

dimers AA and the columns of dimers BB are observed in structure IV. Stacking 

as well as non-specific interactions are found between dimeric building units 

within these columns. The total interaction energy of the building unit within the 

column is -26.8 kcal/mol in polymorph I, -26.9 kcal/mol in polymorph II 

and -35.3 kcal/mol (column A) or -32.9 kcal/mol (column B) in polymorph IV. 

 

         

Figure 4.2. Columns along the [010] crystallographic direction as the primary basic 

structural motif in terms of molecules and energy-vector diagrams in polymorphic structures I 

(on the left), II (in the middle) and IV (on right). EVD for columns of A and B types are 

highlighted yellow and blue respectively in structure IV. 
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Further analysis of the interaction energies between dimeric building units 

belonging to neighboring columns makes it possible to discuss the formation of 

layers as the second basic structural motifs in the crystals I, II and IV (Figure 

4.3). Each column is surrounded by eight neighboring ones in all the studied 

crystals. The basic column interacts strongly with two columns lying in opposite 

directions within the (100) crystallographic plane in crystals I and II. As a result, 

the layers parallel to the (100) crystallographic plane may be separated out as a 

secondary basic structural motif (BSM2) in structures I and II. The C-H…π and 

non-specific interactions are found between molecules of the neighboring 

columns within the layer. Within the BSM2, the total interaction energies 

between the dimeric building unit and the neighboring dimeric ones are almost 8 

times higher than the interaction energies between those belonging to the layers 

parallel to the (100) crystallographic plane (Table 1). It should be noted that the 

structure of the BSM1 and BSM2 (layer parallel to the (100) plane) is the same in 

polymorphs I and II of aspirin. The main difference between these crystals can 

be caused by the relative position of the neighboring layers. 

 

       

Figure 4.3. The packing of columns in terms of energy-vector diagrams, projection 

along the [010] crystallographic direction for polymorphic structures I (on the left), II (in the 

middle) and IV (on the right). Possible layers are highlighted in different colors: layers 

parallel to the (100) crystallographic plane are blue; layers parallel to the (001) plane in 

structures I and IV or to (-102) plane in structure II are yellow; a layer parallel to the (-101) 

plane in structure IV is red. 

 



175 
 
 

According to the calculated pairwise interaction energies, the dimeric 

building unit interacts strongly with two neighboring ones lying in opposite 

directions within the (001) crystallographic plane in structure I or the (-102) 

plane in structure II (Figure 4.3, layers are highlighted yellow) which may be 

considered as an alternative BSM2. The interaction energies between BSM1 

within these planes are smaller as compared to those within the (100) planes 

mentioned above (Table 4.1). It may be caused by the extremely weak C-H…O 

intermolecular interactions between molecules of the neighboring columns lying 

in the (001) plane in structure I or the (-102) plane in structure II. Moreover, the 

relative orientation of centrosymmetric dimers belonging to the neighboring 

columns within these planes is different (Figure 4.4). Total interaction energies 

of the dimeric building unit with the neighboring ones within the (001) 

(structure I) or (-102) (structure II) crystallographic planes as BSM2 are two 

times stronger than between them (Table 4.1). 

 

            

Figure 4.4. Relative positions of centrosymmetric dimers belonging to the neighboring 

columns within the (001) crystallographic plane in structure I (on the left) and (-102) 

crystallographic plane in structure II (on the right). Dimeric building units are highlighted 

yellow. 
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Comparing the energy ratio inside and between BSM1 and BSM2 

(Table 4.1), it can be concluded that the polymorphic crystals of aspirin I and II 

have columnar-layered structure, where layers parallel to the (100) 

crystallographic plane are the most strongly bound secondary basic structural 

motifs. The main difference between these polymorphic forms of aspirin is the 

relative orientation of the dimeric building units belonging to neighboring layers 

(Figure 4.4). Such a conclusion would not have been possible without the 

analysis of the energetic structure and strongly bound structural motifs in these 

crystals. 

 

Table 4.1. The interaction energies (in kcal/mol) between dimeric building units 

within separated structural motifs and between them. 

Structural 

motif 
I II IV AA IV BB 

BSM1 -26.8 -26.9 -35.3 -32.9 

 (100) (001) (100) (-102) (100) (001) (-101) (100) (001) (-101) 

BSM1/BSM1 -16.6 -6.5 -16.8 -6.7 -9.9 -8.7 -3.6 -10.5 -8.7 -3.6 

BSM2 -59.9 -39.0 -60.5 -40.1 -55.0 -52.8 -42.5 -53.8 -50.3 -40.1 

BSM2/BSM2 -7.7 -18.2 -7.4 -17.6 -12.3 -13.5 -18.6 -12.3 -14.1 -19.2 

 

As it was mentioned above, the analysis of polymorphic structure IV is 

more complicated due to the presence of two molecules in the asymmetric part 

of the unit cell. Each of the recognized columns AA and BB as the primary basic 

structural motifs is surrounded by eight neighboring columns. The analysis of 

interaction energies between dimeric building units belonging to the neighboring 

columns revealed very close interactions in the directions parallel to the (100) or 

(001) crystallographic planes and weaker interactions within the diagonal plane 

(-101) (Table 4.1). Three types of layers parallel to the (100), (001) or (-101) 

crystallographic planes may be separated out as possible secondary basic 

structural motifs (Figure 4.3). At that, the layers parallel to the (100) 
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crystallographic plane contain columns of only one type (layers AA and layers 

BB) which are alternated. Within these layers, the dimeric building units of the 

neighboring columns are bound mainly by C-H…π interactions. The layers 

parallel to the (001) plane are mixed and contain columns of both types (layers 

AB). There are no specific interactions between molecules within these layers. 

The energy ratios inside and between the layers (100) and (001) are very close 

(Table 4.1). It may be explained by the balance of two types of interactions: 

specific and non-specific. Indeed, the interaction energy between the (100) 

layers is caused mainly by general dispersion due to the absence of any specific 

interactions and a smaller distance between neighboring planes (7.8 Å). 

The interaction energy between the (001) layers is caused mainly by C-H…π 

interactions (the distance between layers is 11.1 Å). As a result, the layer of any 

type as a secondary basic structural motif can’t be separated out unambiguously. 

Therefore, the polymorphic structure IV of aspirin may be classified as 

columnar. 

 

 

Figure 4.5. Possible directions of the easiest slip deformation along the (100) 

crystallographic plane in polymorphic crystals I and II. 

 

Summarizing the study of pairwise interaction energies in the 

polymorphic crystals of I, II and IV, we can conclude that only one plane for the 
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easiest slip deformation may be recognized in structures I and II, while structure 

IV can be deformed along two crystallographic planes with close probability. 

However, the question about the direction of the easiest slip deformation along 

the plane remains open (Figure 4.5). Another question concerns the fact that the 

interaction energies between the two visualized types of BSM2 in structure IV 

are higher as compared to the interaction energy between BSM2 in structures I 

and II (Table 4.1). At that polymorphic structure IV of aspirin proved to be 

metastable [6]. Therefore, it can be presumed that the stability and ability to 

mechanical response are caused not only by the interaction energies between the 

strongly bound fragments of a crystal packing. 

4.1.2. Modeling of the slip deformation in the crystals 

4.1.2.1. Details on calculations 

The results of the crystal structure analysis based on the pairwise 

interaction energies study were used to model the possible mechanical response 

of a crystal packing. It was presumed that the shear of the most strongly bound 

fragments is the most probable and it is not accompanied by the deformation of 

these fragments themselves. 

The fragment of the secondary structural motif used as a fixed part in the 

modeling and one building unit belonging to the neighboring BSM2 used as a 

mobile part were extracted from the crystal structure without any change of 

atomic coordinates. For the shear simulation, the mobile part of the chosen 

system was shifted along the fixed part on one crystallographic translation with 

a step determined as 1/n of this translation. The single point interaction energies 

between mobile and fixed fragments were calculated in each from n points along 

the translation trajectory using B97D3 functional and cc-PVDZ basis set [8, 9] 

within the Gaussian09 software and corrected for basis set superposition error 

by counterpoise method. The shift energy profile was constructed and the shift 
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energy barrier was calculated as a difference between the highest and lowest 

interaction energies between the mobile and fixed parts of the used model 

fragment of a crystal packing. 

4.1.2.2. Formation of the method 

To implement an algorithm described above, it is necessary to consider 

some problems: 

1. The minimal size of the mobile part extracted from the experimental data. 

2. The optimal size of the fixed part necessary to reproduce the shift energy 

profile in the chosen point group symmetry. 

3. The choice of probable crystallographic directions for the displacements. 

4. The optimal step size for the displacement. 

Each of these problems was considered using well-studied polymorphic 

structures I and II of aspirin as model systems. 

 

 

Figure 4.6. Algorithm of a slip deformation modeling: a) fragment of a crystal packing 

containing two layered parts and a building unit between them; b) fragment of one of the 

symmetry equivalent layers (fixed part) and building unit (mobile part) belonging to the 

neighboring layer; c) shift of the building unit in relation to the layer fragment. 

 

The computational costs of quantum-chemical calculations grow 

exponentially with the number of atoms. Therefore, the mobile part may be 

minimized up to one building unit. Being bound by symmetry operations, the 
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two neighboring layers are not necessary for the completeness of the 

information and the deletion of the equivalents may be done (Figure 4.6a,b, 

Figure A 4.4). The size of the fixed part ought to satisfy two conditions at the 

same time: a) to be large enough to represent the layer as best as possible; b) to 

be small enough so that the calculations of the interaction energies would not be 

too expensive. Obviously, the fixed part ought to contain all building units 

belonging to the first coordination sphere of the mobile part (Figure 4.6b). 

This condition ought to be executed for the moving building unit at all points 

along the translation trajectory. To do so the fixed part constructed for initial 

geometry should be repeated at least twice in the direction of the mobile part 

displacement (light green molecules on Figure 4.6c). Our preliminary modeling 

of the mobile part translation in the [010] direction within the (100) 

crystallographic plane have shown the presence of an edge effect. The difference 

in interaction energies calculated for the building unit equivalent positions in 

relation to the center and edge of the fixed part was proved to be up to 0.5 

kcal/mol (Figure A 4.6). To avoid the edge effect on the calculated energies, the 

fixed part was expanded by two initial fragments in each direction of the mobile 

part displacement (red molecules on Figure 4.6c). The final energy deviations 

due to the edge effect did not overcome 0.2 kcal/mol (Table A 4.7, Figure A 

4.5). 

As it was mentioned above, the plane of the easiest deformation of a 

crystal structure may be determined using the analysis of pairwise interaction 

energies. To choose the direction of the slip deformation within the layer, the 

minimal interatomic distances between the mobile and fixed parts was estimated 

along the entire displacement on one crystallographic translation in each of the 

possible crystallographic directions. If during the translation in a 

crystallographic direction, an interatomic distance in any point is found to be 

significantly shorter as compared to the corresponding van der Waals radii sum, 

this crystallographic direction is excluded from further consideration. Due to the 
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extreme computational cheapness of such calculations, the distances were found 

in each one thousandth of a translation (every 0.024 Å in the case of the longest 

unit cell parameter). 

Since the sliding deformation was modeled as the displacement of the 

mobile part in relation to the layer fragment as a fixed part, it is necessary to 

determine the step size of such displacement. Being equal to the unit cell 

parameters, translations in different crystallographic directions within the same 

structure can have different absolute values (in angstroms). Therefore, it is 

proposed to define the step size as 1/n part of the corresponding translation. 

In order to evaluate the effect of step size, energy calculations were performed 

for a number of geometries where the positions of the mobile part with respect 

to the fixed part differ by one hundredth of the corresponding translation (Figure 

A 4.6, Table A 4.8). An error induced by the step size increasing has been 

defined in comparison to the data obtained within this best approximation. It is 

only 0.1 kcal/mol in the case of a step size of one twentieth of the corresponding 

translation length. The decrease of the step size up to one fiftieth of the 

translation leads to some error increasing. Therefore, one-twentieth part of the 

translation was identified as the most acceptable step size. 

Finally, the shift energy profiles acquired using all the moments 

mentioned above should be inverted to simulate the relative displacement of 

layers. In the case of the one-dimensional shift, it is achieved by the reflection of 

the initial curves in relation to the midpoint of the translation (Figure 4.7). The 

energy barrier can be calculated as a difference between maximal and minimal 

interaction energies of the mobile and fixed parts along the translation path. 
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Figure 4.7. The energy profiles for the mobile part displacement in relation to the fixed 

part along the [001] direction in the (100) crystallographic plane: the case of direct data order 

(on the left); the overlay of the direct and inverted shift energy profiles (on the right). Data are 

shown for polymorphic structure I.  

4.1.3. Verification of the proposed model by the study of a slip 

deformation in the aspirin polymorphic structures I and II 

To verify the proposed model, it was applied for the study of a slip 

deformation in the well-studied polymorphic structures of aspirin I and II. 

The main advantage of these crystals is the availability of many experimental 

data obtained for them by different methods [10-12]. 

The (100) crystallographic plane was determined to be the most probable 

for a slip deformation in aspirin polymorphic structures I and II. The analysis of 

minimal distances showed that three crystallographic directions for the building 

unit displacement may be considered within this plane (Table 4.2, Figure A 4.7-

4.9). At that, the minimal distances between atoms were observed for the 

displacement in the [001] crystallographic direction. The displacement in the 

[010] crystallographic direction within the (100) plane was expected to be more 

preferable due to the larger values of minimal distances between atoms 

(Table 4.2) in both polymorphic structures under consideration. The modeling of 

the dimeric building unit displacement in these crystallographic directions 
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allowed us to evaluate the shift energy barriers which proved to be somewhat 

unexpected. The lowest energy barrier was found for the displacement in the 

[001] crystallographic direction in polymorphic structures I and II where the 

smallest value of the minimal distances was found (Table 4.2). 

 

Table 4.2. Minimal interatomic distances (Å) and energy barriers (kcal/mol) for the 

displacement of the building unit in different crystallographic directions in polymorphic 

crystals I and II of aspirin. 

Crystallographic 

direction 

Polymorphic structure I Polymorphic structure II 

Minimal distance, 

Å 

Energy barrier, 

kcal/mol 

Minimal distance, 

Å 

Energy barrier, 

kcal/mol 

[010] (100) 1.61 22.1 1.69 20.9 

[001] (100) 1.19 17.1 1.26 14.5 

[011] (100) 1.46 35.8 1.30 52.4 

[100] (001) 1.15 76.1   

[010] (001) 1.41 61.6   

[110] (001) 0.44 * –   

[010] (-102)   1.41 58.2 

[201] (-102)   1.07 91.2 

[211] (-102)   0.62 * – 

* Directions of displacement marked with asterisk are improbable because of the strong 

reduction in intermolecular distances. 

 

To explain such an unexpected result, a detailed analysis of relative 

positions of the building unit as a mobile part and molecules belonging to the 

layer as a fixed fragment along the translation path was performed. It was found 

that the C-H…O hydrogen bonds were formed during the translation process in 

both model systems. However, these hydrogen bonds are different. The methyl 

group of the building unit interacts with the carbonyl group of a molecule 

belonging to the layer fragment (the H…O shortest distance is 1.95 Ǻ) during 

the displacement in the [010] crystallographic direction (Figure 4.8a). The 

displacement of the building unit in the [001] crystallographic direction results 
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in the formation of the C-H…O hydrogen bonds between the methyl group of a 

molecule belonging to the layer fragment and the carbonyl group of a molecule 

belonging to the building unit (the H…O shortest distance is 2.36 Ǻ) (Figure 

4.8b). It may be presumed that the formation of stronger hydrogen bonds during 

the translation along the [010] crystallographic direction results in the higher 

energy barrier. 

 

 

Figure 4.8. The model system for the study of the dimeric building unit displacement 

in relation to the layer fragment in aspirin polymorphic structures I and II: a) along the [010] 

crystallographic direction; b) along the [001] crystallographic direction. 

 

Noteworthy is the fact that the systems have positive interaction energies 

up to 7.0 or 4.4 kcal/mol in some area during the translation of the building unit 

in the [001] crystallographic direction in structures I and II respectively and 11.7 

or 10.5 kcal/mol during the translation in [010] crystallographic direction. The 

positive interaction energies mean strong repulsion between interacted 

fragments of a crystal packing. This can be correlated with the low stability of 

these polymorphic forms of aspirin. 

The crystallographic planes (001) and (-102) were identified as alternative 

BSM2 in aspirin polymorphic structures I and II (Table 4.1). Therefore, these 

planes may be considered less preferable but possible for the deformation of 
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a crystal packing. Usage of the abovementioned method showed that two 

crystallographic directions are available for a slip deformation within each of 

these planes. This was based on the data about minimal distances between atoms 

(Figures A 4.10-4.11). However, energy barriers are very high for the 

displacement in all these directions (Table 4.2), so a slip deformation is hardly 

probable within crystallographic planes (001) in polymorph I or (-102) in 

polymorph II. 

It should be noted that the results of our calculations correlate well with 

the data obtained by the nanoindentation experimental method [10, 11]. 

Therefore, the proposed method can be used for the prediction of the mechanical 

properties of a crystal structure. 

4.1.4. Prediction of a slip deformation in polymorphic structure IV of 

aspirin 

Polymorphic structure IV proved to be metastable, which complicates the 

study of its properties by experimental methods. The analysis of pairwise 

interaction energies allowed to separate out three possible types of BSM2 

(Table 4.1) among which layers parallel to crystallographic planes (100) and 

(001) are almost equivalent. 

Taking into account the presence of two types of building units (AA and 

BB) in this structure, the calculations for a slip deformation modeling were 

performed for each of them. The analysis of minimal distances between atoms 

on the translation path showed a high probability for displacement in the [010] 

direction within each of the three possible crystallographic planes (Tables 4.3, 

A 4.9). 

The lowest energy barrier (5.4 kcal/mol for AA basic unit or 5.6 kcal/mol 

for BB basic unit) was calculated for the displacement in the [010] 

crystallographic direction within the (100) crystallographic plane. The layers 
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containing only one type of the building units were found to be parallel to this 

plane. The building unit displacement along the (001) crystallographic plane 

should overcome the energy barrier which is almost two times higher 

(9.5 kcal/mol) compared to the lowest energy barrier. Detailed study of two 

model systems (Figure 4.9) revealed that any directed interactions like hydrogen 

bonds are not formed during the displacement within the (100) crystallographic 

plane. The displacement of the building unit within the (001) crystallographic 

plane results in the formation of a very weak Car-H…O hydrogen bond (the 

shortest H…O distance is 2.43 Å). It can be presumed that the formation of 

directional interaction results in increasing of the shift energy barrier. 

 

Table 4.3. Minimal interatomic distances (Å) and energy barriers (kcal/mol) for the 

displacement of the building unit in different crystallographic directions in polymorphic 

structure IV of aspirin. 

Crystallographic 

direction 

AA basic unit BB basic unit 

Minimal distance, 

Å 

Energy barrier, 

kcal/mol 

Minimal distance, 

Å 

Energy barrier, 

kcal/mol 

[010] (100) 1.73 5.4 1.73 5.6 

[001] (100) 1.28 22.8 1.28 23.3 

[011] (100) 0.86 * – 0.77 * – 

[100] (001) 0.37 * – 0.37 * – 

[010] (001) 1.73 9.5 1.73 9.5 

[110] (001) 0.32 * – 0.87 * – 

[010] (-101) 1.82 8.8 1.82 8.4 

[101] (-101) 0.32 * – 0.17 * – 

[111] (-101) < 0.01 * – 0.14 * – 

 

The displacement in the [010] crystallographic direction within the 

diagonal (-101) crystallographic plane (Figure A 4.12) has the energy barrier 

which is very close to the one within the (001) crystallographic plane. All the 

calculated energy barriers in polymorphic structure IV are lower than the 

smallest energy barrier in structures I and II. Moreover, the highest interaction 
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energy between the mobile and fixed parts during displacements in the [010] 

direction within any of the three crystallographic planes is not positive contrary 

to those found in structures I and II. This means the absence of any steric 

repulsion during the displacement of the AA or BB columns (separated out as 

BSM1) in the [010] crystallographic direction. These data confirm our 

classification of aspirin polymorphic structure IV as columnar and explain the 

low stability of this crystal form. 

 

 

Figure 4.9. The model system for the study of the dimeric building unit displacement 

along the [010] direction in aspirin polymorphic structure IV: a) within the (100) 

crystallographic plane; b) within the (001) crystallographic plane. 

4.2. High-pressure polymorphic transition in piracetam crystals: 

studying by quantum-chemical methods 

The previous section was mostly about mechanical properties. The main idea of 

the current one is to determine the factors that precede the polymorphic 

transition under pressure and to study the changes that occur during the 

transformation on the example of polymorphic modifications II and V of 
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piracetam. The results will help to understand better the polymorphic 

transformations under the external influence and can be used for their prediction. 

4.2.1. Preliminary assessment of the possibility of displacement of 

strongly bound crystal fragments 

As described in the previous section, the easiest deformation of a crystal 

structure was presumed to be possible due to the displacement of strongly bound 

fragments (for example, layers as BSM2) to each other. The next task is the 

choice of a displacement direction within the layer. To tackle this task, the 

minimum interatomic distances between molecules belonging to two 

neighboring BSM2 should be estimated along all potential displacement 

trajectories. 

The piracetam molecule is asymmetric, so a simple approximation of 

particle-accessible voids in a crystal with the use of a spherical probe may be 

inaccurate [13, 14]. Therefore, a fragment of the crystal structure as a model 

system was used. For this purpose, the mobile and fixed parts belonging to two 

neighboring BSM2 were defined in the same way as in the method proposed in 

Section 4.1. The one BU was used as the mobile part in this model system. 

All BUs of its first coordination sphere belonging to neighboring BSM2 were 

used as the fixed part. The mobile part was shifted along the fixed part on one 

translation in two crystallographic directions within the plane simultaneously. 

The step size for the displacement was equal to 1/100 of the corresponding 

translation (reaching the resolution of 0.117 Å for the longest translation) as 

soon as different translation paths differ in their absolute length in angstroms. 

The first coordination sphere was generated at each point of this displacement. 

Duplicated fragments were excluded. 

The main directions for displacements, defining the studied area, were 

chosen based on the Miller indices corresponding to the selected BSM2. 
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For planes of the (001) type, coinciding with the principal axes of the crystal 

lattice, the translation of the mobile part was carried out in the crystallographic 

directions corresponding to these axes (for example, the directions [100] and 

[010] along with the layer (001)). For planes parallel to one of the principal axes 

(whose indices containing one 0), the directions were chosen in such a way that 

the first one was similar to the principal axis of the crystal structure parallel to 

this plane and the second direction was identified as orthogonal to this principal 

axis following the Weiss zone law: 

 

ℎ𝑘 + 𝑘𝑦 + 𝑙𝑧 = 0 (4.1) 

where h, k, l are Miller indices of the corresponding plane containing BSM2 and 

x, y, z are indices of assumed direction lying in this plane. 

 

For example, in the case of planes (0kl), the solution with minimized 

indices is: 

 

{
 
 

 
 

𝑥 = 0

𝑦 =  
−𝑙

𝐺𝐶𝐷(𝑘, 𝑙)
𝛿

𝑧 =  
𝑘

𝐺𝐶𝐷(𝑘, 𝑙)
𝛿

 (4.2) 

where GCD(k, l) is the greatest common divisor of the indices k and l and             

𝛿 = −
𝑘𝑙

|𝑘||𝑙|
 is a term removing double negation. 

 

The step size between the points of measurement and so the resolution is 

proportional to the length of a translation and the number of steps. However, the 

second parameter cannot be decreased indefinitely and limited by the 

computational time. It forces us to seek a compromise between the time 

necessary for the analysis and its accuracy. So in the case, when all the three 



190 
 
 

indices of the plane containing BSM2 are not equal to 0, the system of solutions 

minimizing the lengths of the translations was chosen. The first solution and so 

the set of the Miller indices belonging to the first shift direction was chosen 

from orthogonal to the principal axes of the crystal structure laying in the chosen 

plane: 

 

[
𝑘𝑦 =  −𝑙𝑧
ℎ𝑥 = −𝑙𝑧
ℎ𝑥 =  −𝑘𝑦

 (4.3) 

𝑑𝑖𝑟1  =

(

 
 
 
 
[0,

−𝑙

𝐺𝐶𝐷(𝑘, 𝑙)
,

𝑘

𝐺𝐶𝐷(𝑘, 𝑙)
]

[
−𝑙

𝐺𝐶𝐷(ℎ, 𝑙)
, 0,

ℎ

𝐺𝐶𝐷(ℎ, 𝑙)
]

[
−𝑘

𝐺𝐶𝐷(ℎ, 𝑘)
,

ℎ

𝐺𝐶𝐷(ℎ, 𝑘)
, 0]
)

 
 
 
 

𝛿 (4.4) 

where dir1 is the set of indices belonging to the first translation and 𝛿 =

−
ℎ𝑘𝑙

|ℎ||𝑘||𝑙|
 is a term removing double negation. 

 

The one solution was chosen among these three according to the condition 

of translations lengths minimization described above: 

 

𝐷1 = √(𝑥𝑑𝑖𝑟1) 
2 + (𝑦𝑑𝑖𝑟1) 

2 + (𝑧𝑑𝑖𝑟1) 
2 → 0 (4.5) 

where D1 is the length of the first translation, 𝑥𝑑𝑖𝑟1, 𝑦𝑑𝑖𝑟1 and 𝑧𝑑𝑖𝑟1 are its 

indices. 

 

The second direction was chosen from the residual two solutions in 

expression 4.4 with the further minimization of its length using the first set of 

direction indices: 



191 
 
 

𝑑𝑖𝑟2 =

(

 
 
 
 
 

(

 
 
 
 

[
 
 
 
 
 
 [0,

−𝑙

𝐺𝐶𝐷(ℎ, 𝑘)
,

𝑘

𝐺𝐶𝐷(ℎ, 𝑘)
]

[
−𝑙

𝐺𝐶𝐷(ℎ, 𝑙)
, 0,

ℎ

𝐺𝐶𝐷(ℎ, 𝑙)
]

[
−𝑘

𝐺𝐶𝐷(ℎ, 𝑘)
,

ℎ

𝐺𝐶𝐷(ℎ, 𝑘)
, 0]

 \ 𝑑𝑖𝑟1

)

 
 
 
 

−𝑁𝑑𝑖𝑟1

)

 
 
 
 
 

𝛿 (4.6) 

where dir2 is the set of indices belonging to the second translation, which does 

not coincide with dir1, N is such an integer, that the condition similar to the 

expression 4.5 is true for the second direction. 

 

This technique makes it possible to use simple or complex BUs as probes 

to study the distribution of the minimum interatomic distances between the 

mobile and fixed parts during their shifts to each other. 

4.2.2. Characterization of the crystal structure 

Now, when the set of methods required is formulated the analysis of 

crystal structure may be started (Figure A 4.13-4.14). The crystal-crystal 

polymorphic transition under pressure has been thoroughly studied in piracetam 

crystals [15]. This transformation from form II to form V is caused by a very 

small change in the crystal packing without structure destruction. Also, the 

pressure influence on form V has been analyzed. All the differences in the 

crystal structures were considered from the crystallographic and geometric 

viewpoints. The unit cell parameters (Table 4.4), as well as geometrical 

characteristics of hydrogen bonds (Table 4.5), were compared in the structures 

determined under different values of pressure. Such an analysis is hardly 

analytical and cannot explain the reasons and pre-requisites for a polymorphic 

transformation. 
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Figure 4.10. The piracetam molecule with possible ways to change its conformation 

due to rotation around the N1-C5 and C5-C6 bonds (the τ1 and τ2 torsion angles). 

 

The pressure-mediated polymorphic transformation without destruction of 

the crystal usually requires the molecules to be conformationally flexible. 

The piracetam molecule has at least two non-cyclic single bonds around which 

the rotation is possible (Figure 4.10). However, the geometrical parameters of 

the molecules in forms II and V at various pressure values are very similar 

(Table 4.4). Therefore, the pressure mainly affects the arrangement of molecules 

in the crystal phase. 

 

Table 4.4. The unit cell parameters and τ1 and τ2 torsion angles of the piracetam 

molecule in polymorphic forms II and V at various pressure values according to the 

experimental data. 

Parameter II, ambient II, 0.45 GPa V, 0.7 GPa V, 0.9 GPa V, 2.5 GPa V, 4.0 GPa 

a 6.403 6.321 6.442 6.3903 6.263 6.169 

b 6.618 6.5597 6.353 6.2932 6.2063 6.1602 

c 8.556 8.380 8.737 8.6450 8.412 8.287 

α 79.85 79.82 81.43 81.106 80.77 80.41 

β 102.39 102.34 112.88 113.680 114.69 115.33 

γ 91.09 90.94 91.38 91.295 91.12 91.15 

τ1 91.95 89.65 90.41 91.18 86.77 84.51 

τ2 -27.14 -25.02 -23.47 -21.30 -20.47 -20.67 
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The piracetam molecules are bound by the N2-H…O2’ (the symmetry 

operation is 1-x,1-y,-z) hydrogen bonds in the crystal phase, forming 

a centrosymmetric dimer (Figure 4.11). These dimers are bound by the 

N2-H…O1’ (the symmetry operation is 1+x,y,z) hydrogen bonds resulting in the 

formation of chains/columns in the [100] crystallographic direction. The weak 

enough C5-H…O1’ (the symmetry operation is -x,1-y,-1-z) hydrogen bonds are 

found between adjacent columns within the (010) crystallographic plane. 

The comparison of the geometrical characteristics of these hydrogen bonds 

showed that the weaker C5-H…O1 bonds turned out to be the most sensitive to 

the pressure influence (Table 4.5). 

 

  

Figure 4.11. The fragment of the crystal packing bound by N-H…O and C-H…O 

hydrogen bonds: view in the a crystallographic direction (on the left); the ac crystallographic 

plane, view in the b crystallographic direction (on the right). Hydrogen bonds are shown by 

cyan lines. 

 

However, this analysis takes into account only the strongest 

intermolecular interactions in a crystal that is obvious in organic crystal 

structure analysis [16, 17]. Nevertheless, the recent studies of our research group 

[18, 19] showed that weak directed interactions and non-directed ones like 

electrostatic, polarization, dispersion, etc. can also affect crystal packing. To 

evaluate the contribution of these interactions, the analysis of a crystal structure 
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based on the study of pairwise interaction energies between molecules [7] can be 

useful. 

 

Table 4.5. Intermolecular interactions and their geometric characteristics in 

polymorphic forms II and V under different pressures. 

Polymorphic 

form and 

pressure 

(GPa) 

N2-H…O2’ N2-H…O1’ C5-H…O1’ 

H…A, Å 
D-H…A, 

deg 
H…A, Å D-H…A, deg H…A, Å D-H…A, deg 

II (Ambient) 1.95 169 2.00 160 2.33 155 

II (0.45) 2.07 165 2.11 151 2.36 153 

V (0.7) 2.04 165 2.13 153 2.77 128 

V (0.9) 2.02 167 2.14 154 2.71 127 

V (2.5) 1.97 164 2.02 152 2.62 123 

V (4.0) 1.92 167 2.03 155 2.54 122 

 

4.2.3. Study of the initial crystal structure of piracetam using quantum-

chemical methods 

4.2.3.1. Crystal structure analysis from the pairwise interaction energies 

viewpoint 

At the first stage, the piracetam molecule was considered as a monomeric 

building unit and its first coordination sphere containing 13 neighboring 

molecules was constructed (Table A 4.10, Figure A 4.15a). The total interaction 

energy of monomeric BU with all the molecules of its first coordination sphere 

is -73.2 kcal/mol at the ambient pressure. The basic monomeric BU0 forms the 

strongest interaction with only one neighbor (Table 4.6). As a result, the 

centrosymmetric dimer bound by two same N-H…O hydrogen bonds should be 

used as a complex dimeric building unit for further analysis. 
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Table 4.6. Symmetry codes, bonding type, the interaction energy of the BU with 

neighboring ones (Eint, kcal/mol) with the highest values (more than 5 % of the total 

interaction energy) and the contribution of this energy to the total interaction energy (%) in 

piracetam polymorph II under ambient pressure. 

Dimer of BUs 
Symmetry 

operation 
Eint, kcal/mol 

Contribution to 

the total 

interaction energy, 

% 

Bonding type 

BU is a molecule 

m1 1-x, 1-y, -z -15.3 20.9 N-H…O (2) 

m2 -1+x, y, z -9.9 13.5 N-H…O 

m3 1+x, y, z -9.9 13.5 N-H…O 

m4 -x, -y, -1-z -8.8 12.0 non-specific 

m5 -x, 1-y, -1-z -7.9 10.8 C-H…O (2) 

m6 -x, -y, -z -7.0 9.6 non-specific 

m7 1-x, -y, -z -4.4 6.0 non-specific 

BU is a dimer 

d1 -1+x, y, z -18.4 17.3 N-H…O (2) 

d2 1+x, y, z -18.4 17.3 N-H…O (2) 

d3 x, -1+y, z -10.4 9.8 non-specific 

d4  x, 1+y, z -10.4 9.8 non-specific 

d5 -1+x, -1+y, -1+z -8.5 8.0 non-specific 

d6 1+x, 1+y, 1+z -8.5 8.0 non-specific 

d7 -1+x, -1+y, z -7.1 6.7 non-specific 

d8 1+x, 1+y, z -7.1 6.7 non-specific 

d9 -1+x, y, -1+z -7.0 6.6 C-H…O (2) 

d10 1+x, y, 1+z -7.0 6.6 C-H…O (2) 

 

The first coordination sphere of a basic dimeric BU0 contains 14 dimeric 

BUi (Table A 4.16, Figure A 4.17a). The total interaction energy of a basic 

dimeric BU0 with all the neighbors is -106.3 kcal/mol. The basic dimeric BU0 

forms the two strongest interactions in opposite directions parallel to the [100] 

crystallographic axis (Table 4.6) due to the N-H…O hydrogen bonds. The 

column of centrosymmetric dimers in the [100] crystallographic direction can be 
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recognized as the primary basic structural motif of the polymorphic form II 

(Figure 4.12). The interaction of dimeric BU0 with its two neighbors within the 

column is -36.8 kcal/mol (BSM1 in Table 4.7). 

 

Table 4.7. The interaction energies (in kcal/mol) of dimeric BU0 with its first 

coordination sphere, within recognized basic structural motifs (BSM1, BSM2) and between 

them (BSM1/BSM1, BSM2/BSM2) and the distance between two neighboring BSM2 (in Å). 

Polymorphic 

form/pressure 

(GPa) 

Eint (total) BSM1 
Layers 

position 

BSM1/ 

BSM1 
BSM2 

BSM2/ 

BSM2 

Distance 

BSM2/BSM2 

II (Ambient) -106.3 -36.8 

(001) -18.0 -72.8 -16.8 8.226 

(010) -8.2 -53.3 -26.5 6.514 

(0-11) -8.5 -53.9 -26.2 4.718 

II (0.45) -111.0 -35.9 

(001) -19.2 -74.3 -18.4 8.056 

(010) -8.8 -53.4 -28.8 6.454 

(0-11) -9.6 -55.2 -27.9 4.652 

V (0.7) -127.4 -34.6 

(001) -20.4 -75.4 -26.0 7.956 

(010) -13.2 -60.9 -33.2 6.278 

(0-11) -12.9 -60.3 -33.5 4.600 

V (0.9) -130.0 -35.2 

(001) -20.1 -75.3 -27.4 7.816 

(010) -14.1 -63.3 -33.4 6.212 

(0-11) -13.3 -61.8 -34.1 4.526 

V (2.5) -125.9 -33.7 

(001) -18.6 -71.0 -27.4 7.534 

(010) -14.8 -63.4 -31.3 6.118 

(0-11) -12.8 -59.3 -33.3 4.402 

V (4.0) -121.5 -35,0 

(001) -16.0 -67.0 -27.3 7.374 

(010) -15.2 -65.3 -28.1 6.064 

(0-11) -12.2 -59.4 -31.0 4.328 

 

The interaction energies of a dimeric BU0 with its neighbors belonging to 

neighboring columns are much smaller than the ones inside them and differ for 

crystallographic directions. As a result, three types of layers can be recognized 

as possible secondary basic structural motifs (Figure 4.12). The comparison of 
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the interaction energies of dimeric BU0 within the layer (BSM2 in Table 4.7) and 

with the neighbors belonging to the neighboring layer (BSM2/BSM2) showed 

clearly that the layer parallel to the (001) crystallographic plane can be 

recognized as the most strongly bound fragment of the crystal packing in 

piracetam polymorphic form II. Thus, the structure of the polymorphic form II 

can be characterized as columnar-layered packing of dimeric building units from 

the viewpoint of interaction energies. It should also be noted that the layers 

recognized by the analysis of intermolecular interactions (the (010) layer) and 

those separated by the analysis of the pairwise interaction energies (the (001) 

layer) do not coincide. Weak C-H…O hydrogen bonds were found between the 

(001) layers, binding two neighboring BSM2. 

 

                  

Figure 4.12. The column in the [100] crystallographic direction as a primary basic 

structural motif in terms of molecules and energy-vector diagrams (in purple) in the 

polymorphic form II (on the left). The hydrogen bonds stabilized the column are shown in 

cyan lines. The packing of columns in the polymorphic form II projected in [100] 

crystallographic direction (on the right). The layers as possible secondary basic structural 

motifs are highlighted in colors according to their disposition: (001) is in green, (010) - in 

blue, (0-11) - in red. 
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4.2.3.2. Modeling of a shear deformation by quantum-chemical methods 

According to the approach proposed for aspirin, the choice of the 

direction of shear deformation in the plane defined by the study of pairwise 

interaction energies can be made using the results of quantum-chemical 

modeling. To avoid the modeling of shear deformation in the directions in which 

a shift of neighboring layers is hindered due to very small distances between 

atoms, the preliminary assessment was performed. Three model systems based 

on three types of layers defined from calculations of pairwise interaction 

energies (Table 4.7) were extracted from the experimental data in the way 

proposed in Section 4.2.1. 2D-scanning of the mobile part displacement in 

relation to the fixed part and calculations of the minimal distances between 

closest atoms belonging to the mobile and fixed parts were performed for each 

of the model systems. It was already mentioned that the geometric 

characteristics give just rough estimates, but the preliminary analysis of the 2D-

maps of the minimal intermolecular distances between the mobile and fixed 

parts (Figure 4.13) allows to choose the most probable direction of a crystal 

deformation. 

 

 

 Figure 4.13. 2D-maps of the minimal intermolecular distances (Å) during the 

displacement of the dimeric BU0 as a mobile part in relation to the fragment of the 

neighboring layer as a fixed part calculated for three model systems: layers parallel to the 

(001) crystallographic plane (on the left), layers parallel to the (010) crystallographic plane (in 

the middle) and layers parallel to the (0-11) crystallographic plane (on the right). 
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The analysis of the constructed 2D-maps of the minimal intermolecular 

distances (Figure 4.13) showed clearly that the mobile part displacement only in 

relation to the (001) crystallographic plane is possible without significant 

obstacles. At that, the [100] crystallographic direction can be defined as the 

easiest for a shear deformation along the (001) crystallographic plane (Figure 

4.13, on the left). It should also be noted that a 0.125 translation shift in this 

direction is accompanied by a small increase in the shortest intermolecular 

distances between the mobile and fixed parts of the model system. (Figure 

A 4.24). 

The next step of shear deformation modeling was the calculations of the 

interaction energies between the mobile and fixed parts of the model system 

during the displacement on one crystallographic translation in the chosen 

direction. Such calculations were performed not only for the displacement in the 

[100] direction along the (001) crystallographic plane but also for the 

displacements in the [010] and [110] directions within the same plane as well as 

displacements in the [100] direction along the (010) or (0-11) crystallographic 

planes (Table 4.8). The profiles of the interatomic distances used for the crystals 

of piracetam with the step size of 1/25 of a translation showed the smooth 

reproduction (the highest divergence of 0.004 Å) of the curves acquired for the 

shown directions of shear with the step size of 1/1000 of a translation 

(Table A 4.22). Thus, the energy profiles were calculated with the step size of 

1/25 of a translation. The energy barrier for each of the displacements was 

calculated as the difference of the initial and highest interaction energy between 

the mobile and fixed parts of the model system. The minimal energy barrier was 

calculated for the displacement in the [100] crystallographic direction along the 

(001) crystallographic plane (Table 4.8) as it was presumed by the preliminary 

assessment based on the analysis of the minimal intermolecular distances in the 

model system. The displacement of the mobile part in other crystallographic 

directions required much more energy and proved to be hardly probable. 
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Table 4.8. Energy barriers (kcal/mol) for the displacements of the dimeric BU0 as the 

mobile part relative to the fixed part in different crystallographic directions in three model 

systems.  

Displacement 

direction 

Energy barrier, kcal/mol 

Form II Form V 

Ambient 

pressure 
0.45 GPa 0.7 GPa 0.9 GPa 2.5 GPa 4.0 GPa 

[100] (001) 5.2 5.6 7.0 8.1 9.3 10.3 

[010] (001) 77.2 117.7 75.8 96.8 166.1 237.7 

[110] (001) 98.6 145.0 125.0 158.5 223.3 347.4 

[100] (0-11) 163.9 154.4 257.2 308.3 453.2 544.9 

[100] (010) 159.7 149.3 255.1 305.1 451.1 542.2 

 

The detailed analysis of the energy profile for the most probable 

displacement showed some features (Figure 4.14). First of all, the highest 

interaction energy between the mobile and fixed parts proved to be negative. 

It means that the system remains stable enough throughout the displacement 

modeling. This fact may be considered the first pre-requisite for the crystal-

crystal polymorphic transformation. The second feature of the energy profile is 

the small local minima observed just after the first step of the displacement 

(Figure 4.14, on the left). The next feature is some energy plateau in the 

transition area of the displacement process. The displacement of almost 10 steps 

from 0.24 to 0.60 of a translation requires only 0.92 kcal/mol. 

The piracetam polymorphic form II has only one symmetry operation, 

namely the center of symmetry. To reflect the displacement of one layer relative 

to not one, but two neighboring layers, the calculated energy profile for 

displacement in the [100] direction must be symmetrized, as shown in Figure 

4.14 on the right. 
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Figure 4.14. The energy profiles for the mobile part displacement in relation to the 

fixed part in the [100] direction along the (001) crystallographic plane for the polymorphic 

form II of piracetam under ambient pressure: the case of shear along the layer with 

lower c-coordinate (on the left); the overlay for both neighboring layers (on the right). 

 

Thus, the quantum-chemical modeling using the approach proposed for 

aspirin predicted the possibility of polymorphic transformation of piracetam 

form II due to the shear deformation in the [100] crystallographic direction 

along the (001) crystallographic plane. 

4.2.4. Study of the pressure influence on piracetam crystal structures using 

quantum-chemical methods 

The aforementioned approach for defining the possible direction of a 

shear deformation as a way for a possible polymorphic transformation was 

verified on the example of aspirin polymorphic modifications I and II in Section 

4.1.3. Unfortunately, the crystal structure of aspirin after the polymorphic 

transition remains unknown. The piracetam crystal structure is a very suitable 

object for the development and verification of the proposed approach due to the 

existence of X-ray diffraction data for crystal structure after the polymorphic 

transformation under pressure. Moreover, the comparison of form V at different 
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pressures gives an opportunity to discuss the mechanism of the pressure 

influence on a crystal structure. 

4.2.4.1. The analysis of crystal structures under different pressures from 

the energetic viewpoint 

Similar to form II at ambient pressure, the piracetam molecule was 

considered as a monomeric building unit and its first coordination sphere was 

constructed in all the five structures under pressure. The first coordination 

sphere includes 13 neighbors in the polymorphic form II (Table A 4.11, Figure 

A 4.15b). After polymorphic transformation to form V, the number of molecules 

belonging to the first coordination sphere increases by one at the pressures of 0.7 

and 0.9 GPa and by two with a further increase in pressure, reaching 14 and 15 

respectively (Tables A 4.12-4.15, Figures A 4.15-4.16). The total interaction 

energy of the monomeric BU with its first coordination sphere changes 

nonlinearly with the growth of pressure. It remains almost constant upon the 

compression of form II (-73.2 kcal/mol at the ambient pressure and -73.0 

kcal/mol at 0.45 GPa) and increases abruptly due to the polymorphic 

transformation to form V. The total interaction energy is -81.6 kcal/mol 

immediately after the transition and reaches a value of -83.0 kcal/mol with an 

increase in pressure up to 0.9 GPa. Afterwards, it drops to -79.0 kcal/mol at the 

pressure of 4.0 GPa.  

The detailed analysis of the monomeric BU0 with all the molecules of its 

first coordination sphere in five structures under pressure has shown that the 

pressure changes the ratio in energy between monomeric BUs (Figure 5.15), but 

the centrosymmetric hydrogen-bonded dimer remains one of the strongest and 

the steadiest to pressure influence. The interaction energy in this dimer 

decreases at the pressure of 0.45 GPa as compared to that at ambient pressure, 

but remains constant during the polymorphic transformation and pressure 
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increase up to 0.9 GPa. Further increase in pressure causes a slight decrease in 

the energy of the centrosymmetric hydrogen-bonded dimer. In such a case, this 

dimer should be considered as a dimeric building unit of the crystal structures 

under study [7]. 

 

 

Figure 4.15. The stronger interactions of a basic molecule at different values of 

pressure in forms II and V. 

 

The first coordination sphere of a dimeric BU0 contains 14 neighboring 

dimers in polymorphic structures II or 16 neighboring dimers in structures V 

(Tables A 4.16-4.21, Figures A 4.17-4.18). The total interaction energy of 

dimeric BU0 with all surrounding ones changes nonlinearly with an increase in 

pressure (Table 4.7). The analysis of the pairwise interaction energies of a 

dimeric BU0 with the neighboring dimeric BUi in structures under pressure 

showed the same features as it was found in the structure at ambient pressure. 

The hydrogen-bonded columns in the [100] crystallographic direction can be 

defined as the primary basic structural motif and three types of layers can be 

considered as possible secondary basic structural motifs. Comparison of 
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distances between the mean planes of these layers at different pressures showed 

that they decrease almost equidistantly with increasing pressure (Figure 4.16). 

This confirms the effect of isotropic pressure on the piracetam crystal in the 

diamond anvil cell [15]. However, the pressure affects the ratio in energy within 

the structural motifs and between them (Table 4.7). 

 

 

 Figure 4.16. Dependence of the distances between planes, determined by the analysis 

of the pairwise interaction energies, on the pressure value.  

 

The analysis of the energy ratio between structural motifs (BSM1/BSM1 

and BSM2/BSM2) showed that the relatively small pressure of 0.45 GPa results 

in an increase of the interaction energies between all the separated layers almost 

equally (Figure 4.17). The polymorphic transformation from form II to form V 

at the pressure between 0.45 and 0.7 GPa causes unequal changes in interaction 

energy between the layers and columns within the layer. Thus, the interaction 

energy between the layers parallel to the (001) crystallographic plane increases 

more than the interaction energy between the layers parallel to the (010) or 

(0-11) crystallographic planes. On contrary, the interaction energy between 

the neighboring columns within the (010) or (0-11) layers becomes higher than 
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the interaction energy between the neighboring columns within the (001) layer 

(Figure 4.17). It should be noted that the polymorphic transformation is 

associated with the shift in the [100] crystallographic direction along the layer 

parallel to the (001) crystallographic plane, as predicted by quantum-chemical 

modeling and confirmed by comparing structures II and V (Figure 4.18). It also 

turned out that this shift is accompanied by the destruction of weak C-H...O 

hydrogen bonds found between these layers. 

 

 

   

Figure 4.17. Interaction energy between the layers as BSM2 (on the left) and between 

the columns as BSM2 (on the right) at different pressures.  

 

A further increase in pressure leads to a certain redistribution of the 

interaction energies between primary and secondary structural motifs (Table 

4.7). The interaction energy between the layers parallel to the (001) 

crystallographic plane remains practically unchanged while the interaction 

energy between the columns within these layers decreases. The opposite 

situation is found in the case of the layers parallel to the (010) crystallographic 

plane. The interaction energy between these layers increases, while the 

interaction energy between adjacent columns within these layers decreases with 

increasing pressure (Figure 4.17). The interaction energies between the (0-11) 
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diagonal layers and between the adjacent columns inside them decrease almost 

equally with increasing pressure. Such a process results in the change of the 

crystal structure type due to the effect of pressure. The crystal structure of form 

V can be classified as columnar-layered at the pressure of 0.7 GPa and columnar 

at the pressure of 4.0 GPa. 

 

 

 Figure 4.18. The polymorphic transformation from form II to form V under pressure 

according to the experimental X-ray diffraction data. The layers parallel to the [001] 

crystallographic plane are highlighted to show their shift. 

 

Thus, the pressure influence on the piracetam crystals can be divided in 

two stages. At the first stage, the shift of the strongly bound layers recognized as 

a more probable BSM2 between which the interaction energy is the weakest 

causes the polymorphic transformation from form II to form V without the 

change of the crystal structure type from the energetic viewpoint. At the second 

stage, the redistribution of the interaction energies between three types of layers 

and between the columns inside them results in the transition from the 

columnar-layered type of the crystal structure to the columnar structure without 

the change of the polymorphic form. It should also be noted that a columnar 

structure is more isotropic than a columnar-layered one in terms of the 

interaction energies between molecules. Therefore, it can be presumed that 

pressure causes a decrease in the anisotropy of molecular crystals. 
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4.2.4.2. Modeling of shear deformation in the crystal structures under 

different pressures 

To study a possible shear deformation in structures II and V under 

pressure, quantum-chemical modeling was performed similarly to that was made 

for form II at ambient pressure. The preliminary assessment of the minimal 

intermolecular distances during the displacement of the dimeric BU0 as the 

mobile part of the model system along each of the three layers as a fixed part 

showed the same results as for form II. Comparison of the 2D-maps showed that 

an increase in pressure causes a decrease in minimal intermolecular distances 

between dimeric BU0 and molecules of the fixed part of the model system 

(Figures A 4.21-4.23). As a result, the energy barrier for the displacement in all 

the defined crystallographic directions along the three possible types of layers 

increases (Figure 4.19, Table 4.8). 

 

 

 Figure 4.19. The energy profile for the displacement of dimeric BU0 as the mobile part 

in the [100] crystallographic direction along the layer parallel to the (001) crystallographic 

plane as the fixed part. 
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The main difference between the energy profiles for the displacement in 

the most probable [100] crystallographic direction along the layer parallel to the 

(001) crystallographic plane for forms II and V is the absence of local minima in 

the area close to the initial state (Figure 4.19). The minimal displacement of 

the dimeric BU0 with respect to the fixed part of the model systems extracted 

from form V at different pressures causes a decrease in the interaction energy 

between them. At that, the interaction energy between the mobile and fixed parts 

in the model system remains negative during the displacement trajectory 

throughout the translation in the [100] crystallographic direction along the (001) 

plane. 

Modeling of shear deformation in other crystallographic directions 

showed the essential increase in the shift energy barrier with increasing pressure 

with the exception of the displacement in the [010] crystallographic direction 

along the (001) crystallographic plane (Table 4.8). The shift energy barrier in 

this direction is high enough to exclude the possibility of a shear deformation 

(77.2 kcal/mol) at ambient pressure. The pressure of 0.45 GPa leads to an 

increase of this barrier up to 117.7 kcal/mol, but the polymorphic transformation 

into form V causes the decrease of the shift energy barrier almost up to the 

initial value (75.8 kcal/mol). The displacement in the [010] direction remains 

improbable at all the pressure values due to a high shift energy barrier and high 

positive interaction energies between the mobile and fixed parts, but such a 

decrease in the energy barrier after the polymorphic transformation may indicate 

a significant reorganization of the crystal structure just in this direction. 

4.2.4.3. The study of interaction energy components using the Localized 

Molecular Orbital Energy Decomposition Analysis  

To analyze the intrinsic forces causing the polymorphic transformation 

under pressure, the energy-vector diagrams for form II at 0.45 GPa and form V 
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at 0.7 GPa have been compared (Figure 4.20). The strongest interactions in the 

studied crystals are the N-H…O hydrogen bonds forming a centrosymmetric 

dimer, the N-H…O hydrogen bonds forming columns as BSM1 and 

C-H…O/non-specific interactions found between the layers parallel to the (001) 

crystallographic plane as BSM2. The most essential difference in interaction 

energy before and after the polymorphic transformation is found in the dimer 

bound by C-H…O weak hydrogen bond in form II (Figure 4.20). 

 

 

Figure 4.20. Packing of the energy vector diagrams representing the distribution of 

monomeric building units in the crystals of piracetam polymorphic modifications II (at the 

top) and V (at the bottom) under pressures of 0.45 and 0.7 GPa, respectively. The vectors 

connecting the pairs of molecules affecting the structure most of all represented in color: the 

hydrogen-bonded (N-H…O) dimer - in violet, the ones bonded by N-H…O in BSM1 - in red, 

the non-classic hydrogen-bonded (C-H…O) ones and their shifted analogs found between the 

most probable BSM2 - in blue. The projections in a (on the left), b (in the middle), c (on the 

right) crystallographic directions are represented.  

 

An analysis of the components of interaction energy (electrostatic, 

polarization, dispersion, repulsion and exchange) is the technique that opens 
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new possibilities to understand the mechanism of polymorphic transformation. 

Therefore, such an analysis was applied to the study of the strongest interactions 

in piracetam crystals at different pressures (Tables A 4.10-4.15). The energy of 

hydrogen bonding approximated as the sum of electrostatic and polarization 

components (Figures A 4.19-4.20) and the dispersion component are the 

attractive forces acting in a crystal. The repulsive forces are presented as the 

sum of exchange and repulsion components. The energy ratio of these forces 

and their change with increasing pressure are different for the three strongest 

interactions (Figure 4.21). 

 

 

 

Figure 4.21. Energy of the hydrogen bonding (in blue), dispersive interactions (in red), 

repulsive interactions (in green) and total interaction energy (in lilac) at different pressures in 

the centrosymmetric dimer bound by two N-H…O hydrogen bonds and considered as dimeric 

BU0 (at the top, on the left); in the linear dimer bound by N-H…O hydrogen bond and formed 

BSM1 (at the top, on the right); in the dimer bound by C-H…O or non-specific interactions 

and provided the interaction between neighboring (001) layers as BSM2 (at the bottom). 
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In the case of the centrosymmetric dimer bound by two N-H…O 

hydrogen bonds, the total interaction energy remains almost unchanged at 

increasing pressure. This confirms the correctness of the choice of this dimer as 

a complex building unit in the studied piracetam crystals. Hydrogen bonding is 

much stronger than dispersive interactions and its change due to pressure 

increase is coincide with the change of the repulsive forces (Figure 4.21). The 

dispersive component of the total interaction energy does not change almost 

with increasing pressure. 

The N-H…O hydrogen bond forming the column as BSM1 proved to be 

not so rigid. The energies of hydrogen bonding and dispersive interactions are 

closer than those in the centrosymmetric dimer but the energy of hydrogen 

bonding remains higher. These attractive components of the total interaction 

energy are changed in the same way (Figure 4.21) and compensated by the 

change of repulsive interactions. As a result, the total interaction energy of this 

dimer remains almost unchanged at increasing pressure. It confirms our 

presumption that the reorganization of the piracetam crystals is caused by the 

change of interactions between primary basic structural motifs bound by the 

weakest intermolecular forces. 

The components of attractive forces (hydrogen bonding and dispersive 

interactions) are closest within the dimer bound by C–H…O hydrogen bond in 

form II or non-specific interactions in form V (Figure 4.21). The relatively small 

contribution of directed interaction like hydrogen bond into the interaction 

energy in this dimer can explain the possibility of its shift deformation that 

results in the single crystal to single-crystal polymorphic transformation. It 

should be noted that the total interaction energy increases to the highest degree 

in this dimer with increasing pressure. 

Thus, the study of the relative contribution of the components of the 

interaction energy in total energy in the three most strongly bound dimers 

showed that the stability of intermolecular interactions to deformation under 
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pressure influence depends not only upon the value of the energy of the 

intermolecular interaction, but also the relative contribution of directed and non-

directed interactions. Relatively low contribution of hydrogen bonding energy 

can lead to less rigidity of interaction and to the possibility of shifting molecules 

relative to each other. 

4.3. Computational analysis of pressure-induced shear in 

R,S-ibuprofen 

Now, when it is shown that the reasons and prerequisites of the 

polymorphic transformation can be successfully studied with the set of methods 

proposed by us, it is possible to go further and to analyze the probable 

transitions for the structure, whose inability to transform is questionable. 

Ibuprofen, popular NSAID, is a profitable candidate for detailed analysis of its 

crystalline arrangement. On one hand, it does not undergo polymorphic 

transformation during the compression up to 4.00 GPa (Figures A 4.25-4.27) 

[20]. On the other hand, it can transform during the grinding experiment 

showing ambivalence towards the mechanical processing [21]. Structure of the 

metastable polymorph II is known as well, however, it cannot be obtained 

directly from the form I allowing one to search for possible mechanism of 

conversion. 

4.3.1. Comparison of experimental and optimized in solid state structures 

Usually, experimental crystalline structures of materials can be used for 

studies of their structure from the energetic viewpoint right away after an X-ray 

experiment, but in specific cases, like metastability, etc., it is impossible or gives 

non-realistic values during computations. Ibuprofen is a typical representative of 

such a situation, the structure of the polymorphic form I is easy to use directly 

from the experimental data whereas the structure of the polymorphic form II 

defined from powder X-ray experiment gives improbable result (the hydrogen 



213 
 
 

bonded dimer has the same energy as a stacking interaction). The additional step 

of structure optimization is required then. So, the crystalline structures of the 

polymorphic modification I at different pressures were acquired by us from the 

initial one at ambient pressure to receive comprehensive information on the 

resemblance of the optimized and experimental molecular arrangements. 

The comparison showed that the mean absolute and relative deviations in 

parameters a, b and c between the experimental and vc-relaxed structures are 

0.106, 0.045, 0.201 Å and 0.754, 0.596, 1.955 %, respectively, which do not 

coincide with the experimental ones according to the 3σ (99.7%) rule. Their 

dependencies from pressure have similarities and differences. All of them have 

an inflection point at the pressure of 1.70 GPa or between 0.88 and 1.70 GPa. 

For all the main crystallographic directions the relative deviations move at first 

to the positive area with pressure and further start to fluctuate in a more-less 

stable way (Figure 4.22a). These stable fluctuations occur around the mean 

values of absolute and relative deviations of 0.129, 0.022, 0.165 Å and 0.929, 

0.304 and 1.656 % for the parameters a, b and c, respectively. Such a behavior 

may have two reasons. The first is that the decrease of the relative error in 

pressure and so the following minimization of the effect of error due to the 

growth of pressure occurs, but the real deviation of pressure is small for all 

points except the one under ambient pressure (Figure 4.22b). The second is 

based on a fact that the pressure growth may cause an abrupt repulsion growth 

between molecules at some point. For the parameter a, the value of the relative 

deviations decrease until the pressure reaches 0.88 GPa, but further suddenly 

grow at 1.70 GPa. The strange behavior was observed for the parameter b as 

well. The deviation for it grows at first, but falls down at 1.70 GPa. It is possible 

to suppose that the structure changes from strong anisotropy to a more isotropic 

packing. For example, the length of non-classic hydrogen bonds C-H…π 

becomes shorter with compression, until at 1.70 GPa a new short contacts C…H 

appear. They lay in the direction opposite to the aforementioned hydrogen bond 
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(Figure 4.23) and likely is a manifestation of the binding forces 

counterbalancing these bonds. The parameter c shows the same behavior, but the 

deviations for it decrease till the fluctuations begin. 

 

 

Figure 4.22. The absolute deviations dependency from pressure in the main 

crystallographic directions a, b and c between the experimental and optimized structures of 

the polymorphic modification I of ibuprofen (A). The zero-line is put to see the changes in 

deviations behavior on pressure. The maximum (with the error initially set in calculation) and 

really occurred relative deviations in pressure (B). 

 

 

Figure 4.23. Formation of the new short contact C…H (in green) counterbalancing the 

non-classic hydrogen bonds C-H…π (in bright blue) at 1.70 GPa. 
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Figure 4.24. Dependencies of the absolute (black) and relative (blue) deviations of 

the volume (A), void volume (B) and density (C) between the optimized and experimental 

structures from pressure in the polymorphic modification I of ibuprofen. 

 

Unfortunately, the angle β cannot be compared for the experimental and 

optimized structures, because the point group symmetry of crystals changes 

during the optimization to the lowest possible (P1) and the angles α and γ 

change from 90°. However, the volume of the unit cell can be. The relative 

deviations for it seem insignificant, but there is another fact. The volume of the 

unit cell is smaller after the optimization in all the pressure range and the 

number of molecules in the unit cell is constant (Figure 4.24a). Literally, it 

means that the density of the ibuprofen crystals should be overestimated during 

the computations. Thus, the void volume in crystals and the density for the 

optimized and experimental structures were calculated as expressed in Chapter 2 

(Figure 4.24b,c). Since the same parametrization was applied for all the 

computations and the point group have no influence in case of ibuprofen, the 
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comparison of data was done. The absolute and relative deviations of the void 

volume points out at the same fact of a much denser packing in the optimized 

structures: 34.48 Å3 and 43.77 %, respectively. However, the density changes 

lay in diapason of just 0.054 g/cm3 or 4.834 % with the mean values of 0.022 

g/cm3 and 1.793 %, respectively. There is a minimum on the curves of 

deviations more observable for the densities. It may occur because of the fact 

that in the pressure range from 0.88 to 1.70 GPa the crystal is balancing between 

the state with low, appearing below 0.88 GPa, and high repulsion, above 0.88 

GPa. 

Analysis of covalent bonds lengths and the intermolecular hydrogen 

bonds and corresponding valent angles showed ambiguous results. First, the 

covalent bonds lengths were compared for the heavy atoms, because the 

hydrogen atoms positions obviously changed after the optimization from 

geometrically chosen to the more realistic ones. According to the 3σ (99.7%) 

rule, the computed structure of the polymorphic modification I of ibuprofen does 

not correspond to the one received from the experiment under ambient pressure. 

However, it was an expected result because the minimal pressure for which the 

convergence could be reached was not 1 bar, but 1 kbar instead using the 

aforementioned combination of methods. The other structures optimized at the 

pressures coinciding with the experimental ones showed the good overlap of the 

data (Table A 4.49). Indeed, the aliphatic parts of the molecule showed the 

biggest discrepancy, but on a whole the deviation is distributed approximately 

evenly and did not appear at low pressures. 

Three types of hydrogen bonds were found in crystals during the analysis. 

All their lengths are underestimated during the computations. The deviation with 

the experimental values is the biggest for the hydrogen bonds O-H…O reaching 

the mean absolute and relative deviations of 0.27 Å and 15.17 %, respectively, 

close for all the pressures in range (Figure 4.25). These bonds from the two 

carboxylic groups form molecular dimers. The dimers are tilted to each other 
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according to the experimental data and the tilt grows with pressure, however, 

this effect does not occur after the optimization showing the stable valent angle 

of 178°. Thus, these angles are totally overestimated and the deviation of their 

determination growth from 2° under ambient pressure to 11° at the pressure of 

4.00 GPa. As well, after the optimization with variable cell routine, the new 

non-classic hydrogen bonds C-H…O appear already without compression 

instead of the pressure of 2.32 GPa, when they show up in experimental 

structures. The difference between the calculated and experimental interatomic 

distances reaches for it up to 0.17 Å. However, the deviation showed a 

behavioral gap in the diapason of pressure from 0.88 to 1.70 GPa. At the 

pressures of 0.88 GPa and below, it decreases gradually with pressure, further 

the sudden drop in accuracy occur at 1.70 GPa and the consistent decrease in the 

error prolongs. The angles are very close to the experimental ones (mean 

absolute error remains constant around 2°). The latest hydrogen bonds are C-

H…π. The in their length between the optimized and experimental structures are 

nearly the same as for C-H…O bonds (mean absolute deviation equals 0.19 Å), 

but the changes in deviation are random. The valent angles here differ randomly 

as well and their mean absolute deviation reaches 6°. 

 

 

Figure 4.25. Dependencies of the relative deviations of the hydrogen bond lengths (A) 

and corresponding valent angles (B) between the optimized and experimental structures from 

pressure in the polymorphic modification I of ibuprofen. 
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Figure 4.26. Overlap of experimental (in red) and optimized in solid state molecular 

structures of polymorphic modification II of ibuprofen. 

 

Summarizing all the above mentioned, the variable cell routine will cause 

more uncertainties than profits in case of the polymorphic modification II of 

ibuprofen. Its structure was received under ambient pressure, so the 

conventional relaxation was applied to receive the more appropriate structure 

quality. It demonstrated significant discrepancies (Figure 4.26) with the initial 

structure. However, the unit cell parameters remain unchanged and the adequacy 

of the molecular building is expectable as seen from the preliminary calculations 

for the form I. Thus, the optimized structure of the polymorphic form II of 

ibuprofen was applied in the further work instead of the experimental one. 

4.3.2. Analysis of basic structural motives from an energetic viewpoint 

Search for basic structural motives is complicated (if possible) without the 

determination of a building unit in the crystal structure. Thus, the first step 

towards an assessment of ibuprofen’s capabilities to a solid-solid shear-based 

transition is the calculation and analysis of pairwise interaction energies for the 

individual molecules. This calculation proved to be more accurate than the 

conventional geometric (visual) analysis of synthons in the crystal structure and 

obviously gives a possibility to consider more types of cohesive forces (such as 

non-directional interactions or non-classic hydrogen bonds, being an 

indefeasible component of binding) [22]. 
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Figure 4.27. The dependence of total pairwise interaction energy of monomeric (A) 

and dimeric (B) building units with their first coordination spheres from pressure in the 

polymorphic modification I of ibuprofen. 

 

The pairwise interaction energies were computed and analyzed in the 

same way as it was done for aspirin and piracetam for both polymorphic 

modifications of ibuprofen (Tables A 4.23-4.46, Figures A 4.28-4.33). For the 

form I the calculations were done at every pressure point. The first coordination 

sphere of a molecule of ibuprofen consists of 14 neighbors for the both forms. 

The total energies of interaction in the first coordination sphere are equal to -

61.0 and -67.8 kcal/mol at ambient pressure for the forms I and II. The higher 

stability of the polymorphic modification II can be expected than, but according 

to the experimental data [23] it is metastable, so the building unit in the both 

polymorphic modifications of ibuprofen is definitely not a molecule. 

Speaking of the total interaction energy changes with pressure, the 

inflection point occurs at the pressure of 1.70 GPa (Figure 4.27a). First, it grows 

gradually to -68.4 kcal/mol at 1.70 GPa, which can be described with the 

formation of new interactions and an increase in the stability of the old ones. 

According to the shortest set of van der Waals radii determined by Y.V. Zefirov 

and P.M. Zorky [24], the new hydrogen bonds were not found during the 

compression till 1.70 GPa. The stabilization of the C-H…π interactions was 

observed from the viewpoint of geometric analysis, but the interaction energies 
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in the corresponding molecular pairs show the exactly opposite behavior 

(gradual decrease from 10.6% to 9.3% from total). Few new short contacts 

C…H opposing these non-classic hydrogen bonds were found as well (Figure 

4.28a). It is unclear, if the additional stabilization of structure is caused by non-

directional interactions or reorder of weak hydrogen bonds, but anyway it causes 

the slow conversion from anisotropy to more isotropic state. Second, the 

distances between molecules in the structure become so small, that the repulsion 

overcomes the effect of stabilization and the significant shortening of contacts 

between atoms of the same type appear (Figure 4.28b): H…H (2.21 Å at 1.70 

GPa), C…C (3.41 Å at 2.65 GPa) and finally O…O in the hydrogen-bonded 

dimer of molecules (2.57 Å at 3.46 GPa). Two new weak hydrogen bonds 

appear at the pressures of 1.89 and 4.00 GPa consistently, but their stabilization 

effect is very low (Figure 4.28c). 

Analysis of the individual pairs of molecules has shown that for both 

modifications and at any pressure up to 4.00 GPa the hydrogen-bonded dimers 

(Figure 4.28b) prevail by energy over any other molecular pair in the first 

coordination sphere (Tables A 4.23, 4.25-2.34). Thus, they were chosen as the 

building units for the second stage of calculations of the pairwise interaction 

energies. Dimeric building unit can be chosen based on synthon theory [25] as 

well. According to it, the dimer bonded with the classic hydrogen bonds can be 

additionally justified as the building unit as the most rigid structure fragment in 

a view of that the 2 molecular pairs with competitive interaction energy appear 

at 1.89 GPa in the polymorphic form I (symmetry operations: x, 3/2-y, -1/2+z; x, 

3/2-y, 1/2+z). Simultaneously, the interaction energy in the aforementioned 

strongly bound secondary pairs of molecules is reached by non-directional 

interactions and shows metastable character especially on pressure higher than 

the 3.46 GPa, while the repulsion growth faster than the attraction and the H…H 

short contact form instead of C…H ones. The shortening of the interatomic 

distances in the carboxylic groups of hydrogen-bonded dimers in the 
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polymorphic modification II show extraordinary values. So, the lengths are only 

1.53, 2.27 and 2.43 Å for the hydrogen bond and two short contacts H…H and 

C…H, respectively. However, the hydrogen-bonded dimers overcome any other 

pairs in the first coordination of a molecule in the polymorphic modification II 

sphere by more than 4.5 times and can be chosen as building unit on the base of 

the interaction energy only. 

 

 

 

 

Figure 4.28. Intermolecular contacts, which stabilize the crystal structure till 1.70 GPa 

(A): changes in C-H…π hydrogen bond under pressure (left to center) and the short contacts 

C…H opposite to it; which indicate a decrease in stability of crystal on further compression: 

H…H (on the left), C…C (center) and O…O (on the right) short contacts at the pressures of 

their appearance; which cause an additional stabilization of the structure on compression up to 

4.00 GPa: two C-H…O weak hydrogen bonds at 1.89 (on the left) and 4.00 GPa (on the 

right). The cyan lines represent detected hydrogen bonds and short contacts, red one depicts 

the short contact involved in C-H…π absent under ambient pressure. 
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The redetermination of the first coordination sphere for the hydrogen-

bonded dimers of molecules as building units and the recalculation of the 

pairwise interaction energies showed that every dimer is surrounded by 18 and 

14 neighbors with non-zero interaction energies for the polymorphic 

modifications I and II, respectively (Tables A 4.35-4.46, Figures A 4.31-4.33). It 

is already expectable from the fact that the form I is denser than II (1.117 vs 

1.077 g/cm3 under ambient pressure). As well, the energies of dimers interaction 

in the first coordination sphere have more reasonable values: -100.8 and -81.0 

kcal/mol for the polymorphic modifications I and II, respectively. It corresponds 

to the fact of the form II metastability, since its stabilization is near 20% weaker 

than that for I. The dependency from pressure found for the total energy of 

interaction at the first stage of computation repeats for the pairs of dimers as 

well (Figure 4.27b). The energy growth at first from -100.8 to -114.6 kcal/mol 

(at 1.70 GPa) and later drops to 108.0 kcal/mol (at 4.00 GPa). 

Search for the basic structural motives gave different results for the 

polymorphic modifications I and II. Solely the secondary basic structural 

motives were found for the first one, it is layered (Table 4.9). For the orientation 

of the layers’ families, 3 possibilities are available. They are (100), (001) and 

(102), but just one is satisfactory according to the following criteria: 

1. The total energy of interactions in layers is 1.5 or more times higher than 

that between the layers. 

2. The total energy of interactions in layers differs by at least 1.5 times for 

the two variants of the layer arrangement. 

The layers arranged within (100) planes overcome the other ones in 

energy by more than 2 times as well as the interaction energy between them. 

They are formed by a network of 4 non-classic hydrogen bonds C-H…π (2.86 

Å, 166°) and non-directional interactions under normal conditions. The number 

of bonds and short contacts growth with the increase in pressure (Tables A 4.35-

4.46). At the same time, the interaction energy in layers decreases linearly and 
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increases in between them, but the pressure of 4.00 GPa is not enough for its 

conversion to isotropic (Figure 4.29). Thereby, the structure of polymorphic 

form I of ibuprofen remains layered regardless of pressure (Table 4.9). 

 

 

Figure 4.29. The dependency of the ratio of pairwise interaction energy in layer and 

between them from the measurement pressure. 

 

Table 4.9. The interaction energies (in kcal/mol) of dimeric building units with its first 

coordination sphere, within the separated out structural motifs and between them in ibuprofen. 

Polymorphic form 

and pressure 

(GPa) 

Interaction energy with 

the first coordination 

sphere 
Layers 

position 
SM2 SM2 / SM2 

Distance 

SM2 / SM2, Å 
Monomer 

BU 
Dimer BU 

I (0.0001) -61.4 -100.8 

(100) -80.6 -9.9 14.470 

(001) -32.4 -34.0 5.293 

(102) -30.2 -35.1 4.724 

II (0.0001) * -67.8 -81.0 

(100) -60.0 
-21.0 

(-33.6) ** 
12.335 

(101) -30.6 
-50.4 

(-4.2) ** 
4.851 

(102) -43.2 
-37.8 

(-16.8) ** 
6.868 
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Table 4.9 Continued. 

Polymorphic form 

and pressure 

(GPa) 

Interaction energy with 

the first coordination 

sphere 
Layers 

position 
SM2 SM2 / SM2 

Distance 

SM2 / SM2, Å 
Monomer 

BU 
Dimer BU 

I (0.23) -61.7 -103.2 

(100) -82.2 -10.5 14.322 

(001) -33.6 -34.8 5.236 

(102) -30.5 -36.3 4.674 

I (0.60) -64.7 -109.7 

(100) -86.9 -11.4 14.098 

(001) -35.1 -37.3 5.158 

(102) -32.5 -38.6 4.596 

I (0.80) -66.8 -112.1 

(100) -88.3 -11.9 13.986 

(001) -35.7 -38.2 5.079 

(102) -33.1 -39.5 4.526 

I (0.88) -67.2 -112.2 

(100) -88.3 -11.9 13.974 

(001) -36.0 -38.1 5.080 

(102) -33.1 -39.6 4.526 

I (1.70) -68.4 -114.6 

(100) -89.7 -12.4 13.752 

(001) -36.9 -38.9 4.978 

(102) -33.3 -40.6 4.434 

I (1.89) -66.6 -114.3 

(100) -89.2 -12.6 13.766 

(001) -36.5 -38.9 4.951 

(102) -33.2 -40.5 4.412 

I (2.32) -66.6 -112.5 

(100) -87.2 -12.7 13.684 

(001) -36.8 -37.9 4.924 

(102) -33.1 -39.7 4.392 

I (2.65) -64.8 -112.7 

(100) -87.2 -12.7 13.642 

(001) -36.7 -38.0 4.909 

(102) -32.7 -40.0 4.376 

I (3.46) -64.6 -108.5 

(100) -83.4 -12.5 13.558 

(001) -36.6 -36.0 4.843 

(102) -31.8 -38.3 4.322 

I (4.00) -62.2 -108.0 

(100) -82.6 -12.7 13.522 

(001) -36.6 -35.7 4.825 

(102) -31.9 -38.0 4.310 

* Interaction energy in the primary basic structural motives is -26.4 kcal/mol. 

** Interaction energy between the primary basic structural motives is put in brackets. 
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The polymorphic modification II demonstrates the existence of both 

primary and secondary basic structural motives and it is columnar-layered. The 

columns in structure are formed by non-directional interactions and should be 

capable to strain. Each column is surrounded by 6 neighbors. According to their 

interactions, the possible orientations of the layers’ families are limited to 3 

possibilities: (100), (102) and (101). The last one is improbable, because the 

interactions in such layers are near 2 times smaller than the ones in between 

them, but the other two are prone to appear. The layers formed in parallel to 

(100) plane are stabilized by 4 non-classic hydrogen bonds C-H…π (2.80 Å, 

172°) and non-directional interactions (Table A 4.36) very similar to how it 

happens in form I. However, the pairs of hydrogen atoms belonging to methyl 

and C2-isobutyl groups cause repulsion because of the shortening of the 

distances between them to 2.16 Å (0.18 Å shorter than the sum of their van der 

Waals radii). Thereby, the layers stabilization is influenced not just by the loose 

structure of the polymorphic form II. The other difference between the forms I 

and II of ibuprofen is that the interactions between layers parallel to (100) plane 

are much stronger in the form II (
SM2

SM2/SM2
 relationship is about 3). It means that 

the form II is much close to the isotropic structure than the most stable 

polymorph under ambient pressure. The second possibility for the layers 

formation is parallel to a plane (102). It is much less profitable. The interaction 

energy in such layers are just 1.14 times higher than that in between them, so 

their assignment is questionable. 

In summary, the following conclusions can be done from the from the 

previous steps for the next analysis of shear with topological and quantum-

chemical approaches: 

1. The possible orientations of layers are (100) in both forms and 

additionally (102) for the second. 
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2. The chains, which limit the shear direction to [010], are represented in the 

polymorphic modification II. 

3. The shear should be hindered for the polymorphic form II, because the 

interlayer interactions are at least 2 times stronger for it than for the first. 

4.3.3. Topological analysis of molecular shear in crystals of ibuprofen 

Method used for the identification of shear probability in ibuprofen is 

similar to the one used for piracetam in Section 4.2.1. There we operated with 

the minimal interatomic distances between the mobile (single building unit) and 

fixed (specific fragment of a layer neighboring to the mobile building unit) 

parts. Nevertheless, the application of minimal interatomic distances makes it 

impossible to consider the nature of interacting atoms in mobile and fixed parts. 

To introduce the type of atoms involved in interactions without excessive 

increase in calculation time, van der Waals radii were implemented as proposed 

in [26]: 

 

δij = dij – vdWi – vdWj (4.7) 

where dij, vdWi and vdWj are the distance between the atoms i in mobile part and 

j in the fixed part and their van der Waals radii respectively. 

 

The methods used to determine the neighbors and the principal directions 

of shear based on Miller indices of a slip plane repeats the one proposed for 

piracetam. The step size left unchanged (0.01 of a translation) and its absolute 

value correlated with the translation path lengths (reaching the resolution of 

0.147 Å for the structure with the longest translation under ambient pressure). 

Since the disposition of layers and building units are defined and the 

change in methodology is discussed, the preliminary topological estimation of 

the shear probability of building units becomes possible. However, this analysis 

stays questionable because the data acquired from it requires additional 
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symmetric transformations to include. In the case of ibuprofen, the polymorphic 

conversion was modelled. The shear-based transformation was considered as a 

sole possible. In the current work, two way of conversion will be examined. The 

first variant is a gradual translation of every layer in crystal beginning from the 

closest one to surface or the place of the translation initial for polymorphic 

conversion. The second is the translation of the layer along with both its 

neighbors at the same time (Figure 4.30). The point group symmetry of both 

polymorphic modifications of ibuprofen is P21/c and the building units are 

dimeric. Thus, the computational approach is similar for the forms of ibuprofen. 

It differs by an inversion of the data (maps or profiles of the minimal parameter 

δ or the pairwise interaction energy) collected for the case, when a building unit 

representing one of the layers moves along the fixed part consisting of a 

fragment of one neighboring layer. In this way, it is possible to include the 

center of inversion appurtenant to the aforementioned point group symmetry. As 

defined from the pairwise interaction energy analysis, the layers disposed in the 

plane (100). They are parallel to the glide plane c, meaning that the glide plane 

will be included anyway during the generation of neighboring layers. However, 

there is an operation left. The 2nd-order screw axis laying in parallel to the main 

direction b is involved in the generation of the different symmetric equivalents 

of building units in layers. As a first approximation, it is already included in the 

neighboring layer(s) / fixed part, but it should be involved as well in the mobile 

part, which also originally consists of the two different symmetric equivalents of 

the dimers. Thereby, the second question is to consider that the dimeric building 

units as the most stable formation in the crystal can move in a disordered way 

when the different symmetric equivalents in the same layer can move 

independently from each other, or that they can produce just the coherent shear. 

 



228 
 
 

 

Figure 4.30. Molecular view on the symmetry operations applied to data in the crystals of the 

polymorphic modification I of ibuprofen: implementation of rotation allowing to reproduce 

the complete layer with two dimeric building units (top to bottom, “x,y,z” dimer is marked in 

blue, its equivalent – in magenta), consideration of the sole (to the left) and both (to the right) 

neighboring fixed layers with the inversion (center of inversion is marked in blue or 

blue+magenta). 

 

We will consider all the 4 combinations of symmetry elements on the 

example of the polymorphic order of increase in symmetry (Figure A 4.34-

4.46): 

1. None of the symmetric transformations is applied to data received for the 

“x,y,z” (i.e. original) dimer. It is a raw model of shear of independent 
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dimeric building units along with neighboring layer as during the surface 

layers gradual destruction in the process of grinding. 

2. Data and its inverted version are overlapped and the minimal parameter δ 

at a point is chosen meaning that the maximum approach of molecules 

relative to the sum of their van der Waals radii is considered. This case is 

intermediate between the previous and next variants and means the 

disorder occurring in the bulk phase of the crystal. 

3. Data is overlapped with its version rotated around the middle of 

a translation by the main direction b. It is noteworthy that normally the 

data reflection along the main direction c should be done to simulate the 

effect of the rotational axis, but it interacts with the center of inversion. 

Thereby, the double reflection along the c-axis levels out. This case 

describes the movement of a part of crystal along a part of the crystal, 

when the layers stay unchanged themselves. 

4. Full symmetric transformation is applied to data, including as the 

inversion, as the rotation. Conversion of the polymorphic modifications is 

considered through the move of the layer along with both its neighbors at 

the same time. 

The examination will be started with the polymorphic modification I, 

whose structure allows shear at some extent and with the least symmetric variant 

of data transformation as a basic one for other cases. As seen from the Figure 

4.31, big void regions exist in structure not just around the initial position of the 

dimeric building units, but around the local maxima located at ambient pressure 

at the coordinates (0.12;0.54) or (0.88;0.46) depending on which neighboring 

layer is considered. It corresponds to the translations along the direction [029]. 

The translation path to the local maxima lays mostly in the zone with the 

parameter δ bigger than -0.250 Å at ambient pressure, meaning just a minimum 

overlap of the van der Waals radii of the atoms in dimers of the mobile and fixed 

parts. However, in spite the fact that the local maxima remain in structure till the 
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highest measured pressure, the parameter δ decreases much faster on the path 

with pressure to the minimum showing the value below -0.500 Å already at 0.60 

GPa. 

 

 

Figure 4.31. Map of parameter δ during the shear of the dimeric building unit in 

relation to neighboring layer with smaller coordinate along the main direction a parallel to 

(100) plane in the crystal of ibuprofen polymorphic form I under ambient pressure without 

symmetric transformations. The probable curvilinear (dashed line) and straightforward (solid 

line) paths of the building units during the shear are marked with white. The sizes of the void 

zone (local maximum of parameter δ) in the crystal are marked with pink and black. Dashed 

contour surrounds the zones without the shortening of interatomic distances below the 

corresponding sum of van der Waals radii (δ ≥ 0). Bold contour surrounds zones with δ 

smaller than -0.250 Å. 

 

Noteworthy, that solely the straightforward variants of paths were 

selected, because the curvilinear variants seem questionable in case of DAC 
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technique, but both ways are probable during the milling. Thus, the possibility to 

convert should remain at least till the pressure of 0.88 GPa (Figure 4.32). The 

linear sizes of the zones with positive parameter δ, where the van der Waals 

radii of the parts do not overlap, at ambient pressure, are close to 1.579 and 

2.576 Å in directions b and c, respectively. The dimeric building unit may shear 

inside zones without strong repulsion according to our previous study. Besides 

that, they have a complex inner structure based on van der Waals radii overlap 

and may contain more than 1 maxima as well as the zones around the original 

position of dimers in the crystal structure as it was found for piracetam (Figure 

4.13). 

 

 

Figure 4.32. The dependency of the parameter δ from the measurement pressure at the 

point, where the closest rapprochement of the dimeric building units of mobile and fixed parts 

happens during the path from the original dimer position to the biggest local maxima. 
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Figure 4.33. Diapason of the directions, for which the shear may lead to some 

transformations in the structure of ibuprofen polymorphic form I is shown as white net on the 

map of parameter δ during the shear of the dimeric building unit in relation to two 

neighboring layers (inverted) parallel to (100) plane in crystals under ambient pressure (A). 

Dashed contour surrounds the zones without the shortening of interatomic distances below the 

corresponding sum of van der Waals radii (δ ≥ 0). Bold contour surrounds zones with δ 

smaller than -0.250 Å. Profiles of the parameter δ during the shear of the layer under ambient 

pressure (B) and at the pressure of 0.60 GPa (C) along with the main direction c (in black), 

the directions [0 1 12] (in red) and [029] (in blue) as the closest and farthest to c, respectively. 

 

The other positions, which require the accurate quantum-chemical 

assessment, are just the trails of the aforementioned zones around the local 

maxima of δ. However, they stay actual in all the types of the symmetric 

transformations excluding just the complete (4th) variant. In case of the 

inversion, the void regions were detected in two diapasons [0.03;0.08] by x and 

[0.60;0.64] by y-axis or [0.92;0.97] and [0.36;0.40], respectively, with the 

parameter δ not higher than 0.250 Å. Since the x-axis corresponds to [010] 

direction and y-axis to [001], respectively, the relocation of the dimeric building 
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units along the directions laying in diapason from [0 1 12] to [029] may result in 

some transformations in the crystal structure of polymorphic form I of ibuprofen 

(Figure 4.33a). It is important to note, that the trails of the local maxima cross 

the y axis of the topological maps. Thus, we can easily estimate the probability 

of a relocation of the dimeric building units in the area of the secondary maxima 

of δ with the original quantum-chemical method proposed for aspirin by moving 

the dimer along the direction [001]. Energy deviations may occur in case of the 

maps inversion at any pressure because the parameter δ differs for the path of 

dimer from the original position to the void region and the path along the 

direction [001] (Figure 4.33b,c). However, at the pressure of 0.60, it is easily 

seen that the most sensitive zone along the direction [001], where the parameter 

δ reaches its maximum, is subjected to the compression much more than the one 

along the real path to the void region. So, the energy difference between the real 

path and the one along [001] grows in a non-linear way and have to be taken 

into account. Nevertheless, the error should not occur, it a part of crystal moves 

along a part of the crystal (in the 3rd variant of the symmetric transformation) 

because the maximum of parameter δ lays exactly on the y-axis. Thus, the 

energy estimation along the direction [001] will correspond to the direction of 

the path from the global to local maxima on the map. In both aforementioned 

cases of symmetric transformations, the path along the direction [001] is 

sterically hindered and the parameter δ reaches the value over -0.500 Å already 

under ambient pressure. The sizes of the void domains quickly decrease with 

pressure and disappear (the parameter δ reaches the value over -0.500 Å) at the 

pressure of 2.32 or 1.70 GPa in cases of map inversion or rotation, respectively. 
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Figure 4.34. The map of parameter δ (A) and the shear profile along the main direction 

c subtracted from it (B). The map is generated within the shear of the dimeric building unit 

and its rotated symmetric equivalent in relation to two neighboring layers (inverted) parallel 

to (100) plane in the crystal of ibuprofen polymorphic form I under ambient pressure (A). 

Dashed contour surrounds the zones without the shortening of interatomic distances below the 

corresponding sum of van der Waals radii (δ ≥ 0). Bold contour surrounds zones with δ 

smaller than -0.250 Å. The shifted original dimeric building unit (balls’n’stick model) is 

shown at the positions of 0.34 or 0.66 (blue arrows) and 0.50 (green arrows) of translation in 

relation to the closest 2 dimers from the neighboring layer (capped sticks model) with smaller 

coordinate along the main direction a parallel to (100) plane. The shortest contacts are shown 

in green. 

 

The variant of the symmetric transformation, when both of the operations 

are applied and, so, the shear of a layer within both its neighbors, is the least 

informative from the point of view of possible maxima of parameter δ. 
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Nevertheless, it shows the void regions and the capabilities to shear, which are 

the most probable in the crystal structure. As for all the other counted cases of 

symmetric transformation, the dimeric building units probably can move along 

just one direction without blocking or cracking, because solely during the 

translation along with the main direction c the fixed and mobile parts do not 

come into close rapprochement at least under the pressure of 0.88 GPa and 

below (Tables A 4.47-4.48, Figure A 4.38). Whereas, the big local maxima 

described previously do not appear. Instead of them, the three smaller ones at 

0.34, 0.50 and 0.66 exist along with the main direction c, coinciding with the 

axis, thus, having the reflections on the pairwise interaction energy curves. The 

parameter δ is greater at 0.34 and 0.66 part of a translation showing the value of 

-0.362 Å against -0.384 Å in the middle of a translation under ambient pressure, 

but the mutual arrangement of the fixed and mobile parts is characterized by the 

shortening of the intermolecular distances between the atoms in 2 methylpropyl 

groups in a dimer-like manner (Figure 4.34). Thus, it is unclear without 

quantum-chemical calculation which of the local maxima is preferable for the 

building units. 

In spite of the fact, the two orientations for the shifting layers are possible 

for polymorphic modification II of ibuprofen, it has much less abilities to 

deform under external influences. The layers family most profitable from the 

energetic viewpoint according to the static analysis of the crystal structure is 

parallel to the plane (100) same as for the polymorphic form I. However, the 

sole significant void region is disposed in the zone hardly reachable during the 

shear-based transitions in case of the least symmetric transformation of data as 

seen from Figure 4.35. The exact location of a maximum parameter δ can be 

defined and any internal structure of the void region is absent. It is [0.25;0.47] 

and the value of the corresponding parameter δ is -0.224 Å. All the 

straightforward paths are sterically hindered (δ > -2.000 Å) and the curvilinear 

ones meet the region with δ around -1.550 Å, what is objectively impossible to 
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pass. The linear move along the main crystallographic directions b and c are 

hindered as well. The compression along c-axis meets the minimum value of the 

parameter δ less than -2.000 Å, but along b-axis it is possible that this movement 

can be reached with difficulty (δ ≈ -1.054 Å). 

 

 

Figure 4.35. The map of parameter δ (A) and the shear profiles along the main 

directions b (black) and c (in red) subtracted from it (B). The curvilinear (dash) and 

straightforward (solid) paths of the building units during the shear are marked with white. The 

regions preventing shear with strong overlap of van der Waals radii are marked with black on 

the map. Dashed contour surrounds the zones without the shortening of interatomic distances 

below the corresponding sum of van der Waals radii (δ ≥ 0). Bold contour surrounds zones 

with δ smaller than -0.250 Å. 

 

The second layers disposition probable according to the energetic 

structure of crystal is (102). The sole void region was found from 0.95 to 0.28 

and from 0.47 to 0.57 of a translation along the directions [010] and [-201]. The 

linear sizes of the corresponding zones with positive parameter δ, where the van 

der Waals radii of the parts do not overlap, are about 1.938 and 3.155 Å. It 

cannot be reached from the initial position of dimer in crystal structure, but 

rather big and have inner structure (Figure 4.36). The less sterically hindered 

curvilinear path crosses the diapason of crystal, where the parameter δ is about -

1.500 Å, so the layers invariantly come in too close rapprochement on shear. As 
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for the most probable layers family (100), the sole straightforward path available 

for the movement of dimers is codirected with the crystallographic axis b and 

wherein the minimum parameter δ is -0.974 Å. The smaller overlap of the van 

der Waals radii of the mobile and fixed parts on movement along the direction 

[010] makes the disposition of layers in parallel to the plane (102) more 

preferred for the molecular shear on compression. 

 

 

Figure 4.36. Map of parameter δ during the shear of the dimeric building unit in 

relation to neighboring layer with smaller coordinate along the main direction a parallel to 

(102) plane in the crystal of ibuprofen polymorphic form II under ambient pressure without 

symmetric transformations. The sole probable curvilinear path of the building units during the 

shear is marked with white dash and the region with strong overlap of van der Waals radii is 

marked with cross on the map. Dashed contour surrounds the zones without the shortening of 

interatomic distances below the corresponding sum of van der Waals radii (δ ≥ 0). Bold 

contour surrounds zones with δ smaller than -0.250 Å. 

 

The case without any symmetric transformations when solely a building 

unit moves along one layer showed that the secondary maxima of the parameter 
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δ exist in structure for the polymorphic modification II of ibuprofen. It means 

that the positions alternative to the original one are represented, but not 

achievable without change in conformation. They disappear, when any 

symmetric transformations are applied to data except the case of rotation for the 

layers family parallel to plane (102) and even for this variant the positions 

cannot be reached without the overcoming the strong steric hindrance (δ > -

2.000 Å). Nevertheless, the linear movements on compression along the 

direction [010] remain possible and noteworthy for further quantum-chemical 

assessment of the shear energy barriers. 

4.3.4. Quantum-chemical calculation of shear probability 

Two out of four earlier considered cases of molecular shear have a low 

possibility of appearance. These are the cases when the sole dimer or the 

original dimer and its symmetric equivalent are surrounded by the two fixed 

layers (2nd and 4th types of symmetric transformation). The first means chaotic 

movements of the sole dimer in the bulk phase of crystal. It will not be 

considered in the shear energy profiles. The second is possible, but it is a special 

case of multiple layers shear during the grinding. This case is not proved to be 

optimal and its probability is questionable. On the other hand, the initial shear of 

the sole dimer on the surface and the case of the rotated data, when a part of 

crystal moves along a part of the crystal, are worthy to assess. 

The preliminary assessment of the crystal structure from the energetic and 

topological viewpoints allowed to separate out just one probable direction for 

the shear in the polymorphic modification I of ibuprofen. It is [001] for the 

layers family parallel to plane (100). The rotation of data does not affect this 

direction, so the shear energy profiles for the polymorphic form I at any pressure 

remained unchanged during the analysis. However, the shear in the form II has 

high probability along with the direction [010] for both layers orientations in 

parallel to (100) and (102). Thus, the rotational axes will require the additional 
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symmetric transformation of the shear energy curves. The rotated shear energy 

profiles were overlapped with their own mirror images (curves reflected in 

relation to the middle of a translation) for the future search of local extrema. 

Thereby, the 3 cases will be considered: 

1. Shear of the original dimeric building unit along with the direction [001] 

in parallel to neighboring layer (100) for the polymorphic modification I 

of ibuprofen to model the movement of a dimer on the surface and part to 

part movement in crystal. 

2. Shear of the original dimeric building unit along with the direction [010] 

in parallel to neighboring layers (100) and (102) for the polymorphic 

modification II of ibuprofen to simulate the movement of a dimer on the 

corresponding crystalline facet. 

3. Shear of the original dimeric building unit and its symmetric equivalent 

belonging to the same layer along with the direction [010] in parallel to 

neighboring layers (100) and (102) to assess the possibility of any part to 

part movements in crystals of the polymorphic modification II of 

ibuprofen. 

The number of calculated pressure points has been reduced in accordance 

with the total energy of pairwise interactions in the first coordination sphere of 

dimeric building units (Figure 4.27b). The range of pressure from 1 bar till 

1.70 GPa was considered, because of the attraction growth in crystals of 

ibuprofen. Further, the structures at maximum pressure (4.00 GPa) and an 

intermediate one at 2.65 GPa were calculated. Evaluation of the shear 

probability showed that the topological analysis coincides well with the 

quantum-chemical data (Figures A 4.47-4.56). 
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Figure 4.37. Profiles of interaction energy (in bright green) and topological parameter 

δ (in red) occurring during the shear of the dimeric building units along the main 

crystallographic direction c in parallel to one neighboring layer (100) with lower coordinate a 

in the crystals of the polymorphic modification I of ibuprofen under ambient pressure (to the 

left). The positions of zeroes are marked with the black and blue dashed lines. The positions 

of the main and secondary maximum values of the interaction energy used for the calculations 

of global and local barriers are marked with magenta and olive solid lines. The dependency of 

the main (in red) and secondary (in bright green) shear energy barriers as well as their 

difference (in black) from pressure is shown on the right. The breaks on the x- and y-axes are 

shown with black lines. 

 

Estimation of the shear in the polymorphic modification I of ibuprofen 

showed that the movement along with the main crystallographic direction c is 

possible, but the interaction prevails over the repulsion between the mobile and 

fixed parts along all the path of a translation just under the ambient pressure. 

It means that the translation of layers (100) along [001] direction is easy to reach 

without crystal destruction and the shear from (0;0;0) to (0;0;1) point (in 

crystallographic coordinates) may occur on mechanical treatment. At the 

pressures of 0.23 and, probably, 0.60 GPa, the complete translations of the 

mobile part should be still possible, because the positive components of 

interaction energy are not too high to limit them (maxima at 2.6 and 12.9 

kcal/mol). It means the appearance of the hindrance for movement of the layers 

(100) shear along [001]. The chances of the complete translations in all the other 
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points of the diapason of pressures decrease drastically with the growth of the 

shear energy barriers (Figure 4.37). The shear barrier grows from 10.1 kcal/mol 

under ambient pressure to 190.7 kcal/mol at 4.00 GPa, reaching the value of 

24.9 kcal/mol at 0.60 GPa showing additionally that the movement is hardly 

possible already at relatively low pressures. 

Indeed, the shear energy profiles are not symmetric. This fact did not 

affect the energy barriers and so meaningless in case of mechanical grinding or 

the movement of layers on indentation, but the complete translation is not 

required in case if the possibility of polymorphic transformations is evaluated. It 

is seen that a local minimum at 0.40 part of a translation is represented in 

structure of the polymorphic modification I of ibuprofen in all the diapason of 

pressure. It can be reached through the aforementioned global maximum 

disposed at the position of 0.75 of a translation or over a smaller one, which lays 

at 0.25 of a translation. Here the difference between the cases of dimer on the 

surface and the part to part of crystal movements appear. In the situation, when 

the dimeric building unit shears onto the surface of crystal, it means that the 

transmission of the energy bigger than the shear barrier thereto at a tangent to 

the surface will affect the crystal in different ways. The shear will be already 

available along one facet, while it will be still hindered on the other one. 

However, such a situation is difficult to prove and does not take into account the 

possibility of the distancing of the mobile part from the crystal surface. 

Everything changes, when the part of crystal moves along the part of crystal. 

The layers are pressed to each other, so the distances between them cannot 

increase greatly. Thereby, the transmission of the energy from both sides will 

lead to the same structure, just the choice of the movable part is different. For 

example, the compression along the main crystallographic direction c in case of 

the polymorphic modification I of ibuprofen will result in a consistent shear of 

layers (by 0.4 part of a translation) with lower coordinate by the direction a and 

vice versa with higher coordinate along a on pression reverse to c (Figure 4.38). 
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Figure 4.38. Preferred direction of layers shear (A) in cases of compression in the 

main crystallographic direction c (blue) and in the direction reverse to c (yellow) in the 

polymorphic form I of ibuprofen and the resulting structure (B). 

 

Since the final structure of the polymorph after such an incomplete shear 

is similar in both directions, it is logical to estimate the probability of this 

movement on the base of the smaller local maximum and local shear energy 

barrier. On one hand, it grows with pressure as well, proving the inability of the 

polymorphic modification I of ibuprofen to transform at high pressures. On the 

other, it extends the diapason of pressures, at which the transformation may 

occur, to at least 0.23 GPa, where the local maximum lays in the attractive zone 

(-1.9 kcal/mol) and the shear energy barrier is just 9.1 kcal/mol. In comparison 

to the previous works, this diapason of pressures can be even extended till 1.70 

GPa on condition that the small zone of repulsion may occur between the mobile 

and fixed parts during the shear. The difference between the global and local 

energy barriers grows slowly with pressure (Figure 4.39). It means that the 

difference in behavior of the dimers disposed on the different facets in case of 

dimeric building unit on the surface or the divergency in energy required for the 

conversion to some intermediate state and for complete transition in case of part 

to part movements in crystal become bigger with pressure. However, the 

absolute values of energy needed for the conversion to the intermediate state 

increase itself making the high-pressure processing less preferred than low 
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pressure treatment. It was presumed also from topological analysis that the 

energy barrier of the transition from the original dimer position to the one in 

alternative range shown in Figure 4.33 is smaller than the barrier of the 

analogous transition along the direction c. On one hand, it allows to make a 

conclusion that the real conversion barrier is even stronger diverges with the one 

calculated by us and the shear-based conversion is probable in wider range of 

pressures. On the other one, it shows that the low-pressure treatment required for 

the acquisition of the intermediate state from form I should be even easier than it 

was suggested. It fits well with the fact that the amorphous phase was not 

obtained in high-pressure experiment, but the grinding with mesoporous silica 

turned out successful. However, the amorphous state has no stable (periodic) 

structure, so its comparison of the alternative structure acquired from the 

calculations of shear is sophisticated. 

 

 

Figure 4.39. The dependency of the relative difference between the global and local 

shear energy barriers from the measurement pressure in the polymorphic modification I of 

ibuprofen. 

 

It is been shown that the dimeric building units have more probable 

directions of the complete transition along translations than the first. However, 

this conclusion from the topological analysis is untrue and the quantum-
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chemical calculations showed that the barriers for the layers shear are extremely 

high and hardly possible to overcome without the destruction of crystals (Figure 

A 4.55-4.56). They reach the values of 61.9 and 41.3 kcal/mol for the layers 

families parallel to planes (100) and (102), respectively, and the maxima to 

overcome are 51.1 and 21.8 kcal/mol for the same movements. These values are 

higher than the ones presumed as maximum possible in the polymorph I of 

ibuprofen. They do not change from symmetric operations. The shear along the 

main crystallographic direction b has more than 2 times higher probability than 

any other movement of layers in crystals of the form II. Thereby, there is no 

shear-based transformations available in the polymorphic modification II. 

Together with the fact that the conformations of the molecules differ between 

the polymorphs I and II of ibuprofen it coincides well with the experimental 

results saying that the polymorphic modification II undergoes first 

the conversion to amorphous state [27]. 

4.4 Conclusions 

New approach was proposed for assessing the probable mechanical 

properties of individual polymorphic modifications of APIs and polymorphic 

transformations in their crystals by calculating the shear energy barriers of 

molecular layers. It only requires the determination of the crystal structure by 

any available method as a starting point. Also, this approach is computationally 

cheap, which is explained by the following set of criteria: 

1. By means of a one- or two-stage calculation and analysis of pairwise 

interaction energies, the bound building units and the most strongly basic 

structural motives are univocally determined. 

2. With the help of topological analysis, improbable directions of 

displacement of the revealed structural motifs are eliminated according to 

the principle of excessive shortening of the van der Waals radii of atoms 

in the shifting layers of molecules. 
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3. Quantum-chemical evaluation is carried out only in the main directions, 

which correspond to the pressure on the possible crystal faces. 

The proposed approach was used to assess the mechanical properties of 

aspirin, which revealed that the [001] crystallographic direction within the (100) 

crystallographic plane is the most likely for a shear deformation for the 

polymorphic modifications I and II. While the deformation in the [010] direction 

within the same plane needs more energy due to the necessity to break C-H...O 

hydrogen bonds formed between the mobile and fixed parts of the model system 

during the translation. It coincides with the results of nanoindentation 

experiments. As well, it was found that strong repulsion between the mobile and 

fixed parts occurs during the displacement in both directions within the (100) 

crystallographic plane. At the same time, it was revealed for the polymorphic 

modification IV of aspirin that the most probable direction of a shear 

deformation is the [010] crystallographic direction within the (100) 

crystallographic plane. Such shear undergoes without any steric repulsion and it 

may be used to explain the low stability of polymorphic structure IV. 

The same analysis performed for piracetam has shown very similar 

observation, which proves the conclusions done for aspirin. However, this study 

was about the possible polymorphic transformation of form II to form V. Forms 

II and V of piracetam are able to transform reversibly into each other under the 

pressure of about 0.7 GPa. We found that such a transition from Form II is 

preceded by the appearance of a local minimum on the shift energy profile in the 

solely available direction [100] for the (001) layers. We also proposed a method 

for studying the distribution of interaction energy components in crystals, based 

on the LMOEDA quantum-chemical approach. It showed that not only the total 

interaction energy and the ratio of repulsive and attractive forces are important 

for the possibility of polymorphic transformation, but also the energy ratio of 

hydrogen bonding and non-specific interactions (like dispersion). Moreover, 

the most significant was the possibility of breaking the dimer bound by weak 
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C-H…O hydrogen bonds with its subsequent stabilization by non-specific 

interactions. 

Ibuprofen was the latest subject of research. A solid-phase optimization 

technique with the least effect on the experimentally determined characteristics 

was proposed and used for its polymorphic modification II. Its layered or 

columnar-layered structures for polymorphs I and II respectively are well suited 

for discussions of the influence of crystal symmetry on the energy profiles of 

displacement and, as a consequence, on the type of shear inherent to crystals. 

Four possible types of displacement in the crystal were formulated. 

For polymorphic modification I, such displacement directions were revealed that 

they did not coincide with the main directions of the crystal lattice ([029] and 

[0 1 12] in the (100) plane), which can lead to the impossibility of detecting or 

overestimating the ability to be deformed by indentation methods or with our 

quantum-chemical method. Shear in these directions leads to the regions of 

secondary local minima (distancing of layers) found during the topological 

analysis. These regions appear as secondary minima on the shift energy profiles 

at all pressures, but the shift energy barrier increases abruptly at 0.60 GPa 

showing the decrease in the probability of shear at elevated pressure. They may 

indicate that the polymorphic modification of ibuprofen has new opportunities 

for transformation, as well as the possibility of detecting crystal-amorphous 

phase transitions by our method. At the same time, form II did not show 

the possibility of transition without the destruction of crystals. 
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4.6. Chapter 4 Appendix 

Table A 4.1. Symmetry codes, bonding types, interaction energies of the basic 

monomeric BU with neighboring ones (Eint, kcal/mol) and the contribution of these energies 

to the total interaction energy (%) in the crystal of aspirin form I. 

Dimer Symmetry operation Eint, kcal/mol 

Contribution to the 

total interaction energy, 

% 

Interaction 

d1 x,1+y,z -4.9 7.7 non-specific 

d2 x,-1+y,z -4.9 7.7 non-specific 

d3 1-x,1/2+y,5/2-z -2.1 3.3 non-specific 

d4 1-x,-1/2+y,5/2-z -2.1 3.3 non-specific 

d5 2-x,1/2+y,3/2-z -0.6 0.9 non-specific 

d6 2-x,-1/2+y,3/2-z -0.6 0.9 non-specific 

d7 1-x,-y,2-z -19.9 31.5 O-H…O, 1.65 Å, 174° 

d8 1-x,1-y,2-z -5.5 8.7 Stacking, C…C, 3.32Å 

d9 2-x,-y,2-z -3.6 5.6 non-specific 

d10 2-x,1-y,2-z -6.0 9.5 non-specific 

d11 x,1/2-y,1/2+z -3.7 5.9 C-H…π, 2.71 Å, 178° 

d12 x,1/2-y,-1/2+z -3.7 5.9 C-H…π, 2.71 Å, 178° 

d13 x,3/2-y,1/2+z -2.8 4.4 non-specific 

d14 x,3/2-y,-1/2+z -2.8 4.4 non-specific 
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Table A 4.2. Symmetry codes, bonding types, interaction energies of the basic 

monomeric BU with neighboring ones (Eint, kcal/mol) and the contribution of these energies 

to the total interaction energy (%) in the crystal of aspirin form II. 

Dimer Symmetry operation Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,1+y,z -4.9 7.6 non-specific 

d2 x,-1+y,z -4.9 7.6 non-specific 

d3 -x,1/2+y,1/2-z -4.8 7.4 non-specific 

d4 -x,-1/2+y,1/2-z -4.8 7.4 non-specific 

d5 1-x,1/2+y,3/2-z -2.2 3.4 non-specific 

d6 1-x,-1/2+y,3/2-z -2.2 3.4 non-specific 

d7 -x,-y,-z -0.6 0.9 non-specific 

d8 1-x,-y,1-z -21.3 33.2 O-H…O, 1.64Å, 176° 

d9 1-x,1-y,1-z -5.5 8.6 Stacking, C…C, 3.36Å 

d10 x,1/2-y,1/2+z -3.8 5.9 C-H…π, 2.71 Å, 176° 

d11 x,1/2-y,-1/2+z -3.8 5.9 C-H…π, 2.71 Å, 176° 

d12 x,3/2-y,1/2+z -2.8 4.3 non-specific 

d13 x,3/2-y,-1/2+z -2.8 4.3 non-specific 
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Table A 4.3. Symmetry codes, bonding types, interaction energies of the basic 

monomeric BUs A and B with neighboring ones (Eint, kcal/mol) and the contribution of these 

energies to the total interaction energy (%) in the crystal of aspirin form IV. 

Dimer 
Symmetry 

operation 
Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction Neighbor type 

Monomers neighboring to molecule A 

d1 2-x,2-y,2-z -2.7 2.2 non-specific A 

d2 2-x,3-y,2-z -23.2 19.1 
O-H…O, 1.58Å, 

171° 
A 

d3 1-x,1/2+y,3/2-z -2.1 1.7 
C-H…π, 2.84 Å, 

140° 
B 

d4 1-x,3/2+y,3/2-z -1.1 0.9 H…H, 2.11Å B 

d5 2-x,1/2+y,3/2-z -4.8 4.0 
C-H…π, 2.66 Å, 

162° 
A 

d6 2-x,1/2+y,3/2-z -1.8 1.5 non-specific B 

d7 2-x,-1/2+y,3/2-z -4.8 4.0 
C-H…π, 2.66 Å, 

162° 
A 

d8 1+x,1/2-y,1/2+z -1.4 1.1 non-specific B 

d9 1+x,3/2-y,1/2+z -2.2 1.8 non-specific B 

d10 x,y,z -0.9 0.7 H…H, 2.28Å B 

d11 x,1+y,z -7.5 6.1 non-specific A 

d12 x,1+y,z -2.3 1.9 non-specific B 

d13 x,-1+y,z -7.5 6.1 non-specific A 
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Table A 4.3 Continued. 

Dimer 
Symmetry 

operation 
Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction Neighbor type 

Monomers neighboring to molecule B 

d14 1-x,-y,1-z -21.0 17.3 
O-H…O, 1.67Å, 

170° 
B 

d15 1-x,1-y,1-z -1.9 1.6 non-specific B 

d16 1-x,1/2+y,3/2-z -5.1 4.2 
C-H…O, 2.46Å, 

130° 
B 

d17 1-x,-1/2+y,3/2-z -5.1 4.2 
C-H…O, 2.46Å, 

130° 
B 

d18 1-x,-1/2+y,3/2-z -2.1 1.7 C…H, 2.84Å A 

d19 1-x,-3/2+y,3/2-z -1.1 0.9 H…H, 2.11Å A 

d20 2-x,-1/2+y,3/2-z -1.8 1.5 non-specific A 

d21 -1+x,1/2-y,-1/2+z -1.4 1.1 non-specific A 

d22 -1+x,3/2-y,-1/2+z -2.2 1.8 non-specific A 

d23 x,y,z -0.9 0.7 H…H, 2.28Å A 

d24 x,1+y,z -7.3 6.0 
Stacking, C…C, 

3.36Å 
B 

d25 x,-1+y,z -7.3 6.0 
Stacking, C…C, 

3.36Å 
B 

d26 x,-1+y,z -2.3 1.9 non-specific A 
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Table A 4.4. Symmetry codes, bonding types, interaction energies of the basic dimeric 

BU with neighboring ones (Eint, kcal/mol) and the contribution of these energies to the total 

interaction energy (%) in the crystal of aspirin form I. 

Dimer 

of 

dimers 

Symmetry 

operation 
Eint, kcal/mol 

Contribution to the total 

interaction energy, % 
Interaction 

dd1 x,1+y,z -13.4 17.8 Stacking, C…C, 3.32Å 

dd2 x,-1+y,z -13.4 17.8 Stacking, C…C, 3.32Å 

dd3 1+x,y,z -1.6 2.1 non-specific 

dd4 1+x,1+y,z -4.6 6.0 non-specific 

dd5 -1+x,y,z -1.6 2.1 non-specific 

dd6 -1+x,-1+y,z -4.6 6.0 non-specific 

dd7 -x,1/2+y,5/2-z -0.8 1.0 non-specific 

dd8 -x,-1/2+y,5/2-z -0.8 1.0 non-specific 

dd9 1-x,1/2+y,3/2-z -5.5 7.3 C-H…π, 2.71 Å, 178° 

dd10 1-x,1/2+y,5/2-z -5.5 7.3 C-H…π, 2.71 Å, 178° 

dd11 1-x,3/2+y,3/2-z -2.8 3.7 non-specific 

dd12 1-x,3/2+y,5/2-z -2.8 3.7 non-specific 

dd13 1-x,-1/2+y,3/2-z -5.5 7.3 C-H…π, 2.71 Å, 178° 

dd14 1-x,-1/2+y,5/2-z -5.5 7.3 C-H…π, 2.71 Å, 178° 

dd15 1-x,-3/2+y,3/2-z -2.8 3.7 non-specific 

dd16 1-x,-3/2+y,5/2-z -2.8 3.7 non-specific 

dd17 2-x,1/2+y,3/2-z -0.8 1.0 non-specific 

dd18 2-x,-1/2+y,3/2-z -0.8 1.0 non-specific 
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Table A 4.5. Symmetry codes, bonding types, interaction energies of the basic dimeric 

BU with neighboring ones (Eint, kcal/mol) and the contribution of these energies to the total 

interaction energy (%) in the crystal of aspirin form II. 

Dimer 

of 

dimers 

Symmetry 

operation 
Eint, kcal/mol 

Contribution to the total 

interaction energy, % 
Interaction 

dd1 x,1+y,z -13.4 17.8 Stacking, C…C, 3.36Å 

dd2 x,-1+y,z -13.4 17.8 Stacking, C…C, 3.36Å 

dd3 1+x,y,1+z -0.8 1.0 non-specific 

dd4 -1+x,y,-1+z -0.8 1.0 non-specific 

dd5 -x,1/2+y,1/2-z -3.3 4.4 non-specific 

dd6 -x,-1/2+y,1/2-z -3.3 4.4 non-specific 

dd7 1-x,1/2+y,1/2-z -5.6 7.4 C-H…π, 2.71 Å, 176° 

dd8 1-x,1/2+y,3/2-z -5.6 7.4 C-H…π, 2.71 Å, 176° 

dd9 1-x,3/2+y,1/2-z -2.8 3.7 non-specific 

dd10 1-x,3/2+y,3/2-z -2.8 3.7 non-specific 

dd11 1-x,-1/2+y,1/2-z -5.6 7.4 C-H…π, 2.71 Å, 176° 

dd12 1-x,-1/2+y,3/2-z -5.6 7.4 C-H…π, 2.71 Å, 176° 

dd13 1-x,-3/2+y,1/2-z -2.8 3.7 non-specific 

dd14 1-x,-3/2+y,3/2-z -2.8 3.7 non-specific 

dd15 2-x,1/2+y,3/2-z -3.3 4.4 non-specific 

dd16 2-x,-1/2+y,3/2-z -3.3 4.4 non-specific 
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Table A 4.6. Symmetry codes, bonding types, interaction energies of the basic dimeric 

BUs AA and BB, based on the corresponding molecules A and B, with neighboring ones (Eint, 

kcal/mol) and the contribution of these energies to the total interaction energy (%) in the 

crystal of aspirin form IV. 

Dimer 
Symmetry 

operation 
Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction Neighbor type 

Dimers neighboring to AA-BU 

dd1 x,-1+y,z -17.7 11.2 non-specific AA 

dd2 x,1+y,z -17.7 11.2 non-specific AA 

dd3 2-x,-0.5+y,1.5-z -4.9 3.1 
C-H…π, 2.68 Å, 

163° 
AA 

dd4 2-x,-0.5+y,2.5-z -4.9 3.1 
C-H…π, 2.68 Å, 

163° 
AA 

dd5 2-x,0.5+y,1.5-z -4.9 3.1 
C-H…π, 2.68 Å, 

163° 
AA 

dd6 2-x,0.5+y,2.5-z -4.9 3.1 
C-H…π, 2.68 Å, 

163° 
AA 

dd7 1-x,0.5+y,1.5-z -2.2 1.4 non-specific BB 

dd8 1-x,1.5+y,1.5-z -3.0 1.9 non-specific BB 

dd9 1-x,2.5+y,1.5-z -3.6 2.3 non-specific BB 

dd10 x,y,z -1.2 0.8 non-specific BB 

dd11 x,1+y,z -2.4 1.5 non-specific BB 

dd12 2-x,0.5+y,1.5-z -3.6 2.3 non-specific BB 

dd13 2-x,1.5+y,1.5-z -2.9 1.9 non-specific BB 

dd14 2-x,2.5+y,1.5-z -2.2 1.4 non-specific BB 

dd15 1+x,2+y,1+z -2.4 1.5 non-specific BB 

dd16 1+x,3+y,1+z -1.2 0.8 non-specific BB 
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Table A 4.6 Continued. 

Dimer 
Symmetry 

operation 
Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction Neighbor type 

Dimers neighboring to BB-BU 

dd17 x,1+y,z -16.5 10.4 
Stacking, C…C, 

3.36Å 
BB 

dd18 x,-1+y,z -16.5 10.4 
Stacking, C…C, 

3.36Å 
BB 

dd19 1-x,0.5+y,0.5-z -5.2 3.3 non-specific BB 

dd20 1-x,-0.5+y,0.5-z -5.2 3.3 non-specific BB 

dd21 1-x,0.5+y,1.5-z -5.2 3.3 non-specific BB 

dd22 1-x,-0.5+y,1.5-z -5.2 3.3 non-specific BB 

dd23 2-x,-0.5+y,1.5-z -3.6 2.3 non-specific AA 

dd24 2-x,-1.5+y,1.5-z -2.9 1.9 non-specific AA 

dd25 2-x,-2.5+y,1.5-z -2.2 1.4 non-specific AA 

dd26 1-x,-0.5+y,1.5-z -2.2 1.4 non-specific AA 

dd27 1-x,-1.5+y,1.5-z -2.9 1.9 non-specific AA 

dd28 1-x,-2.5+y,1.5-z -3.6 2.3 non-specific AA 

dd29 -1+x,-2+y,-1+z -2.4 1.5 non-specific AA 

dd30 -1+x,-3+y,-1+z -1.2 0.8 non-specific AA 

dd31 x,-1+y,z -2.4 1.5 non-specific AA 

dd32 x,y,z -1.2 0.8 non-specific AA 
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Table A 4.7. Interaction energy differences arising between the terminal positions of 

the shifts in the different directions due to the edge effect using the fixed part expanded by an 

initial fragment in each direction of the mobile part displacement. 

Shift direction 

ΔEint, kcal/mol 

I II 
IV, AA-basic 

element 

IV, BB-basic 

element 

[100] (001) 0.0 - - - 

[201] (-102) - 0.0 - - 

[010] (-101) - - 0.1 0.0 

[010] (001) 0.2 0.1 0.1 0.0 

[010] (100) 0.0 0.0 0.1 0.0 

[001] (100) 0.0 0.0 0.0 0.0 

[011] (100) 0.0 0.0 - - 

 

Table A 4.8. Interaction energy differences between the barriers extracted from the 

shift profiles of the (100) layers in the [010] direction with the step sizes 1/50, 1/25, 1/20, 

1/10 of a translation and the energy barrier value appearing, when the step size equals 1/100 

of a translation. 

Step size (in parts 

of translation) 

ΔEint, kcal/mol 

I II 
IV, AA-basic 

element 

IV, BB-basic 

element 

1/50 0.0 0.0 0.0 0.0 

1/25 0.0 0.0 0.0 0.0 

1/20 0.0 0.1 0.0 0.0 

1/10 0.0 0.1 0.2 0.2 
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Table A 4.9. Minimal interatomic distances occurring for the displacements of the 

BUs in the different crystallographic directions. 

Shift direction 

Minimal interatomic distance, Å 

I II 
IV, AA-basic 

element 

IV, BB-basic 

element 

[010] (100) 1.61 1.69 1.73 1.73 

[001] (100) 1.19 1.26 1.28 1.28 

[011] (100) 1.46 1.30 0.86* 0.77* 

[100] (001) 1.15 - 0.37* 0.37* 

[010] (001) 1.41 - 1.73 1.73 

[110] (001) 0.44* - 0.32* 0.87* 

[010] (-102) - 1.41 - - 

[201] (-102) - 1.07 - - 

[211] (-102) - 0.62* - - 

[010] (-101) - - 1.82 1.82 

[101] (-101) - - 0.32* 0.17* 

[111] (-101) - - > 0.01** 0.14* 

*   Displacements excluded from calculations due to the considerable shortening of the 

interatomic distances. 

** Approaching of the mobile and fixed parts closer than 0.01 Å has been set as the 

computational limit. 
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Figure A 4.1. Packing of the molecules in the crystals of aspirin polymorphs I (at the 

top), II (in the middle), IV (at the bottom). The projections in the a (on the right), b (in the 

middle), c (on the left) crystallographic directions are represented. 
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Figure A 4.2. Packing of the energy vector diagrams representing the distribution of 

monomeric BUs in the crystals of aspirin polymorphs I (at the top), II (in the middle), IV (at 

the bottom). The projections in the a (on the right), b (in the middle), c (on the left) 

crystallographic directions are represented. 
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Figure A 4.3. Packing of the energy vector diagrams representing the distribution of 

dimeric BUs in the crystals of aspirin polymorphs I (at the top), II (in the middle), IV (at the 

bottom). The projections in the a (on the right), b (in the middle), c (on the left) 

crystallographic directions are represented. 
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Figure A 4.4. Interaction energy profile for the shifts of different symmetric 

equivalents of dimeric BUs along the (100) layers in the [010] direction. Blue and pale blue 

dots correspond to the shifts of the initial dimeric BUs along the BSM2 with higher (big) or 

lower (small) coordinate by the [100] direction respectively, olive and green dots are for the 

shifts of the dimeric BUs rotated by 21-screw axes once belonging to the polymorphic forms: 

I (A); II (B); IV, AA-BU as a basic element (C); IV, BB-BU as a basic element (D). 
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Figure A 4.5. Interaction energy deviations occurring between the symmetrically 

equivalent positions of the dimeric BU as a mobile part (its initial disposition is in blue, 

disposition rotated by 21-screw axes once is in olive) during the transitions from the edge to 

the center beside the neighboring (100) layer between the -5th and 10th positions in the [010] 

direction for the polymorphic forms: I (A); II (B); IV, AA-BU as a basic element (C); IV, BB-

BU as a basic element (D). 
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Figure A 4.6. Profile of the interaction energy between the dimeric mobile part and the 

neighboring (100) layer during the translation between the equivalent positions in the [010] 

direction with the step size of 1/100 (in red), 1/50 (olive), 1/25 (blue), 1/20 (purple), 

1/10 (orange) of the corresponding distance for the polymorphic forms: I (A); II (B); IV, AA-

BU as a basic element (C); IV, BB-BU as a basic element (D). 
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Figure A 4.7. Profiles of the interaction energy (black) and minimal interatomic 

distance (blue) between the dimeric mobile part and the neighboring (100) layer in the [010] 

direction for the polymorphic forms: I (A); II (B); IV, AA-BU as a basic element (C); IV, BB-

BU as a basic element (D). 
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Figure A 4.8. Profiles of the interaction energy (black) and minimal interatomic 

distance (blue) between the dimeric mobile part and the neighboring (100) layer in the [001] 

direction for the polymorphic forms: I (A); II (B); IV, AA-BU as a basic element (C); IV, BB-

BU as a basic element (D). 
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Figure A 4.9. Profiles of the interaction energy (black) and minimal interatomic 

distance (blue) between the dimeric mobile part and the neighboring (100) layer in the [011] 

direction for the polymorphic forms I (A) and II (B). 

 

 

 

Figure A 4.10. Profiles of the interaction energy (black) and minimal interatomic 

distance (blue) between the dimeric mobile part and the neighboring (001) layer in the [100] 

direction for the polymorphic form I (A) and the neighboring (-102) layer in the [201] 

direction for the polymorphic form II (B) respectively. 
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Figure A 4.11. Profiles of the interaction energy (black) and minimal interatomic 

distance (blue) between the dimeric mobile part and the neighboring (001) layers for the 

polymorphic forms I (A); IV, AA-BU as a basic element (C); IV, BB-BU as a basic element 

(D) and the neighboring (-102) layer for the polymorphic form II (B) in the [010] direction 

respectively. 
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Figure A 4.12. Profiles of the interaction energy (black) and minimal interatomic 

distance (blue) between the dimeric mobile part and the neighboring (-101) layer in the [010] 

direction for the polymorphic form IV, AA-BU as a basic element (A) and BB-BU as a basic 

element (B). 
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Table A 4.10. Symmetry codes, bounding types, interaction energies and their decomposition terms (kcal/mol) belonging to the basic 

monomeric building unit and its neighbors, the contributions of the individual interaction energies to the total one (%) in the crystal of piracetam 

form II at the ambient pressure. 

Dimer 
Symmetry 

operation 
Interaction 

E
in
t

G
a
u
ssia

n
, 

k
cal/m

o
l 

Contribution 

to the total 

Eint
Gaussian, % 

E
in
t

G
A
M
E
S
S, 

k
cal/m

o
l 

Contribution 

to the total 

Eint
GAMESS, % 

E
E
X
G
A
M
E
S
S, 

k
cal/m

o
l 

E
R
E
P

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
G
A
M
E
S
S, 

k
cal/m

o
l 

E
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
+
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
D
IS
P

G
A
M
E
S
S, 

k
cal/m

o
l 

d1 -1+x,-1+y,z non-specific -0.5 0.7 -0.6 0.8 3.4 1.5 32.8 -34.7 -1.9 -3.7 

d2 -1+x,y,z 
N-H…O, 

2.00 Å, 160° 
-9.9 13.5 -10.4 13.3 8.2 12.9 21.4 -41.5 -20.0 -11.5 

d3 -x,-1-y,-z non-specific -0.7 1.0 -0.8 1.0 0.9 0.4 31.9 -32.8 -0.9 -1.1 

d4 -x,-y,-1-z non-specific -8.8 12.0 -9.4 12.0 14.0 6.7 28.2 -43.1 -14.9 -15.2 

d5 -x,-y,-z non-specific -7.0 9.6 -7.8 10.0 10.7 5.6 27.4 -39.9 -12.5 -11.6 

d6 -x,1-y,-1-z 
2*C-H…O, 

2.33 Å, 155° 
-7.9 10.8 -8.7 11.1 6.8 7.0 24.4 -38.6 -14.2 -8.3 

d7 1-x,-y,-z non-specific -4.4 6.0 -4.8 6.1 8.0 3.3 30.5 -37.9 -7.4 -8.7 

d8 1-x,1-y,-1-z non-specific -2.0 2.7 -2.1 2.7 1.3 0.3 31.7 -33.8 -2.1 -1.7 

d9 1-x,1-y,-z 
2*N-H…O, 

1.95 Å, 169° 
-15.3 20.9 -15.7 20.1 5.5 23.0 11.8 -44.6 -32.8 -11.4 

d10 1+x,1+y,z non-specific -0.5 0.7 -0.6 0.8 3.4 1.5 32.8 -34.7 -1.9 -3.7 

d11 1+x,y,z 
N-H…O, 

2.00 Å, 160° 
-9.9 13.5 -10.4 13.3 8.2 12.9 21.4 -41.5 -20.0 -11.5 

d12 x,-1+y,z non-specific -3.1 4.2 -3.5 4.5 7.1 3.9 30.7 -37.3 -6.6 -7.8 

d13 x,1+y,z non-specific -3.1 4.2 -3.5 4.5 7.1 3.9 30.7 -37.3 -6.6 -7.8 

 



271 
 
 

Table A 4.11. Symmetry codes, bounding types, interaction energies and their decomposition terms (kcal/mol) belonging to the basic 

monomeric building unit and its neighbors, the contributions of the individual interaction energies to the total one (%) in the crystal of piracetam 

form II under the pressure of 0.45 GPa. 

Dimer 
Symmetry 

operation 
Interaction 

E
in
t

G
a
u
ssia

n
, 

k
cal/m

o
l 

Contribution 

to the total 

Eint
Gaussian, % 

E
in
t

G
A
M
E
S
S, 

k
cal/m

o
l 

Contribution 

to the total 

Eint
GAMESS, % 

E
E
X
G
A
M
E
S
S, 

k
cal/m

o
l 

E
R
E
P

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
G
A
M
E
S
S, 

k
cal/m

o
l 

E
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
+
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
D
IS
P

G
A
M
E
S
S, 

k
cal/m

o
l 

d1 -1+x,-1+y,z non-specific -0.5 0.7 -0.6 0.8 3.0 1.3 33.4 -35.2 -1.8 -3.2 

d2 -1+x,y,z 
N-H…O, 

2.11 Å, 152° 
-9.6 13.2 -10.2 13.0 8.2 10.3 22.6 -40.6 -18.0 -10.6 

d3 -x,-1-y,2-z non-specific -0.8 1.1 -0.8 1.0 0.7 0.3 32.3 -33.3 -1.0 -0.9 

d4 -x,-y,1-z non-specific -10.0 13.7 -10.8 13.7 14.5 8.0 27.7 -45.0 -17.3 -16.0 

d5 -x,-y,2-z non-specific -7.8 10.7 -8.8 11.2 11.0 6.4 27.0 -41.2 -14.1 -12.0 

d6 -x,1-y,1-z 
2*C-H…O, 

2.36 Å, 153° 
-8.8 12.1 -9.7 12.3 7.1 6.2 24.4 -39.1 -14.7 -8.3 

d7 1-x,-y,2-z non-specific -4.9 6.7 -5.2 6.6 8.1 3.6 30.9 -39.0 -8.1 -8.8 

d8 1-x,1-y,1-z non-specific -1.9 2.6 -1.9 2.4 1.3 0.4 32.5 -34.5 -2.0 -1.6 

d9 1-x,1-y,2-z 
2*N-H…O, 

2.06 Å, 165° 
-12.6 17.3 -13.0 16.5 6.6 16.0 15.8 -41.0 -25.2 -10.4 

d10 1+x,1+y,z non-specific -0.5 0.7 -0.6 0.8 3.0 1.3 33.4 -35.2 -1.7 -3.2 

d11 1+x,y,z 
N-H…O, 

2.11 Å, 152° 
-9.6 13.2 -10.2 13.0 8.2 10.3 22.6 -40.6 -18.0 -10.6 

d12 x,-1+y,z non-specific -3.0 4.1 -3.4 4.3 6.7 3.9 31.2 -37.8 -6.6 -7.4 

d13 x,1+y,z non-specific -3.0 4.1 -3.4 4.3 6.7 3.9 31.2 -37.8 -6.6 -7.4 
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Table A 4.12. Symmetry codes, bounding types, interaction energies and their decomposition terms (kcal/mol) belonging to the basic 

monomeric building unit and its neighbors, the contributions of the individual interaction energies to the total one (%) in the crystal of piracetam 

form V under the pressure of 0.7 GPa. 

D
im

er 

Symmetry 

operation 
Interaction 

E
in
t

G
a
u
ssia

n
, 

k
cal/m

o
l 

Contribution to the 

total Eint
Gaussian, % 

E
in
t

G
A
M
E
S
S, 

k
cal/m

o
l 

Contribution to the 

total Eint
GAMESS, % 

E
E
X
G
A
M
E
S
S, 

k
cal/m

o
l 

E
R
E
P

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
G
A
M
E
S
S, 

k
cal/m

o
l 

E
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
+
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
D
IS
P

G
A
M
E
S
S, 

k
cal/m

o
l 

d1 -1+x,-1+y,z non-specific -0.4 0.5 -0.6 0.7 3.6 1.9 33.4 -35.7 -2.3 -3.9 

d2 -1+x,y,z 
N-H…O,  

2.13 Å, 153° 
-9.4 11.5 -9.8 11.2 7.8 9.1 23.3 -40.1 -16.8 -9.9 

d3 1-x,-y,-z 
2*N-H…O, 

2.04 Å, 165° 
-12.6 15.4 -13.0 14.8 6.7 17.0 15.3 -41.3 -25.9 -10.7 

d4 1-x,1-y,-z non-specific -5.2 6.3 -5.6 6.4 8.6 4.2 30.4 -39.4 -9.0 -9.4 

d5 1+x,1+y,z non-specific -0.4 0.5 -0.6 0.7 3.6 1.9 33.4 -35.7 -2.3 -3.9 

d6 1+x,y,z 
N-H…O,  

2.13 Å, 153° 
-9.4 11.5 -9.8 11.2 7.8 9.1 23.3 -40.1 -16.8 -9.9 

d7 2-x,-y,1-z non-specific -11.9 14.5 -12.8 14.6 8.0 4.4 23.0 -39.2 -16.2 -8.9 

d8 2-x,1-y,-z non-specific -7.8 9.5 -8.8 10.0 11.4 7.2 26.7 -41.5 -14.8 -12.5 

d9 2-x,1-y,1-z non-specific -8.5 10.4 -9.4 10.7 13.8 8.4 29.2 -45.4 -16.2 -15.4 

d10 2-x,2-y,-z non-specific -1.0 1.2 -1.1 1.3 1.1 0.4 32.2 -33.5 -1.3 -1.2 

d11 3-x,-y,1-z non-specific 3.4 * 4.2 ** 3.3 * 3.8 ** 0.2 0.0 36.4 -33.3 3.1 -0.0 

d12 3-x,1-y,1-z non-specific -4.9 6.0 -5.2 5.9 3.8 1.9 29.2 -35.9 -6.7 -4.3 

d13 x,-1+y,z non-specific -3.5 4.3 -3.9 4.4 7.3 4.5 30.8 -38.3 -7.5 -8.1 

d14 x,1+y,z non-specific -3.5 4.3 -3.9 4.4 7.3 4.5 30.8 -38.3 -7.5 -8.1 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to crystal symmetry. 
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Table A 4.13. Symmetry codes, bounding types, interaction energies and their decomposition terms (kcal/mol) belonging to the basic 

monomeric building unit and its neighbors, the contributions of the individual interaction energies to the total one (%) in the crystal of piracetam 

form V under the pressure of 0.9 GPa. 

D
im

er 

Symmetry 

operation 
Interaction 

E
in
t

G
a
u
ssia

n
, 

k
cal/m

o
l 

Contribution to the 

total Eint
Gaussian, % 

E
in
t

G
A
M
E
S
S, 

k
cal/m

o
l 

Contribution to the 

total Eint
GAMESS, % 

E
E
X
G
A
M
E
S
S, 

k
cal/m

o
l 

E
R
E
P

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
G
A
M
E
S
S, 

k
cal/m

o
l 

E
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
+
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
D
IS
P

G
A
M
E
S
S, 

k
cal/m

o
l 

d1 -1+x,-1+y,z non-specific -0.4 0.5 -0.7 0.8 4.0 2.4 33.3 -36.0 -2.7 -4.4 

d2 -1+x,y,z 
N-H…O, 

2.14 Å, 154° 
-9.5 11.4 -10.0 11.1 8.2 9.4 23.2 -40.5 -17.3 -10.4 

d3 1-x,-y,-z 
2*N-H…O, 

2.02 Å, 167° 
-12.6 15.2 -13.0 14.4 6.4 19.0 14.4 -41.8 -27.4 -11.0 

d4 1-x,1-y,-z non-specific -5.1 6.1 -5.7 6.3 9.9 6.1 30.0 -40.6 -10.5 -11.1 

d5 1+x,1+y,z non-specific -0.4 0.5 -0.7 0.8 4.0 2.4 33.3 -36.0 -2.7 -4.4 

d6 1+x,y,z 
N-H…O, 

2.14 Å, 154° 
-9.5 11.4 -10.0 11.1 8.2 9.4 23.2 -40.5 -17.3 -10.4 

d7 2-x,-y,1-z non-specific -12.6 15.2 -13.6 15.1 9.1 5.8 22.0 -40.2 -18.2 -10.3 

d8 2-x,1-y,-z non-specific -7.6 9.1 -8.7 9.6 12.4 8.2 26.7 -42.2 -15.6 -13.7 

d9 2-x,1-y,1-z non-specific -8.7 10.5 -9.8 10.9 14.3 9.2 28.7 -45.9 -17.2 -16.1 

d10 2-x,2-y,-z non-specific -1.1 1.3 -1.1 1.2 1.4 0.7 32.1 -33.7 -1.6 -1.7 

d11 3-x,-y,1-z non-specific 3.7 * 4.5 ** 3.7 * 4.1 ** 0.4 0.1 36.8 -33.4 3.4 -0.2 

d12 3-x,1-y,1-z non-specific -5.1 6.1 -5.5 6.1 4.3 2.5 29.0 -36.3 -7.3 -5.0 

d13 x,-1+y,z non-specific -3.4 4.1 -3.9 4.3 7.6 5.2 30.6 -38.7 -8.1 -8.6 

d14 x,1+y,z non-specific -3.4 4.1 -3.9 4.3 7.6 5.2 30.6 -38.7 -8.1 -8.6 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to crystal symmetry. 
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Table A 4.14. Symmetry codes, bounding types, interaction energies and their decomposition terms (kcal/mol) belonging to the basic 

monomeric building unit and its neighbors, the contributions of the individual interaction energies to the total one (%) in the crystal of piracetam 

form V under the pressure of 2.5 GPa. 

Dimer 
Symmetry 

operation 
Interaction 

E
in
t

G
a
u
ssia

n
, 

k
cal/m

o
l 

Contribution 

to the total 

Eint
Gaussian, % 

E
in
t

G
A
M
E
S
S, 

k
cal/m

o
l 

Contribution 

to the total 

Eint
GAMESS, % 

E
E
X
G
A
M
E
S
S, 

k
cal/m

o
l 

E
R
E
P

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
S
G
A
M
E
S
S, 

k
cal/m

o
l 

E
P
O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
E
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+
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O
L

G
A
M
E
S
S, 

k
cal/m

o
l 

E
D
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P

G
A
M
E
S
S, 

k
cal/m

o
l 

d1 -1+x,y,z 
N-H…O, 

2.02 Å, 152° 
-9.1 11.4 -9.8 11.0 8.8 14.2 22.0 -42.6 -20.6 -12.1 

d2 1-x,-y,-z 
2*N-H…O, 

1.97 Å, 164° 
-11.5 14.4 -11.8 13.2 6.4 22.4 14.2 -43.0 -28.9 -11.7 

d3 1-x,1-y,-z non-specific -4.9 6.1 -5.9 6.6 11.8 9.7 29.6 -43.1 -13.5 -13.9 

d4 1+x,y,z 
N-H…O, 

2.02 Å, 152° 
-9.1 11.4 -9.8 11.0 8.8 14.2 22.0 -42.6 -20.6 -12.1 

d5 2-x,-y,1-z non-specific -12.9 16.2 -14.3 16.0 11.3 10.4 20.6 -42.9 -22.3 -13.7 

d6 2-x,1-y,-z non-specific -7.4 9.3 -8.7 9.8 14.3 12.1 26.0 -44.5 -18.5 -16.5 

d7 2-x,1-y,1-z non-specific -7.6 9.5 -9.6 10.8 15.7 16.7 27.7 -50.1 -22.4 -19.7 

d8 2-x,2-y,-z non-specific -1.1 1.4 -1.2 1.3 2.0 1.1 32.6 -34.6 -2.0 -2.3 

d9 3-x,-y,1-z non-specific 4.2 * 5.3 ** 4.2 * 4.7 ** 0.8 0.2 38.0 -34.2 3.7 -0.5 

d10 3-x,1-y,1-z non-specific -5.6 7.0 -6.1 6.8 5.3 4.1 28.7 -37.8 -9.1 -6.3 

d11 x,-1+y,z non-specific -3.2 4.0 -3.9 4.4 8.2 7.3 30.4 -40.0 -9.6 -9.8 

d12 x,1+y,z non-specific -3.2 4.0 -3.9 4.4 8.2 7.3 30.4 -40.0 -9.6 -9.8 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to crystal symmetry. 
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Table A 4.15. Symmetry codes, bounding types, interaction energies and their decomposition terms (kcal/mol) belonging to the basic 

monomeric building unit and its neighbors, the contributions of the individual interaction energies to the total one (%) in the crystal of piracetam 

form V under the pressure of 4.0 GPa. 

Dimer 
Symmetry 

operation 
Interaction 

E
in
t

G
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n
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k
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Contribution 

to the total 

Eint
Gaussian, % 

E
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k
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to the total 

Eint
GAMESS, % 

E
E
X
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k
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E
E
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E
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S, 

k
cal/m
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E
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E
E
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A
M
E
S
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k
cal/m

o
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E
D
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G
A
M
E
S
S, 

k
cal/m

o
l 

d1 -1+x,y,z 
N-H…O, 

2.03 Å, 155° 
-9.4 12.0 -10.2 11.4 9.4 15.2 21.9 -43.8 -21.9 -13.0 

d2 1-x,-y,-z 
2*N-H…O, 

1.92 Å, 167° 
-11.7 14.9 -12.0 13.4 5.9 26.8 12.3 -44.8 -32.4 -12.2 

d3 1-x,1-y,-z non-specific -4.2 5.4 -5.6 6.3 12.8 13.5 29.1 -45.1 -16.0 -15.9 

d4 1+x,y,z 
N-H…O, 

2.03 Å, 155° 
-9.4 12.0 -10.2 11.4 9.4 15.2 21.9 -43.8 -21.9 -13.0 

d5 2-x,-y,1-z non-specific -13.0 16.6 -14.6 16.3 12.2 14.7 19.0 -44.7 -25.8 -15.7 

d6 2-x,1-y,-z non-specific -6.8 8.7 -8.2 9.2 15.7 15.9 25.5 -46.4 -20.9 -18.8 

d7 2-x,1-y,1-z non-specific -7.0 8.9 -9.5 10.6 15.8 22.1 26.4 -52.5 -26.0 -21.3 

d8 2-x,2-y,-z non-specific -1.1 1.4 -1.3 1.5 2.5 1.6 32.8 -35.2 -2.5 -2.9 

d9 3-x,-y,1-z non-specific 4.7* 6.0** 4.7* 5.3** 1.1 0.3 38.8 -34.8 4.0 -0.7 

d10 3-x,1-y,1-z non-specific -5.6 7.2 -6.2 6.9 5.8 5.2 28.7 -38.7 -10.1 -7.1 

d11 x,-1+y,z non-specific -2.7 3.4 -3.5 3.9 8.4 8.9 30.5 -40.9 -10.4 -10.4 

d12 x,1+y,z non-specific -2.7 3.4 -3.5 3.9 8.4 8.9 30.5 -40.9 -10.4 -10.4 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to crystal symmetry. 
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Table A 4.16. Symmetry codes, bounding types, interaction energies (kcal/mol) of the 

basic dimeric building unit with its neighbors, the contributions of the individual interaction 

energies to the total one (%) in the crystal of piracetam form II at the ambient pressure. 

Dimer of dimers 
Symmetry 

operation 
Interaction Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

dd1 -1+x,-1+y,-1+z non-specific -8.5 8.0 

dd2 -1+x,-1+y,z non-specific -7.1 6.7 

dd3 -1+x,-2+y,z non-specific -0.5 0.5 

dd4 -1+x,y,-1+z 
2*C-H…O, 

2.33 Å, 155° 
-7.0 6.6 

dd5 -1+x,y,z 
2*N-H…O, 

2.00 Å, 160° 
-18.4 17.3 

dd6 1+x,1+y,1+z non-specific -8.5 8.0 

dd7 1+x,1+y,z non-specific -7.1 6.7 

dd8 1+x,2+y,z non-specific -0.5 0.5 

dd9 1+x,y,1+z 
2*C-H…O, 

2.33 Å, 155° 
-7.0 6.6 

dd10 1+x,y,z 
2*N-H…O, 

2.00 Å, 160° 
-18.4 17.3 

dd11 x,-1+y,z non-specific -10.4 9.8 

dd12 x,1+y,z non-specific -10.4 9.8 

dd13 x,y,-1+z non-specific -1.2 1.1 

dd14 x,y,1+z non-specific -1.2 1.1 
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Table A 4.17. Symmetry codes, bounding types, interaction energies (kcal/mol) of the 

basic dimeric building unit with its neighbors, the contributions of the individual interaction 

energies to the total one (%) in the crystal of piracetam form II under the pressure of 0.45 

GPa. 

Dimer of dimers 
Symmetry 

operation 
Interaction Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

dd1 -x,-1-y,2-z non-specific -0.5 0.5 

dd2 -x,-y,1-z non-specific -9.6 8.6 

dd3 -x,-y,2-z non-specific -8.1 7.3 

dd4 -x,1-y,1-z 
2*C-H…O, 

2.36 Å, 153° 
-7.7 6.9 

dd5 -x,1-y,2-z 
2*N-H…O, 

2.11 Å, 152° 
-17.9 16.1 

dd6 1-x,-y,2-z non-specific -10.6 9.5 

dd7 1-x,1-y,1-z non-specific -1.1 1.0 

dd8 1-x,1-y,3-z non-specific -1.1 1.0 

dd9 1-x,2-y,2-z non-specific -10.6 9.5 

dd10 2-x,1-y,2-z 
2*N-H…O, 

2.11 Å, 152° 
-17.9 16.1 

dd11 2-x,1-y,3-z 
2*C-H…O, 

2.36 Å, 153° 
-7.7 6.9 

dd12 2-x,2-y,2-z non-specific -8.1 7.3 

dd13 2-x,2-y,3-z non-specific -9.6 8.6 

dd14 2-x,3-y,2-z non-specific -0.5 0.5 
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Table A 4.18. Symmetry codes, bounding types, interaction energies (kcal/mol) of the 

basic dimeric building unit with its neighbors, the contributions of the individual interaction 

energies to the total one (%) in the crystal of piracetam form V under the pressure of 0.7 GPa. 

Dimer of dimers 
Symmetry 

operation 
Interaction Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

dd1 -1+x,-1+y,-1+z non-specific -8.1 6.4 

dd2 -1+x,-1+y,z non-specific -7.8 6.1 

dd3 -1+x,-2+y,z non-specific -0.7 0.5 

dd4 -1+x,y,-1+z non-specific -10.0 7.8 

dd5 -1+x,y,z 
2* N-H…O, 

2.13 Å, 153° 
-17.3 13.6 

dd6 -2+x,-1+y,-1+z non-specific -4.7 3.7 

dd7 -2+x,y,-1+z non-specific 3.2* 2.5** 

dd8 1+x,1+y,1+z non-specific -8.1 6.4 

dd9 1+x,1+y,z non-specific -7.8 6.1 

dd10 1+x,2+y,z non-specific -0.7 0.5 

dd11 1+x,y,1+z non-specific -10.0 7.8 

dd12 1+x,y,z 
2* N-H…O, 

2.13 Å, 153° 
-17.3 13.6 

dd13 2+x,1+y,1+z non-specific -4.7 3.7 

dd14 2+x,y,1+z non-specific 3.2* 2.5** 

dd15 x,-1+y,z non-specific -11.9 9.3 

dd16 x,1+y,z non-specific -11.9 9.3 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to 

crystal symmetry. 

 

 

  



279 
 
 

Table 4.19. Symmetry codes, bounding types, interaction energies (kcal/mol) of the 

basic dimeric building unit with its neighbors, the contributions of the individual interaction 

energies to the total one (%) in the crystal of piracetam form V under the pressure of 0.9 GPa. 

Dimer of dimers 
Symmetry 

operation 
Interaction Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

dd1 -1+x,-1+y,-1+z non-specific -8.4 6.4 

dd2 -1+x,-1+y,z non-specific -7.6 5.8 

dd3 -1+x,-2+y,z non-specific -0.8 0.6 

dd4 -1+x,y,-1+z non-specific -10.6 8.1 

dd5 -1+x,y,z 
2* N-H…O, 

2.14 Å, 154° 
-17.6 13.5 

dd6 -2+x,-1+y,-1+z non-specific -5.0 3.8 

dd7 -2+x,y,-1+z non-specific 3.5* 2.7** 

dd8 1+x,1+y,1+z non-specific -8.4 6.4 

dd9 1+x,1+y,z non-specific -7.6 5.8 

dd10 1+x,2+y,z non-specific -0.8 0.6 

dd11 1+x,y,1+z non-specific -10.6 8.1 

dd12 1+x,y,z 
2* N-H…O, 

2.14 Å, 154° 
-17.6 13.5 

dd13 2+x,1+y,1+z non-specific -5.0 3.8 

dd14 2+x,y,1+z non-specific 3.5* 2.7** 

dd15 x,-1+y,z non-specific -11.7 9.0 

dd16 x,1+y,z non-specific -11.7 9.0 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to 

crystal symmetry. 
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Table 4.20. Symmetry codes, bounding types, interaction energies (kcal/mol) of the 

basic dimeric building unit with its neighbors, the contributions of the individual interaction 

energies to the total one (%) in the crystal of piracetam form V under the pressure of 2.5 GPa. 

Dimer of dimers 
Symmetry 

operation 
Interaction Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

dd1 -1+x,-1+y,-1+z non-specific -7.3 5.8 

dd2 -1+x,-1+y,z non-specific -6.6 5.3 

dd3 -1+x,-2+y,z non-specific -0.8 0.6 

dd4 -1+x,y,-1+z non-specific -10.7 8.5 

dd5 -1+x,y,z 
2*N-H…O, 

2.02 Å, 152° 
-16.8 13.4 

dd6 -2+x,-1+y,-1+z non-specific -5.4 4.3 

dd7 -2+x,y,-1+z non-specific 4.0* 3.2** 

dd8 1+x,1+y,1+z non-specific -7.3 5.8 

dd9 1+x,1+y,z non-specific -6.6 5.3 

dd10 1+x,2+y,z non-specific -0.8 0.6 

dd11 1+x,y,1+z non-specific -10.7 8.5 

dd12 1+x,y,z 
2*N-H…O, 

2.02 Å, 152° 
-16.8 13.4 

dd13 2+x,1+y,1+z non-specific -5.4 4.3 

dd14 2+x,y,1+z non-specific 4.0* 3.2** 

dd15 x,-1+y,z non-specific -11.1 8.9 

dd16 x,1+y,z non-specific -11.1 8.9 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to 

crystal symmetry. 
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Table 4.21. Symmetry codes, bounding types, interaction energies (kcal/mol) of the 

basic dimeric building unit with its neighbors, the contributions of the individual interaction 

energies to the total one (%) in the crystal of piracetam form V under the pressure of 4.0 GPa. 

Dimer of dimers 
Symmetry 

operation 
Interaction Eint, kcal/mol 

Contribution to the 

total interaction 

energy, % 

dd1 -1+x,-1+y,-1+z non-specific -6.6 5.4 

dd2 -1+x,-1+y,z non-specific -5.5 4.5 

dd3 -1+x,-2+y,z non-specific -0.8 0.7 

dd4 -1+x,y,-1+z non-specific -10.7 8.8 

dd5 -1+x,y,z 
2*N-H…O, 

2.03 Å, 155° 
-17.5 14.4 

dd6 -2+x,-1+y,-1+z non-specific -5.5 4.5 

dd7 -2+x,y,-1+z non-specific 4.4* 3.6** 

dd8 1+x,1+y,1+z non-specific -6.6 5.4 

dd9 1+x,1+y,z non-specific -5.5 4.5 

dd10 1+x,2+y,z non-specific -0.8 0.7 

dd11 1+x,y,1+z non-specific -10.7 8.8 

dd12 1+x,y,z 
2*N-H…O, 

2.03 Å, 155° 
-17.5 14.4 

dd13 2+x,1+y,1+z non-specific -5.5 4.5 

dd14 2+x,y,1+z non-specific 4.4* 3.6** 

dd15 x,-1+y,z non-specific -9.7 8.0 

dd16 x,1+y,z non-specific -9.7 8.0 

*   Positive value of the interaction energy appearing due to compression. 

** All energy values were taken in absolute for the calculation of their contributions due to 

crystal symmetry. 
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Table 4.22. Minimal interatomic distances and errors of their determination (with 

different step sizes notified in brackets) in comparison to the high-precision computation with 

a step size of 1/1000 of a translation occurring for the displacements of the dimeric building 

units in different crystallographic directions. 

Shift 

direction 

Minimal interatomic distance, Å 

II V 

Ambient 

pressure 
0.45 GPa 0.7 GPa 0.9 GPa 2.5 GPa 4.0 GPa 

[1 0 0] 

(0 0 1) 

1.718 ± 

0.012 (1/5) 

0.012 (1/10) 

0.004 (1/20) 

0.001 (1/25) 

0.001 (1/50) 

1.839 ± 

0.000 (any) 
 

2.005 ± 

0.006 (1/5)  

0.006 (1/10) 

0.006 (1/20) 

0.003 (1/25) 

0.000 (1/50) 

1.962 ± 

0.006 (1/5)  

0.006 (1/10) 

0.006 (1/20) 

0.003 (1/25) 

0.000 (1/50) 

1.878 ± 

0.007 (1/5)  

0.007 (1/10) 

0.006 (1/20) 

0.002 (1/25) 

0.000 (1/50) 

1.835 ± 

0.003 (1/5)  

0.003 (1/10) 

0.003 (1/20) 

0.003 (1/25) 

0.000 (1/50) 

[0 1 0] 

(0 0 1) 

1.388 ± 

0.104 (1/5)  

0.005 (1/10) 

0.005 (1/20) 

0.000 (1/25) 

0.000 (1/50) 

1.244 ± 

0.144 (1/5)  

0.001 (1/10) 

0.001 (1/20) 

0.003 (1/25) 

0.001 (1/50) 

1.427 ± 

0.098 (1/5)  

0.003 (1/10) 

0.003 (1/20) 

0.000 (1/25) 

0.000 (1/50) 

1.347 ± 

0.112 (1/5)  

0.002 (1/10) 

0.002 (1/20) 

0.001 (1/25) 

0.001 (1/50) 

1.180 ± 

0.137 (1/5)  

0.001 (1/10) 

0.001 (1/20) 

0.003 (1/25) 

0.001 (1/50) 

1.157 ± 

0.139 (1/5)  

0.000 (1/10) 

0.000 (1/20) 

0.004 (1/25) 

0.000 (1/50) 

[1 1 0] 

(0 0 1) 

1.486 ± 

0.000 (any)  

1.394 ± 

0.002 (any)  

1.275 ± 

0.165 (1/5)  

0.019 (1/10) 

0.019 (1/20) 

0.001 (1/25) 

0.001 (1/50) 

1.161 ± 

0.183 (1/5)  

0.019 (1/10) 

0.019 (1/20) 

0.000 (1/25) 

0.000 (1/50) 

0.956 ± 

0.226 (1/5)  

0.016 (1/10) 

0.016 (1/20) 

0.000 (1/25) 

0.000 (1/50) 

0.837 ± 

0.238 (1/5)  

0.021 (1/10) 

0.021 (1/20) 

0.000 (1/25) 

0.000 (1/50) 

[1 0 0] 

(0 -1 1) 

1.101 ± 

0.016 (1/5)  

0.016 (1/10) 

0.008 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

1.327 ± 

0.013 (1/5)  

0.013 (1/10) 

0.006 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

1.177 ± 

0.053 (1/5)  

0.034 (1/10) 

0.001 (1/20) 

0.004 (1/25) 

0.000 (1/50) 

1.133 ± 

0.043 (1/5)  

0.043 (1/10) 

0.000 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

0.991 ± 

0.049 (1/5)  

0.048 (1/10) 

0.000 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

0.924 ± 

0.048 (1/5)  

0.048 (1/10) 

0.000 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

[0 1 1] 

(0 -1 1) * 
- - - - - - 

[1 1 1] 

(0 -1 1) * 
- - - - - - 
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Table 4.22 Continue. 

Shift 

direction 

Minimal interatomic distance, Å 

II V 

Ambient 

pressure 
0.45 GPa 0.7 GPa 0.9 GPa 2.5 GPa 4.0 GPa 

[1 0 0] 

(0 1 0) 

1.101 ± 

0.016 (1/5) 

0.016 (1/10) 

0.008 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

1.327 ± 

0.013 (1/5)  

0.013 (1/10) 

0.006 (1/20) 

0.002 (1/25) 

0.001 (1/50) 

1.177 ± 

0.053 (1/5)  

0.034 (1/10) 

0.001 (1/20) 

0.004 (1/25) 

0.000 (1/50) 

1.133 ± 

0.043 (1/5)  

0.043 (1/10) 

0.000 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

0.991 ± 

0.049 (1/5)  

0.048 (1/10) 

0.000 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

0.924 ± 

0.048 (1/5)  

0.048 (1/10) 

0.000 (1/20) 

0.002 (1/25) 

0.002 (1/50) 

[0 0 1] 

(0 1 0) * 
- - - - - - 

[1 0 1] 

(0 1 0) * 
- - - - - - 

* Displacements are sterically hindered (overlap of the motile and fixed parts during 

movement). 
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Figure A 4.13. Packing of the molecules in the crystals of piracetam polymorphs II at 

ambient pressure (at the top) and under the pressure of 0.45 GPa (in the middle) and V under 

the pressure of 0.7 GPa (at the bottom). The projections in a (on the right), b (in the middle), c 

(on the left) crystallographic directions are represented. 
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Figure A 4.14. Packing of the molecules in the crystals of piracetam polymorph V 

under pressures of 0.9 GPa (at the top), 2.5 GPa (in the middle) and 4.0 GPa (at the bottom). 

The projections in a (on the right), b (in the middle), c (on the left) crystallographic directions 

are represented. 
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Figure A 4.15. Packing of the energy vector diagrams representing the distribution of 

monomeric building units in the crystals of piracetam polymorphs II at ambient pressure (at 

the top) and under the pressure of 0.45 GPa (in the middle) and V under the pressure of 0.7 

GPa (at the bottom). The projections in a (on the right), b (in the middle), c (on the left) 

crystallographic directions are represented. 
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Figure A 4.16. Packing of the energy vector diagrams representing the distribution of 

monomeric building units in the crystals of piracetam polymorph V under pressures of 

0.9 GPa (at the top), 2.5 GPa (in the middle) and 4.0 GPa (at the bottom). The projections in 

a (on the right), b (in the middle), c (on the left) crystallographic directions are represented. 
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Figure A 4.17. Packing of the energy vector diagrams representing the distribution of 

dimeric building units in the crystals of piracetam polymorphs II at ambient pressure (at the 

top) and under the pressure of 0.45 GPa (in the middle) and V under the pressure of 0.7 GPa 

(at the bottom). The projections in a (on the right), b (in the middle), c (on the left) 

crystallographic directions are represented. 
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Figure A 4.18. Packing of the energy vector diagrams representing the distribution of 

dimeric building units in the crystals of piracetam polymorph V under pressures of 

0.9 GPa (at the top), 2.5 GPa (in the middle) and 4.0 GPa (at the bottom). The projections in 

a (on the right), b (in the middle), c (on the left) crystallographic directions are represented. 
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Figure A 4.19. Packing of the energy vector diagrams based on the sum of electrostatic 

and polarization terms subtracted from LMOEDA representing the distribution of monomeric 

building units in the crystals of piracetam polymorphs II at ambient pressure (at the top) and 

under the pressure of 0.45 GPa (in the middle) and V under the pressure of 0.7 GPa (at the 

bottom). The projections in a (on the right), b (in the middle), c (on the left) crystallographic 

directions are represented. 
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Figure A 4.20. Packing of the energy vector diagrams based on the sum of electrostatic 

and polarization terms subtracted from LMOEDA representing the distribution of monomeric 

building units in the crystals of piracetam polymorph V under pressures of 0.9 GPa (at the 

top), 2.5 GPa (in the middle) and 4.0 GPa (at the bottom). The projections in a (on the right), 

b (in the middle), c (on the left) crystallographic directions are represented. 
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Figure A 4.21. Maps of the minimal interatomic distances (Å) during the shear of the 

dimeric motile part in relation to the fixed one in (001) plane ([100] and [010] directions of 

shift) in the crystals of piracetam polymorphic forms II at ambient pressure (A) and under the 

pressure of 0.45 GPa (B) and V under pressures of 0.7 (C), 0.9 (D), 2.5 (E) and 4.0 GPa (F). 

Bold contour surrounds zones with interatomic distances shorter than 1 Å. 
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Figure A 4.22. Maps of the minimal interatomic distances (Å) during the shear of the 

dimeric motile part in relation to the fixed one in (0-11) plane ([100] and [011] directions of 

shift) in the crystals of piracetam polymorphic forms II at ambient pressure (A) and under the 

pressure of 0.45 GPa (B) and V under pressures of 0.7 (C), 0.9 (D), 2.5 (E) and 4.0 GPa (F). 

Bold contour surrounds zones with interatomic distances shorter than 1 Å. 
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Figure A 4.23. Maps of the minimal interatomic distances (Å) during the shear of the 

dimeric motile part in relation to the fixed one in (010) plane ([100] and [001] directions of 

shift) in the crystals of piracetam polymorphic forms II at ambient pressure (A) and under the 

pressure of 0.45 GPa (B) and V under pressures of 0.7 (C), 0.9 (D), 2.5 (E) and 4.0 GPa (F). 

Bold contour surrounds zones with interatomic distances shorter than 1 Å. 
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Figure A 4.24. Minimal interatomic distances (Å) between the dimeric motile part and 

(001) neighboring layer scanned with a step size of 1/1000 of a [100] translation in the 

crystals of piracetam polymorphic forms II at ambient pressure (in black) and under the 

pressure of 0.45 GPa (in blue) and V under pressures of 0.7 (in olive), 0.9 (in lite green), 2.5 

(in peach) and 4.0 GPa (in red).
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Table A 4.23. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under ambient pressure. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 1-x,-1/2+y,3/2-z -1.8 3.0 non-specific 

d2 1-x,-y,1-z -11.5 18.9 O-H…O, 1.85 Å, 176° 

d3 1-x,1-y,1-z -5.8 9.6 non-specific 

d4 1-x,1/2+y,3/2-z -1.8 3.0 non-specific 

d5 2-x,-1/2+y,1/2-z -2.2 3.6 non-specific 

d6 2-x,1-y,1-z -3.7 6.1 non-specific 

d7 2-x,1/2+y,1/2-z -2.2 3.6 non-specific 

d8 2-x,2-y,1-z -1.7 2.8 non-specific 

d9 x,-1+y,z -2.7 4.4 non-specific 

d10 x,1/2-y,-1/2+z -6.5 10.6 C-H…π, 2.86 Å, 166° 

d11 x,1/2-y,1/2+z -6.5 10.6 C-H…π, 2.86 Å, 166° 

d12 x,1+y,z -2.7 4.4 non-specific 

d13 x,3/2-y,-1/2+z -6.0 9.8 non-specific 

d14 x,3/2-y,1/2+z -6.0 9.8 non-specific 
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Table A 4.24. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form II under ambient pressure. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,1/2-y,-1/2+z -1.7 2.4 non-specific 

d2 x,-1+y,z -5.5 8.1 C…H, 2.88 Å 

d3 x,1/2-y,1/2+z -1.7 2.4 non-specific 

d4 x,3/2-y,-1/2+z -2.4 3.5 H…H, 2.16 Å 

d5 1-x,-1/2+y,1/2-z -4.9 7.2 C-H…π, 2.80 Å, 172° 

d6 1-x,1-y,1-z -26.3 38.8 O-H…O, 1.53 Å, 176° 

d7 x,3/2-y,1/2+z -2.4 3.5 H…H, 2.16 Å 

d8 x,1+y,z -5.5 8.1 C…H, 2.88 Å 

d9 1-x,1/2+y,1/2-z -4.9 7.2 C-H…π, 2.80 Å, 172° 

d10 1-x,2-y,1-z -2.2 3.3 non-specific 

d11 2-x,-y,-z -0.9 1.3 non-specific 

d12 2-x,1-y,-z -1.2 1.8 H…H, 2.35 Å 

d13 2-x,-1/2+y,1/2-z -4.1 6.1 C…H, 2.81 Å 

d14 2-x,1/2+y,1/2-z -4.1 6.1 C…H, 2.81 Å 
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Table A 4.25. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.23 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -2.9 4.6 non-specific 

d2 x,1+y,z -2.9 4.6 non-specific 

d3 1-x,-1/2+y,3/2-z -1.9 3.1 non-specific 

d4 1-x,1/2+y,3/2-z -1.9 3.1 non-specific 

d5 2-x,-1/2+y,1/2-z -2.2 3.6 non-specific 

d6 2-x,1/2+y,1/2-z -2.2 3.6 non-specific 

d7 1-x,-y,1-z -10.9 17.7 O-H…O, 1.80 Å, 176° 

d8 1-x,1-y,1-z -5.6 9.1 non-specific 

d9 2-x,1-y,1-z -4.0 6.5 non-specific 

d10 2-x,2-y,1-z -1.9 3.1 non-specific 

d11 x,1/2-y,-1/2+z -6.5 10.6 C-H…π, 2.77 Å, 165° 

d12 x,1/2-y,1/2+z -6.5 10.6 C-H…π, 2.77 Å, 165° 

d13 x,3/2-y,-1/2+z -6.1 10.0 non-specific 

d14 x,3/2-y,1/2+z -6.1 10.0 non-specific 
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Table A 4.26. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.60 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.0 4.6 non-specific 

d2 x,1+y,z -3.0 4.6 non-specific 

d3 1-x,-1/2+y,3/2-z -2.0 3.1 non-specific 

d4 1-x,1/2+y,3/2-z -2.0 3.1 non-specific 

d5 2-x,-1/2+y,1/2-z -2.5 3.8 non-specific 

d6 2-x,1/2+y,1/2-z -2.5 3.8 non-specific 

d7 1-x,-y,1-z -10.9 16.8 O-H…O, 1.82 Å, 173° 

d8 1-x,1-y,1-z -5.8 8.9 non-specific 

d9 2-x,1-y,1-z -4.2 6.5 non-specific 

d10 2-x,2-y,1-z -2.0 3.2 non-specific 

d11 x,1/2-y,-1/2+z -6.6 10.3 C-H…π, 2.69 Å, 164° 

d12 x,1/2-y,1/2+z -6.6 10.3 C-H…π, 2.69 Å, 164° 

d13 x,3/2-y,-1/2+z -6.8 10.5 non-specific 

d14 x,3/2-y,1/2+z -6.8 10.5 non-specific 
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Table A 4.27. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.80 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.1 4.6 non-specific 

d2 x,1+y,z -3.1 4.6 non-specific 

d3 1-x,-1/2+y,3/2-z -2.0 3.0 non-specific 

d4 1-x,1/2+y,3/2-z -2.0 3.0 non-specific 

d5 2-x,-1/2+y,1/2-z -2.6 3.9 non-specific 

d6 2-x,1/2+y,1/2-z -2.6 3.9 non-specific 

d7 1-x,-y,1-z -11.8 17.6 O-H…O, 1.78 Å, 172° 

d8 1-x,1-y,1-z -5.7 8.5 non-specific 

d9 2-x,1-y,1-z -4.4 6.6 non-specific 

d10 2-x,2-y,1-z -2.1 3.2 H…H, 2.34 Å 

d11 x,1/2-y,-1/2+z -6.7 10.0 C-H…π, 2.65 Å, 166° 

d12 x,1/2-y,1/2+z -6.7 10.0 C-H…π, 2.65 Å, 166° 

d13 x,3/2-y,-1/2+z -7.0 10.5 C…H, 2.85 Å 

d14 x,3/2-y,1/2+z -7.0 10.5 C…H, 2.85 Å 
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Table A 4.28. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.88 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.2 4.7 non-specific 

d2 x,1+y,z -3.2 4.7 non-specific 

d3 1-x,-1/2+y,3/2-z -2.0 3.0 non-specific 

d4 1-x,1/2+y,3/2-z -2.0 3.0 non-specific 

d5 2-x,-1/2+y,1/2-z -2.6 3.8 non-specific 

d6 2-x,1/2+y,1/2-z -2.6 3.8 non-specific 

d7 1-x,-y,1-z -12.1 18.0 O-H…O, 1.82 Å, 172° 

d8 1-x,1-y,1-z -5.6 8.3 non-specific 

d9 2-x,1-y,1-z -4.4 6.6 non-specific 

d10 2-x,2-y,1-z -2.2 3.2 non-specific 

d11 x,1/2-y,-1/2+z -6.6 9.8 
C-H…π, 2.68 Å, 164°; 

C…H, 2.88 Å 

d12 x,1/2-y,1/2+z -6.6 9.8 
C-H…π, 2.68 Å, 164°; 

C…H, 2.88 Å 

d13 x,3/2-y,-1/2+z -7.1 10.6 C…H, 2.85 Å 

d14 x,3/2-y,1/2+z -7.1 10.6 C…H, 2.85 Å 
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Table A 4.29. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 1.70 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.2 4.7 non-specific 

d2 x,1+y,z -3.2 4.7 non-specific 

d3 1-x,-1/2+y,3/2-z -2.1 3.1 non-specific 

d4 1-x,1/2+y,3/2-z -2.1 3.1 non-specific 

d5 2-x,-1/2+y,1/2-z -2.6 3.8 H…H, 2.21 Å 

d6 2-x,1/2+y,1/2-z -2.6 3.8 H…H, 2.21 Å 

d7 1-x,-y,1-z -12.2 17.9 O-H…O, 1.80 Å, 170° 

d8 1-x,1-y,1-z -5.6 8.1 non-specific 

d9 2-x,1-y,1-z -4.7 6.9 non-specific 

d10 2-x,2-y,1-z -2.3 3.4 H…H, 2.28 Å 

d11 x,1/2-y,-1/2+z -6.3 9.3 
C-H…π, 2.63 Å, 163°; 

C…H, 2.80 Å 

d12 x,1/2-y,1/2+z -6.3 9.3 
C-H…π, 2.63 Å, 163°; 

C…H, 2.80 Å 

d13 x,3/2-y,-1/2+z -7.5 10.9 C…H, 2.72 Å 

d14 x,3/2-y,1/2+z -7.5 10.9 C…H, 2.72 Å 
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Table A 4.30. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 1.89 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.2 4.9 non-specific 

d2 x,1+y,z -3.2 4.9 non-specific 

d3 1-x,-1/2+y,3/2-z -2.0 3.0 non-specific 

d4 1-x,1/2+y,3/2-z -2.0 3.0 non-specific 

d5 2-x,-1/2+y,1/2-z -2.7 4.0 H…H, 2.23 Å 

d6 2-x,1/2+y,1/2-z -2.7 4.0 H…H, 2.23 Å 

d7 1-x,-y,1-z -10.7 16.1 O-H…O, 1.77 Å, 170° 

d8 1-x,1-y,1-z -5.3 8.0 O-H…O, 2.43 Å, 125° 

d9 2-x,1-y,1-z -4.7 7.1 non-specific 

d10 2-x,2-y,1-z -2.3 3.4 H…H, 2.22 Å 

d11 x,1/2-y,-1/2+z -6.4 9.5 
C-H…π, 2.55 Å, 164°; 

C…H, 2.81 Å 

d12 x,1/2-y,1/2+z -6.4 9.5 
C-H…π, 2.55 Å, 164°; 

C…H, 2.81 Å 

d13 x,3/2-y,-1/2+z -7.5 11.2 C…H, 2.70 Å 

d14 x,3/2-y,1/2+z -7.5 11.2 C…H, 2.70 Å 
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Table A 4.31. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 2.32 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.2 4.9 non-specific 

d2 x,1+y,z -3.2 4.9 non-specific 

d3 1-x,-1/2+y,3/2-z -2.0 3.1 non-specific 

d4 1-x,1/2+y,3/2-z -2.0 3.1 non-specific 

d5 2-x,-1/2+y,1/2-z -2.7 4.0 H…H, 2.19 Å 

d6 2-x,1/2+y,1/2-z -2.7 4.0 H…H, 2.19 Å 

d7 1-x,-y,1-z -11.7 17.5 O-H…O, 1.80 Å, 168° 

d8 1-x,1-y,1-z -5.4 8.1 O-H…O, 2.43 Å, 124° 

d9 2-x,1-y,1-z -4.8 7.1 non-specific 

d10 2-x,2-y,1-z -2.4 3.5 H…H, 2.22 Å 

d11 x,1/2-y,-1/2+z -5.8 8.7 
C-H…π, 2.48 Å, 164°; 

C…H, 2.73 Å; 

d12 x,1/2-y,1/2+z -5.8 8.7 

C-H…π, 2.48 Å, 164°; 

C…H, 2.73 Å 

d13 x,3/2-y,-1/2+z -7.5 11.3 

C…H, 2.70 Å, 2.88 Å; 

H…H, 2.33 Å 

d14 x,3/2-y,1/2+z -7.5 11.3 
C…H, 2.70 Å, 2.88 Å; 

H…H, 2.33 Å 
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Table A 4.32. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 2.65 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.2 5.0 non-specific 

d2 x,1+y,z -3.2 5.0 non-specific 

d3 1-x,-1/2+y,3/2-z -1.9 3.0 non-specific 

d4 1-x,1/2+y,3/2-z -1.9 3.0 non-specific 

d5 2-x,-1/2+y,1/2-z -2.6 4.1 H…H, 2.16 Å, 2.34 Å 

d6 2-x,1/2+y,1/2-z -2.6 4.1 H…H, 2.16 Å, 2.34 Å 

d7 1-x,-y,1-z -10.0 15.5 O-H…O, 1.78 Å, 168° 

d8 1-x,1-y,1-z -5.2 8.0 O-H…O, 2.41 Å, 124° 

d9 2-x,1-y,1-z -4.8 7.5 non-specific 

d10 2-x,2-y,1-z -2.4 3.7 H…H, 2.22 Å 

d11 x,1/2-y,-1/2+z -5.9 9.1 
C-H…π, 2.54 Å, 162°; 

C…H, 2.73 Å; C…C, 3.41 Å 

d12 x,1/2-y,1/2+z -5.9 9.1 
C-H…π, 2.54 Å, 162°; 

C…H, 2.73 Å; C…C, 3.41 Å 

d13 x,3/2-y,-1/2+z -7.5 11.6 
C…H, 2.60 Å, 2.83 Å; 

H…H, 2.32 Å 

d14 x,3/2-y,1/2+z -7.5 11.6 
C…H, 2.60 Å, 2.83 Å; 

H…H, 2.32 Å 

 

  



306 
 
 

Table A 4.33. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 3.46 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.3 5.1 C…C, 3.40 Å 

d2 x,1+y,z -3.3 5.1 C…C, 3.40 Å 

d3 1-x,-1/2+y,3/2-z -1.9 3.0 non-specific 

d4 1-x,1/2+y,3/2-z -1.9 3.0 non-specific 

d5 2-x,-1/2+y,1/2-z -2.5 3.9 
H…H, 2.10 Å, 2.31 Å; 

C…H, 2.85 Å, 2.88 Å 

d6 2-x,1/2+y,1/2-z -2.5 3.9 
H…H, 2.10 Å, 2.31 Å; 

C…H, 2.85 Å, 2.88 Å 

d7 1-x,-y,1-z -11.9 18.4 O-H…O, 1.76 Å, 167° 

d8 1-x,1-y,1-z -5.0 7.7 O-H…O, 2.41 Å, 123° 

d9 2-x,1-y,1-z -4.9 7.6 non-specific 

d10 2-x,2-y,1-z -2.4 3.7 H…H, 2.15 Å; C…H, 2.87 Å 

d11 x,1/2-y,-1/2+z -5.1 7.9 

C-H…π, 2.43 Å, 163°; 

C…H, 2.63 Å; 

C…C, 3.31 Å, 3.39 Å 

d12 x,1/2-y,1/2+z -5.1 7.9 

C-H…π, 2.43 Å, 163°; 

C…H, 2.63 Å; 

C…C, 3.31 Å, 3.39 Å 

d13 x,3/2-y,-1/2+z -7.4 11.5 
C…H, 2.53 Å, 2.75 Å, 2.85 Å; 

H…H, 2.27 Å, 2.32 Å 

d14 x,3/2-y,1/2+z -7.4 11.5 
C…H, 2.53 Å, 2.75 Å, 2.85 Å; 

H…H, 2.27 Å, 2.32 Å 
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Table A 4.34. Symmetry codes, binding types, interaction energies of the monomeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 4.00 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -3.2 5.1 C…C, 3.33 Å; C…H, 2.86 Å 

d2 x,1+y,z -3.2 5.1 C…C, 3.33 Å; C…H, 2.86 Å 

d3 1-x,-1/2+y,3/2-z -1.9 3.0 non-specific 

d4 1-x,1/2+y,3/2-z -1.9 3.0 non-specific 

d5 2-x,-1/2+y,1/2-z -2.5 4.1 
H…H, 2.11 Å, 2.29 Å; 

C…H, 2.84 Å 

d6 2-x,1/2+y,1/2-z -2.5 4.1 
H…H, 2.11 Å, 2.29 Å; 

C…H, 2.84 Å 

d7 1-x,-y,1-z -9.9 15.9 O-H…O, 1.74 Å, 167° 

d8 1-x,1-y,1-z -5.1 8.3 
O-H…O, 2.39 Å, 124°; 

O-H…O, 2.41 Å, 122° 

d9 2-x,1-y,1-z -4.9 7.9 non-specific 

d10 2-x,2-y,1-z -2.4 3.9 H…H, 2.13 Å; C…H, 2.84 Å 

d11 x,1/2-y,-1/2+z -5.0 8.0 

C-H…π, 2.40 Å, 163°; 

C…H, 2.61 Å; 

C…C, 3.31 Å, 3.34 Å 

d12 x,1/2-y,1/2+z -5.0 8.0 

C-H…π, 2.40 Å, 163°; 

C…H, 2.61 Å; 

C…C, 3.31 Å, 3.34 Å 

d13 x,3/2-y,-1/2+z -7.3 11.7 
C…H, 2.50 Å, 2.76 Å, 2.85 Å, 2.86 

Å; H…H, 2.25 Å, 2.25 Å 

d14 x,3/2-y,1/2+z -7.3 11.7 
C…H, 2.50 Å, 2.76 Å, 2.85 Å, 2.86 

Å; H…H, 2.25 Å, 2.25 Å 
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Table A 4.35. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under ambient pressure. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -x,-1-y,1-z -3.8 3.8 non-specific 

d2 -x,-1/2+y,3/2-z -2.2 2.2 non-specific 

d3 -x,-2-y,1-z -1.7 1.7 non-specific 

d4 -x,1/2+y,3/2-z -2.2 2.2 non-specific 

d5 1-x,-1-y,1-z -10.7 10.6 non-specific 

d6 1-x,-1/2+y,1/2-z -8.8 8.8 C-H…π, 2.86 Å, 166° 

d7 1-x,-1/2+y,3/2-z -8.8 8.8 C-H…π, 2.86 Å, 166° 

d8 1-x,-3/2+y,1/2-z -6.0 6.0 non-specific 

d9 1-x,-3/2+y,3/2-z -6.0 6.0 non-specific 

d10 1-x,1-y,1-z -10.7 10.6 non-specific 

d11 1-x,1/2+y,1/2-z -8.8 8.8 C-H…π, 2.86 Å, 166° 

d12 1-x,1/2+y,3/2-z -8.8 8.8 C-H…π, 2.86 Å, 166° 

d13 1-x,3/2+y,1/2-z -6.0 6.0 non-specific 

d14 1-x,3/2+y,3/2-z -6.0 6.0 non-specific 

d15 2-x,-1/2+y,1/2-z -2.2 2.2 non-specific 

d16 2-x,1-y,1-z -3.8 3.8 non-specific 

d17 2-x,1/2+y,1/2-z -2.2 2.2 non-specific 

d18 2-x,2-y,1-z -1.7 1.7 non-specific 
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Table A 4.36. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form II under ambient pressure. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -x,-1/2+y,3/2-z -4.2 5.2 C…H, 2.81 Å 

d2 -x,1/2+y,3/2-z -4.2 5.2 C…H, 2.81 Å 

d3 -1+x,y,1+z -1.2 1.5 H…H, 2.35 Å 

d4 -1+x,1+y,1+z -0.9 1.1 non-specific 

d5 -x,-1/2+y,1/2-z -8.4 10.4 
C-H…π, 2.80 Å, 172°, 

H…H, 2.16 Å 

d6 x,-1+y,z -13.2 16.2 C…H, 2.88 Å 

d7 1-x,-1/2+y,3/2-z -8.4 10.4 
C-H…π, 2.80 Å, 172°, 

H…H, 2.16 Å 

d8 1-x,1/2+y,1/2-z -8.4 10.4 
C-H…π, 2.80 Å, 172°, 

H…H, 2.16 Å 

d9 1-x,1/2+y,3/2-z -8.4 10.4 
C-H…π, 2.80 Å, 172°, 

H…H, 2.16 Å 

d10 x,1+y,z -13.2 16.2 C…H, 2.88 Å 

d11 1+x,-1+y,-1+z -0.9 1.1 non-specific 

d12 2-x,-1/2+y,1/2-z -4.2 5.2 C…H, 2.81 Å 

d13 1+x,y,-1+z -1.2 1.5 H…H, 2.35 Å 

d14 2-x,1/2+y,1/2-z -4.2 5.2 C…H, 2.81 Å 
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Table A 4.37. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.23 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -1+x,-2+y,z -1.9 1.9 non-specific 

d2 -1+x,-1+y,z -4.1 3.9 non-specific 

d3 x,-1+y,z -10.8 10.5 non-specific 

d4 x,-3/2-y,-1/2+z -6.2 6.0 non-specific 

d5 x,-3/2-y,1/2+z -6.2 6.0 non-specific 

d6 x,-1/2-y,-1/2+z -8.9 8.7 C-H…π, 2.77 Å, 165° 

d7 x,-1/2-y,1/2+z -8.9 8.7 C-H…π, 2.77 Å, 165° 

d8 x,1+y,z -10.8 10.5 non-specific 

d9 -1+x,-1/2-y,1/2+z -2.2 2.2 non-specific 

d10 -1+x,1/2-y,1/2+z -2.2 2.2 non-specific 

d11 x,1/2-y,-1/2+z -8.9 8.7 C-H…π, 2.77 Å, 165° 

d12 x,1/2-y,1/2+z -8.9 8.7 C-H…π, 2.77 Å, 165° 

d13 1+x,-1/2-y,-1/2+z -2.2 2.2 non-specific 

d14 1+x,1/2-y,-1/2+z -2.2 2.2 non-specific 

d15 1+x,1+y,z -4.1 3.9 non-specific 

d16 1+x,2+y,z -1.9 1.9 non-specific 

d17 x,3/2-y,-1/2+z -6.2 6.0 non-specific 

d18 x,3/2-y,1/2+z -6.2 6.0 non-specific 
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Table A 4.38. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.60 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -1+x,-2+y,z -2.1 1.9 non-specific 

d2 -1+x,-1+y,z -4.3 3.9 non-specific 

d3 x,-1+y,z -11.2 10.2 non-specific 

d4 x,-3/2-y,-1/2+z -6.9 6.3 non-specific 

d5 x,-3/2-y,1/2+z -6.9 6.3 non-specific 

d6 x,-1/2-y,-1/2+z -9.2 8.4 C-H…π, 2.69 Å, 164° 

d7 x,-1/2-y,1/2+z -9.2 8.4 C-H…π, 2.69 Å, 164° 

d8 x,1+y,z -11.2 10.2 non-specific 

d9 -1+x,-1/2-y,1/2+z -2.5 2.3 non-specific 

d10 -1+x,1/2-y,1/2+z -2.5 2.3 non-specific 

d11 x,1/2-y,-1/2+z -9.2 8.4 C-H…π, 2.69 Å, 164° 

d12 x,1/2-y,1/2+z -9.2 8.4 C-H…π, 2.69 Å, 164° 

d13 1+x,-1/2-y,-1/2+z -2.5 2.3 non-specific 

d14 1+x,1/2-y,-1/2+z -2.5 2.3 non-specific 

d15 1+x,1+y,z -4.3 3.9 non-specific 

d16 1+x,2+y,z -2.1 1.9 non-specific 

d17 x,3/2-y,-1/2+z -6.9 6.3 non-specific 

d18 x,3/2-y,1/2+z -6.9 6.3 non-specific 
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Table A 4.39. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.80 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -11.3 10.0 non-specific 

d2 x,1+y,z -11.3 10.0 non-specific 

d3 x,-1/2-y,1/2+z -9.3 8.3 C-H…π, 2.65 Å, 166° 

d4 x,1/2-y,1/2+z -9.3 8.3 C-H…π, 2.65 Å, 166° 

d5 1+x,-1/2-y,-1/2+z -2.6 2.4 non-specific 

d6 1+x,1/2-y,-1/2+z -2.6 2.4 non-specific 

d7 1+x,1+y,z -4.5 4.0 non-specific 

d8 1+x,2+y,z -2.1 1.9 H…H, 2.34 Å 

d9 x,1/2-y,-1/2+z -9.3 8.3 C-H…π, 2.65 Å, 166° 

d10 x,3/2-y,-1/2+z -7.1 6.4 C…H, 2.85 Å 

d11 x,3/2-y,1/2+z -7.1 6.4 C…H, 2.85 Å 

d12 -1+x,-2+y,z -2.1 1.9 H…H, 2.34 Å 

d13 -1+x,-1+y,z -4.5 4.0 non-specific 

d14 x,-3/2-y,-1/2+z -7.1 6.4 C…H, 2.85 Å 

d15 x,-3/2-y,1/2+z -7.1 6.4 C…H, 2.85 Å 

d16 x,-1/2-y,-1/2+z -9.3 8.3 C-H…π, 2.65 Å, 166° 

d17 -1+x,-1/2-y,1/2+z -2.6 2.4 non-specific 

d18 -1+x,1/2-y,1/2+z -2.6 2.4 non-specific 
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Table A 4.40. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 0.88 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -1+x,-2+y,z -2.2 1.9 non-specific 

d2 -1+x,-1+y,z -4.5 4.0 non-specific 

d3 x,-1+y,z -11.3 10.1 non-specific 

d4 x,-3/2-y,-1/2+z -7.2 6.4 C…H, 2.85 Å 

d5 x,-3/2-y,1/2+z -7.2 6.4 C…H, 2.85 Å 

d6 x,-1/2-y,-1/2+z -9.2 8.2 
C-H…π, 2.68 Å, 164°; 

C…H, 2.88 Å 

d7 x,-1/2-y,1/2+z -9.2 8.2 
C-H…π, 2.68 Å, 164°; 

C…H, 2.88 Å 

d8 x,1+y,z -11.3 10.1 non-specific 

d9 -1+x,-1/2-y,1/2+z -2.6 2.3 non-specific 

d10 -1+x,1/2-y,1/2+z -2.6 2.3 non-specific 

d11 x,1/2-y,-1/2+z -9.2 8.2 
C-H…π, 2.68 Å, 164°; 

C…H, 2.88 Å 

d12 x,1/2-y,1/2+z -9.2 8.2 
C-H…π, 2.68 Å, 164°; 

C…H, 2.88 Å 

d13 1+x,-1/2-y,-1/2+z -2.6 2.3 non-specific 

d14 1+x,1/2-y,-1/2+z -2.6 2.3 non-specific 

d15 1+x,1+y,z -4.5 4.0 non-specific 

d16 1+x,2+y,z -2.2 1.9 non-specific 

d17 x,3/2-y,-1/2+z -7.2 6.4 C…H, 2.85 Å 

d18 x,3/2-y,1/2+z -7.2 6.4 C…H, 2.85 Å 
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Table A 4.41. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 1.70 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -1+x,-2+y,z -2.3 2.0 H…H, 2.28 Å 

d2 -1+x,-1+y,z -4.8 4.2 non-specific 

d3 x,-1+y,z -11.3 9.9 non-specific 

d4 x,-3/2-y,-1/2+z -7.6 6.6 C…H, 2.72 Å 

d5 x,-3/2-y,1/2+z -7.6 6.6 C…H, 2.72 Å 

d6 x,-1/2-y,-1/2+z -9.2 8.0 
C-H…π, 2.63 Å, 163°; 

C…H, 2.80 Å 

d7 x,-1/2-y,1/2+z -9.2 8.0 
C-H…π, 2.63 Å, 163°; 

C…H, 2.80 Å 

d8 x,1+y,z -11.3 9.9 non-specific 

d9 -1+x,-1/2-y,1/2+z -2.7 2.3 H…H, 2.21 Å 

d10 -1+x,1/2-y,1/2+z -2.7 2.3 H…H, 2.21 Å 

d11 x,1/2-y,-1/2+z -9.2 8.0 
C-H…π, 2.63 Å, 163°; 

C…H, 2.80 Å 

d12 x,1/2-y,1/2+z -9.2 8.0 
C-H…π, 2.63 Å, 163°; 

C…H, 2.80 Å 

d13 1+x,-1/2-y,-1/2+z -2.7 2.3 H…H, 2.21 Å 

d14 1+x,1/2-y,-1/2+z -2.7 2.3 H…H, 2.21 Å 

d15 1+x,1+y,z -4.8 4.2 non-specific 

d16 1+x,2+y,z -2.3 2.0 H…H, 2.28 Å 

d17 x,3/2-y,-1/2+z -7.6 6.6 C…H, 2.72 Å 

d18 x,3/2-y,1/2+z -7.6 6.6 C…H, 2.72 Å 
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Table A 4.42. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 1.89 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -11.2 9.8 O-H…O, 2.43 Å, 125° 

d2 x,1+y,z -11.2 9.8 O-H…O, 2.43 Å, 125° 

d3 x,-1/2-y,1/2+z -9.1 8.0 
C-H…π, 2.55 Å, 164°; 

C…H, 2.81 Å 

d4 x,1/2-y,1/2+z -9.1 8.0 
C-H…π, 2.55 Å, 164°; 

C…H, 2.81 Å 

d5 1+x,-1/2-y,-1/2+z -2.7 2.4 H…H, 2.23 Å 

d6 1+x,1/2-y,-1/2+z -2.7 2.4 H…H, 2.23 Å 

d7 1+x,1+y,z -4.8 4.2 non-specific 

d8 1+x,2+y,z -2.3 2.0 H…H, 2.22 Å 

d9 x,1/2-y,-1/2+z -9.1 8.0 
C-H…π, 2.55 Å, 164°; 

C…H, 2.81 Å 

d10 x,3/2-y,-1/2+z -7.6 6.6 C…H, 2.70 Å 

d11 x,3/2-y,1/2+z -7.6 6.6 C…H, 2.70 Å 

d12 -1+x,-2+y,z -2.3 2.0 H…H, 2.22 Å 

d13 -1+x,-1+y,z -4.8 4.2 non-specific 

d14 x,-3/2-y,-1/2+z -7.6 6.6 C…H, 2.70 Å 

d15 x,-3/2-y,1/2+z -7.6 6.6 C…H, 2.70 Å 

d16 x,-1/2-y,-1/2+z -9.1 8.0 
C-H…π, 2.55 Å, 164°; 

C…H, 2.81 Å 

d17 -1+x,-1/2-y,1/2+z -2.7 2.4 H…H, 2.23 Å 

d18 -1+x,1/2-y,1/2+z -2.7 2.4 H…H, 2.23 Å 
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Table A 4.43. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 2.32 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 x,-1+y,z -11.2 9.9 O-H…O, 2.43 Å, 124° 

d2 x,1+y,z -11.2 9.9 O-H…O, 2.43 Å, 124° 

d3 x,-1/2-y,1/2+z -8.6 7.7 
C-H…π, 2.48 Å, 164°; 

C…H, 2.73 Å 

d4 x,1/2-y,1/2+z -8.6 7.7 
C-H…π, 2.48 Å, 164°; 

C…H, 2.73 Å 

d5 1+x,-1/2-y,-1/2+z -2.7 2.4 H…H, 2.19 Å 

d6 1+x,1/2-y,-1/2+z -2.7 2.4 H…H, 2.19 Å 

d7 1+x,1+y,z -4.9 4.3 non-specific 

d8 1+x,2+y,z -2.4 2.1 H…H, 2.22 Å 

d9 x,1/2-y,-1/2+z -8.6 7.7 
C-H…π, 2.48 Å, 164°; 

C…H, 2.73 Å 

d10 x,3/2-y,-1/2+z -7.6 6.8 
C…H, 2.70 Å, 2.88 Å; 

H…H, 2.33 Å 

d11 x,3/2-y,1/2+z -7.6 6.8 
C…H, 2.70 Å, 2.88 Å; 

H…H, 2.33 Å 

d12 -1+x,-2+y,z -2.4 2.1 H…H, 2.22 Å 

d13 -1+x,-1+y,z -4.9 4.3 non-specific 

d14 x,-3/2-y,-1/2+z -7.6 6.8 
C…H, 2.70 Å, 2.88 Å; 

H…H, 2.33 Å 

d15 x,-3/2-y,1/2+z -7.6 6.8 
C…H, 2.70 Å, 2.88 Å; 

H…H, 2.33 Å 

d16 x,-1/2-y,-1/2+z -8.6 7.7 
C-H…π, 2.48 Å, 164°; 

C…H, 2.73 Å 

d17 -1+x,-1/2-y,1/2+z -2.7 2.4 H…H, 2.19 Å 

d18 -1+x,1/2-y,1/2+z -2.7 2.4 H…H, 2.19 Å 
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Table A 4.44. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 2.65 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -1+x,-2+y,z -2.4 2.1 H…H, 2.22 Å 

d2 -1+x,-1+y,z -4.9 4.4 non-specific 

d3 x,-1+y,z -11.0 9.8 O-H…O, 2.41 Å, 124° 

d4 x,-3/2-y,-1/2+z -7.6 6.7 
C…H, 2.60 Å, 2.83 Å; 

H…H, 2.32 Å 

d5 x,-3/2-y,1/2+z -7.6 6.7 
C…H, 2.60 Å, 2.83 Å; 

H…H, 2.32 Å 

d6 x,-1/2-y,-1/2+z -8.7 7.7 
C-H…π, 2.54 Å, 162°; 

C…H, 2.73 Å; C…C, 3.41 Å 

d7 x,-1/2-y,1/2+z -8.7 7.7 
C-H…π, 2.54 Å, 162°; 

C…H, 2.73 Å; C…C, 3.41 Å 

d8 x,1+y,z -11.0 9.8 O-H…O, 2.41 Å, 124° 

d9 -1+x,-1/2-y,1/2+z -2.7 2.4 H…H, 2.16 Å, 2.34 Å 

d10 -1+x,1/2-y,1/2+z -2.7 2.4 H…H, 2.16 Å, 2.34 Å 

d11 x,1/2-y,-1/2+z -8.7 7.7 
C-H…π, 2.54 Å, 162°; 

C…H, 2.73 Å; C…C, 3.41 Å 

d12 x,1/2-y,1/2+z -8.7 7.7 
C-H…π, 2.54 Å, 162°; 

C…H, 2.73 Å; C…C, 3.41 Å 

d13 1+x,-1/2-y,-1/2+z -2.7 2.4 H…H, 2.16 Å, 2.34 Å 

d14 1+x,1/2-y,-1/2+z -2.7 2.4 H…H, 2.16 Å, 2.34 Å 

d15 1+x,1+y,z -4.9 4.4 non-specific 

d16 1+x,2+y,z -2.4 2.1 H…H, 2.22 Å 

d17 x,3/2-y,-1/2+z -7.6 6.7 
C…H, 2.60 Å, 2.83 Å; 

H…H, 2.32 Å 

d18 x,3/2-y,1/2+z -7.6 6.7 
C…H, 2.60 Å, 2.83 Å; 

H…H, 2.32 Å 
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Table A 4.45. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 3.46 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -1+x,-2+y,z -2.4 2.2 H…H, 2.15 Å; C…H, 2.87 Å 

d2 -1+x,-1+y,z -5.0 4.6 non-specific 

d3 x,-1+y,z -10.8 10.0 O-H…O, 2.41 Å, 123°; C…C, 3.40 Å 

d4 x,-3/2-y,-1/2+z -7.5 7.0 
C…H, 2.53 Å, 2.75 Å, 2.85 Å; 

H…H, 2.27 Å, 2.32 Å 

d5 x,-3/2-y,1/2+z -7.5 7.0 
C…H, 2.53 Å, 2.75 Å, 2.85 Å; 

H…H, 2.27 Å, 2.32 Å 

d6 x,-1/2-y,-1/2+z -7.9 7.3 
C-H…π, 2.43 Å, 163°; C…H, 2.63 Å; 

C…C, 3.31 Å, 3.39 Å 

d7 x,-1/2-y,1/2+z -7.9 7.3 
C-H…π, 2.43 Å, 163°; C…H, 2.63 Å; 

C…C, 3.31 Å, 3.39 Å 

d8 x,1+y,z -10.8 10.0 O-H…O, 2.41 Å, 123°; C…C, 3.40 Å 

d9 -1+x,-1/2-y,1/2+z -2.5 2.3 
H…H, 2.10 Å, 2.31 Å; C…H, 2.85 Å, 

2.88 Å 

d10 -1+x,1/2-y,1/2+z -2.5 2.3 
H…H, 2.10 Å, 2.31 Å; C…H, 2.85 Å, 

2.88 Å 

d11 x,1/2-y,-1/2+z -7.9 7.3 
C-H…π, 2.43 Å, 163°; C…H, 2.63 Å; 

C…C, 3.31 Å, 3.39 Å 

d12 x,1/2-y,1/2+z -7.9 7.3 
C-H…π, 2.43 Å, 163°; C…H, 2.63 Å; 

C…C, 3.31 Å, 3.39 Å 

d13 1+x,-1/2-y,-1/2+z -2.5 2.3 
H…H, 2.10 Å, 2.31 Å; C…H, 2.85 Å, 

2.88 Å 

d14 1+x,1/2-y,-1/2+z -2.5 2.3 
H…H, 2.10 Å, 2.31 Å; C…H, 2.85 Å, 

2.88 Å 

d15 1+x,1+y,z -5.0 4.6 non-specific 

d16 1+x,2+y,z -2.4 2.2 H…H, 2.15 Å; C…H, 2.87 Å 

d17 x,3/2-y,-1/2+z -7.5 7.0 
C…H, 2.53 Å, 2.75 Å, 2.85 Å; 

H…H, 2.27 Å, 2.32 Å 

d18 x,3/2-y,1/2+z -7.5 7.0 
C…H, 2.53 Å, 2.75 Å, 2.85 Å; 

H…H, 2.27 Å, 2.32 Å 
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Table A 4.46. Symmetry codes, binding types, interaction energies of the dimeric 

building unit with neighboring ones (Eint, kcal/mol) and the contribution of these energies to 

the total interaction energy (%) in the crystal of ibuprofen form I under pressure of 4.00 GPa. 

Dimer Symmetry operation 
Eint, 

kcal/mol 

Contribution to the 

total interaction 

energy, % 

Interaction 

d1 -1+x,-2+y,z -2.4 2.3 H…H, 2.13 Å; C…H, 2.84 Å 

d2 -1+x,-1+y,z -5.1 4.7 non-specific 

d3 x,-1+y,z -10.8 10.0 

O-H…O, 2.39 Å, 124°; 

O-H…O, 2.41 Å, 122°; 

C…C, 3.33 Å; C…H, 2.86 Å 

d4 x,-3/2-y,-1/2+z -7.4 6.9 
C…H, 2.50 Å, 2.76 Å, 2.85 Å, 2.86 Å; 

H…H, 2.25 Å, 2.25 Å 

d5 x,-3/2-y,1/2+z -7.4 6.9 
C…H, 2.50 Å, 2.76 Å, 2.85 Å, 2.86 Å; 

H…H, 2.25 Å, 2.25 Å 

d6 x,-1/2-y,-1/2+z -7.8 7.2 
C-H…π, 2.40 Å, 163°; C…H, 2.61 Å; 

C…C, 3.31 Å, 3.34 Å 

d7 x,-1/2-y,1/2+z -7.8 7.2 
C-H…π, 2.40 Å, 163°; C…H, 2.61 Å; 

C…C, 3.31 Å, 3.34 Å 

d8 x,1+y,z -10.8 10.0 

O-H…O, 2.39 Å, 124°; 

O-H…O, 2.41 Å, 122°; 

C…C, 3.33 Å; C…H, 2.86 Å 

d9 -1+x,-1/2-y,1/2+z -2.6 2.4 H…H, 2.11 Å, 2.29 Å; C…H, 2.84 Å 

d10 -1+x,1/2-y,1/2+z -2.6 2.4 H…H, 2.11 Å, 2.29 Å; C…H, 2.84 Å 

d11 x,1/2-y,-1/2+z -7.8 7.2 
C-H…π, 2.40 Å, 163°; C…H, 2.61 Å; 

C…C, 3.31 Å, 3.34 Å 

d12 x,1/2-y,1/2+z -7.8 7.2 
C-H…π, 2.40 Å, 163°; C…H, 2.61 Å; 

C…C, 3.31 Å, 3.34 Å 

d13 1+x,-1/2-y,-1/2+z -2.6 2.4 H…H, 2.11 Å, 2.29 Å; C…H, 2.84 Å 

d14 1+x,1/2-y,-1/2+z -2.6 2.4 H…H, 2.11 Å, 2.29 Å; C…H, 2.84 Å 

d15 1+x,1+y,z -5.1 4.7 non-specific 

d16 1+x,2+y,z -2.4 2.3 H…H, 2.13 Å; C…H, 2.84 Å 

d17 x,3/2-y,-1/2+z -7.4 6.9 
C…H, 2.50 Å, 2.76 Å, 2.85 Å, 2.86 Å; 

H…H, 2.25 Å, 2.25 Å 

d18 x,3/2-y,1/2+z -7.4 6.9 
C…H, 2.50 Å, 2.76 Å, 2.85 Å, 2.86 Å; 

H…H, 2.25 Å, 2.25 Å 
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Table A 4.47. Minimal interatomic distances and absolute deviation (AD) of their determination for the different step sizes in comparison 

to the high-precision computation with a step size of 1/1000 of a translation occurring during the displacement of the dimeric building units in 

polymorph I and monomeric building units in polymorph II of ibuprofen along [001] and [010] directions of layers laying in (100) plane. 

Shift direction 
Step size 

(Part of a translation) 

Minimal interatomic distance ± AD, Å 

I II I 

Ambient pressure Ambient pressure 0.23 GPa 0.60 GPa 0.80 GPa 0.88 GPa 

[010] (100) 

0.20 

0.265 ᵝ   ± 

0.360 

1.126   ± 

0.055 

0.446 ᵝ   

± 

0.275 

0.234 ᵝ   

± 

0.381 

0.543 ᵝ   

± 

0.025 

0.096 ᵝ   

± 

0.497 

0.10 0.082 0.023 0.038 0.074 0.025 0.107 

0.05 0.051 0.002 0.033 0.064 0.025 0.107 

0.04 0.008 0.006 0.004 0.005 0.017 0.003 

0.02 0.008 0.000 0.004 0.005 0.000 0.003 

[001] (100) 

0.20 

1.548   ± 

0.039 

1.206 ᵟ   ± 

0.010 

1.450   ± 

0.009 

1.286   ± 

0.042 

1.182   ± 

0.082 

1.189   ± 

0.055 

0.10 0.039 0.003 0.009 0.042 0.082 0.055 

0.05 0.011 0.003 0.009 0.014 0.002 0.009 

0.04 0.002 0.001 0.009 0.003 0.001 0.001 

0.02 0.002 0.001 0.009 0.003 0.001 0.001 

Shift direction 
Step size 

(Part of a translation) 

Minimal interatomic distance (AD), Å 

I 

1.70 GPa 1.89 GPa 2.32 GPa 2.65 GPa 3.46 GPa 4.00 GPa 

[010] (100) 

0.20 

0.153 ᵝ   ± 

0.306 

0.195 ᵝ   ± 

0.264 

0.243 ᵝ   

± 

0.116 

0.285 ᵝ   

± 

0.034 

0.156 ᵝ   

± 

0.051 

0.207 ᵝ   

± 

0.038 

0.10 0.054 0.044 0.024 0.016 0.051 0.038 

0.05 0.054 0.044 0.024 0.016 0.051 0.038 

0.04 0.000 0.000 0.003 0.004 0.051 0.038 

0.02 0.000 0.000 0.003 0.001 0.000 0.000 

[001] (100) 

0.20 

1.017   ± 

0.106 

0.966   ± 

0.103 

0.907   ± 

0.132 

0.863   ± 

0.157 

0.747   ± 

0.206 

0.697   ± 

0.195 

0.10 0.106 0.103 0.126 0.112 0.097 0.118 

0.05 0.001 0.001 0.000 0.001 0.007 0.003 

0.04 0.003 0.002 0.006 0.012 0.025 0.019 

0.02 0.003 0.002 0.005 0.002 0.000 0.001 

ᵝ Movements in the directions are improbable from the topological point of view because of the molecules overlapping during the translations. 

ᵟ The shift direction [010] for the layers family parallel to plane (102) is shown instead of [001] (100) for the polymorphic form II of ibuprofen. 
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Table A 4.48. Minimal differences between the interatomic distances and the corresponding sums of van der Waals radii (δ) and absolute 

deviation (AD) of their determination for the different step sizes in comparison to the high-precision computation with a step size of 1/1000 of a 

translation occurring during the displacement of the dimeric building units in polymorph I and monomeric building units in polymorph II of 

ibuprofen along [001] and [010] directions of layers laying in (100) plane. 

Shift direction 
Step size 

(Part of a translation) 

δ ± AD, Å 

I II I 

Ambient pressure Ambient pressure 0.23 GPa 0.60 GPa 0.80 GPa 0.88 GPa 

[010] (100) 

0.20 

-2.107 ᵝ   

± 

0.169 

-1.054 ᵞ   

± 

0.055 

-2.093 ᵝ   

± 

0.089 

-2.200 ᵝ   

± 

0.158 

-2.352 ᵝ   

± 

0.131 

-2.300 ᵝ   

± 

0.193 

0.10 0.000 0.023 0.000 0.000 0.000 0.000 

0.05 0.000 0.002 0.000 0.000 0.000 0.000 

0.04 0.010 0.006 0.009 0.010 0.011 0.011 

0.02 0.000 0.000 0.000 0.000 0.000 0.000 

[001] (100) 

0.20 

-0.632   ± 

0.039 

-0.974 ᵟ  ± 

0.010 

-0.730   ± 

0.009 

-0.894   ± 

0.042 

-0.998   ± 

0.082 

-0.991   ± 

0.055 

0.10 0.039 0.003 0.009 0.042 0.082 0.055 

0.05 0.011 0.003 0.009 0.014 0.002 0.009 

0.04 0.002 0.001 0.009 0.003 0.001 0.001 

0.02 0.002 0.001 0.001 0.003 0.001 0.001 

Shift direction 
Step size 

(Part of a translation) 

δ ± AD, Å 

I 

1.70 GPa 1.89 GPa 2.32 GPa 2.65 GPa 3.46 GPa 4.00 GPa 

[010] (100) 

0.20 

-2.449 ᵝ   

± 

0.118 

-2.499 ᵝ   

± 

0.168 

-2.522 ᵝ   

± 

0.090 

-2.557 ᵝ   

± 

0.085 

-2.634 ᵝ   

± 

0.051 

-2.669 ᵝ   

± 

0.124 

0.10 0.000 0.000 0.000 0.000 0.003 0.000 

0.05 0.000 0.000 0.000 0.000 0.003 0.000 

0.04 0.012 0.012 0.013 0.013 0.016 0.014 

0.02 0.000 0.000 0.000 0.000 0.000 0.000 

[001] (100) 

0.20 

-1.163 ᵞ   

± 

0.109 

-1.214 ᵞ   

± 

0.103 

-1.273 ᵞ   

± 

0.132 

-1.317 ᵞ   

± 

0.157 

-1.433 ᵞ   

± 

0.206 

-1.483 ᵞ   

± 

0.195 

0.10 0.109 0.103 0.126 0.112 0.097 0.118 

0.05 0.000 0.001 0.000 0.001 0.007 0.003 

0.04 0.003 0.002 0.006 0.012 0.025 0.019 

0.02 0.003 0.002 0.005 0.002 0.000 0.001 

ᵝ Movements in the directions are improbable from the topological point of view because of the molecules overlapping during the translations. 

ᵞ Probability of movements in the directions are very low because of the compression of material / molecules rapprochement. 

ᵟ The shift direction [010] for the layers family parallel to plane (102) is shown instead of [001] (100) for the polymorphic form II of ibuprofen. 
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Table A 4.49. Comparison of the covalent bond lengths in experimental and optimized structures of the polymorphic modification I of 

ibuprofen in the range from ambient pressure to 4 GPa. The bond lengths, which do not coincide according to the 3σ (99.7%) rule, are marked 

with asterisk. 

 

Bond length in optimized (experimental) structure, Å 

Covalent bond Ambient pressure 0.23 GPa 0.60 GPa 0.80 GPa 0.88 GPa 1.70 GPa 

O1‒C9 1.307 (1.319) * 1.310 (1.319) 1.316 (1.317) 1.288 (1.317) * 1.294 (1.317) 1.284 (1.314) * 

O2=C9 1.216 (1.245) * 1.220 (1.245) 1.228 (1.245) 1.226 (1.245) 1.226 (1.246) 1.234 (1.245) 

C9‒C7 1.512 (1.515) 1.520 (1.516) 1.500 (1.513) 1.510 (1.513) 1.500 (1.512) 1.490 (1.508) 

C7‒C8 1.527 (1.529) 1.570 (1.528) 1.540 (1.526) 1.530 (1.526) 1.540 (1.525) 1.530 (1.524) 

C7‒C1 1.522 (1.525) 1.510 (1.526) 1.480 (1.525) 1.460 (1.523) * 1.420 (1.523) * 1.480 (1.521) 

C1‒C2 (ar) 1.385 (1.400) * 1.360 (1.400) 1.370 (1.399) 1.450 (1.398) * 1.420 (1.399) 1.360 (1.397) * 

C2‒C3 (ar) 1.380 (1.394) * 1.320 (1.394) 1.390 (1.393) 1.390 (1.392) 1.340 (1.393) 1.460 (1.391) * 

C3‒C4 (ar) 1.381 (1.400) * 1.410 (1.400) 1.400 (1.399) 1.380 (1.400) 1.440 (1.398) * 1.360 (1.398) * 

C4‒C5 (ar) 1.384 (1.404) * 1.350 (1.404) 1.400 (1.404) 1.360 (1.403) * 1.370 (1.403) * 1.390 (1.403) 

C5‒C6 (ar) 1.386 (1.395) 1.390 (1.395) 1.390 (1.395) 1.370 (1.394) 1.370 (1.394) 1.380 (1.393) 

C6‒C1 (ar) 1.382 (1.400) * 1.420 (1.400) 1.380 (1.400) 1.400 (1.400) 1.400 (1.400) 1.370 (1.398) 

C4‒C10 1.512 (1.504) 1.460 (1.505) 1.520 (1.503) 1.490 (1.502) 1.530 (1.502) 1.520 (1.499) 

C10‒C11 1.524 (1.544) * 1.550 (1.544) 1.480 (1.543) * 1.500 (1.541) * 1.510 (1.541) * 1.540 (1.539) 

C11‒C13 1.515 (1.529) * 1.490 (1.529) 1.520 (1.529) 1.570 (1.529) * 1.560 (1.528) * 1.520 (1.526) 

C11-C12 1.518 (1.529) 1.470 (1.528) 1.450 (1.527) * 1.490 (1.528) 1.480 (1.527) 1.520 (1.525) 
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Table A 4.49 (Continue). 

 

Bond length in optimized (experimental) structure, Å 

Covalent bond 1.89 GPa 2.32 GPa 2.65 GPa 3.46 GPa 4.00 GPa 

O1‒C9 1.320 (1.312) 1.301 (1.314) 1.330 (1.313) 1.280 (1.309) * 1.293 (1.309) * 

O2=C9 1.230 (1.247) 1.239 (1.245) 1.236 (1.246) 1.250 (1.246) 1.228 (1.246) * 

C9‒C7 1.500 (1.508) 1.490 (1.504) 1.450 (1.503) * 1.470 (1.500) * 1.480 (1.499) * 

C7‒C8 1.530 (1.523) 1.550 (1.522) 1.600 (1.521) * 1.580 (1.518) * 1.540 (1.517) * 

C7‒C1 1.470 (1.520) 1.510 (1.518) 1.450 (1.518) * 1.500 (1.515) 1.490 (1.514) * 

C1‒C2 (ar) 1.400 (1.396) 1.390 (1.397) 1.380 (1.396) 1.370 (1.395) * 1.410 (1.394) * 

C2‒C3 (ar) 1.400 (1.391) 1.440 (1.389) 1.440 (1.389) 1.410 (1.389) * 1.330 (1.389) * 

C3‒C4 (ar) 1.400 (1.398) 1.380 (1.397) 1.370 (1.396) 1.400 (1.395) 1.420 (1.395) * 

C4‒C5 (ar) 1.400 (1.403) 1.430 (1.403) 1.410 (1.402) 1.410 (1.402) 1.440 (1.400) * 

C5‒C6 (ar) 1.360 (1.393) 1.360 (1.393) 1.340 (1.392) 1.330 (1.391) * 1.330 (1.392) * 

C6‒C1 (ar) 1.380 (1.398) 1.400 (1.397) 1.400 (1.397) 1.390 (1.395) 1.400 (1.393) 

C4‒C10 1.480 (1.500) 1.450 (1.498) 1.500 (1.497) 1.430 (1.496) * 1.430 (1.495) * 

C10‒C11 1.530 (1.540) 1.552 (1.537) 1.560 (1.537) 1.540 (1.535) 1.550 (1.535) * 

C11‒C13 1.540 (1.527) 1.530 (1.527) 1.520 (1.527) 1.510 (1.525) 1.520 (1.524) 

C11-C12 1.510 (1.524) 1.520 (1.523) 1.520 (1.522) 1.560 (1.520) * 1.530 (1.518) 
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Figure A 4.25. Packing of the molecules in the crystals of ibuprofen polymorphs I (A) 

and II (B) at ambient pressure and polymorph I under the pressure of 0.23 (C) and 0.60 

GPa (D). The projections in a (on the right), b (in the middle), c (on the left) crystallographic 

directions are represented.
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Figure A 4.26. Packing of the molecules in the crystals of ibuprofen polymorph I 

under the pressure of 0.80 (A), 0.88 (B), 1.70 (C) and 1.89 GPa (D). The projections in a (on 

the right), b (in the middle), c (on the left) crystallographic directions are represented. 
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Figure A 4.27. Packing of the molecules in the crystals of ibuprofen polymorph I 

under the pressure of 2.32 (A), 2.65 (B), 3.46 (C) and 4.00 GPa (D). The projections in a (on 

the right), b (in the middle), c (on the left) crystallographic directions are represented. 
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Figure A 4.28. Packing of the energy vector diagrams representing the pairwise 

interaction energy distribution of monomeric building units in the crystals of ibuprofen 

polymorphs I (A) and II (B) at ambient pressure and polymorph I under the pressure of 

0.23 (C) and 0.60 GPa (D). The projections in a (on the right), b (in the middle), c (on the 

left) crystallographic directions are represented. 
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Figure A 4.29. Packing of the energy vector diagrams representing the pairwise 

interaction energy distribution of monomeric building units in the crystals of ibuprofen 

polymorph I under the pressure of 0.80 (A), 0.88 (B), 1.70 (C) and 1.89 GPa (D). 

The projections in a (on the right), b (in the middle), c (on the left) crystallographic directions 

are represented. 
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Figure A 4.30. Packing of the energy vector diagrams representing the pairwise 

interaction energy distribution of monomeric building units in the crystals of ibuprofen 

polymorph I under the pressure of 2.32 (A), 2.65 (B), 3.46 (C) and 4.00 GPa (D). 

The projections in a (on the right), b (in the middle), c (on the left) crystallographic directions 

are represented. 
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Figure A 4.31. Packing of the energy vector diagrams representing the pairwise 

interaction energy distribution of dimeric building units in the crystals of ibuprofen 

polymorphs I (A) and II (B) at ambient pressure and polymorph I under the pressure of 0.23 

(C) and 0.60 GPa (D). The projections in a (on the right), b (in the middle), c (on the left) 

crystallographic directions are represented. 
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Figure A 4.32. Packing of the energy vector diagrams representing the pairwise 

interaction energy distribution of dimeric building units in the crystals of ibuprofen 

polymorph I under the pressure of 0.80 (A), 0.88 (B), 1.70 (C) and 1.89 GPa (D). The 

projections in a (on the right), b (in the middle), c (on the left) crystallographic directions are 

represented. 
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Figure A 4.33. Packing of the energy vector diagrams representing the pairwise 

interaction energy distribution of dimeric building units in the crystals of ibuprofen 

polymorph I under the pressure of 2.32 (A), 2.65 (B), 3.46 (C) and 4.00 GPa (D). The 

projections in a (on the right), b (in the middle), c (on the left) crystallographic directions are 

represented. 

 

  



333 
 

 
Figure A 4.34. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I at ambient pressure for the following cases: motile dimer 

symmetry is not considered (at the top) and both rotated equivalents in the motile part are 

taken into account (at the bottom) for the systems with one (on the left) and two neighboring 

layers (on the right). Dashed contour surrounds the zones without the shortening of 

interatomic distances below the corresponding sum of van der Waals radii (δ). Bold contour 

surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.35. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 0.23 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.36. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 0.60 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 

 

  



336 
 

 
Figure A 4.37. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 0.80 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.38. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 0.88 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.39. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 1.70 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.40. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 1.89 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.41. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 2.32 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.42. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 2.65 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.43. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 3.46 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.44. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form I under the pressure of 4.00 GPa for the following cases: motile 

dimer symmetry is not considered (at the top) and both rotated equivalents in the motile part 

are taken into account (at the bottom) for the systems with one (on the left) and two 

neighboring layers (on the right). Dashed contour surrounds the zones without the shortening 

of interatomic distances below the corresponding sum of van der Waals radii (δ). Bold 

contour surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.45. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (100) plane ([010] and [001] directions of shift) in the crystals of 

ibuprofen polymorphic form II at ambient pressure for the following cases: motile dimer 

symmetry is not considered (at the top) and both rotated equivalents in the motile part are 

taken into account (at the bottom) for the systems with one (on the left) and two neighboring 

layers (on the right). Dashed contour surrounds the zones without the shortening of 

interatomic distances below the corresponding sum of van der Waals radii (δ). Bold contour 

surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.46. Maps of δ (Å) occurring during the shear of the dimeric motile part in 

relation to the fixed one in (102) plane ([010] and [-201] directions of shift) in the crystals of 

ibuprofen polymorphic form II at ambient pressure for the following cases: motile dimer 

symmetry is not considered (at the top) and both rotated equivalents in the motile part are 

taken into account (at the bottom) for the systems with one (on the left) and two neighboring 

layers (on the right). Dashed contour surrounds the zones without the shortening of 

interatomic distances below the corresponding sum of van der Waals radii (δ). Bold contour 

surrounds zones with δ smaller than -0.25 Å. 
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Figure A 4.47. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen under ambient pressure. The line of zero 

energy is marked as the black dashed one. 

 

 
Figure A 4.48. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen at the pressure of 0.23 GPa. The line of zero 

energy is marked as the black dashed one. 
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Figure A 4.49. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen at the pressure of 0.60 GPa. The line of zero 

energy is marked as the black dashed one. 

 

 
Figure A 4.50. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen at the pressure of 0.80 GPa. The line of zero 

energy is marked as the black dashed one. 
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Figure A 4.51. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen at the pressure of 0.88 GPa. The line of zero 

energy is marked as the black dashed one. 

 

 
Figure A 4.52. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen at the pressure of 1.70 GPa. The line of zero 

energy is marked as the black dashed one. 
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Figure A 4.53. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen at the pressure of 2.65 GPa. The line of zero 

energy is marked as the black dashed one. 

 

 
Figure A 4.54. Profiles of interaction energy (in bright green) and topological 

parameter δ (in red) occurring during the shear of the dimeric building unit(s) along the 

direction [001] in parallel to a neighboring layer (100) with lower coordinate a in the crystals 

of the polymorphic modification I of ibuprofen at the pressure of 4.00 GPa. The line of zero 

energy is marked as the black dashed one. 
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Figure A 4.55. Profiles of interaction energy (in bright green and olive for different 

symmetric equivalents, black for their overlap) and topological parameter δ (in blue and 

yellow, similar for equivalents and their overlap) occurring during the shear of the dimeric 

building unit(s) along the direction [010] in parallel to a neighboring layer (100) with lower 

coordinate a in the crystals of the polymorphic modification II of ibuprofen. The line of zero 

energy is marked as the black dashed one. 
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Figure A 4.56. Profiles of interaction energy (in bright green and olive for different 

symmetric equivalents, black for their overlap) and topological parameter δ (in red and yellow 

for different symmetric equivalents, blue for their overlap) occurring during the shear of the 

dimeric building unit(s) along the direction [010] in parallel to a neighboring layer (102) with 

lower coordinate a in the crystals of the polymorphic modification II of ibuprofen. The line of 

zero energy is marked as the black dashed one. 
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Conclusions and perspectives 

Current thesis presents new suggestions in the field of solving important 

problems of the pharmaceutical industry, namely, the controllable synthesis of 

the most suitable polymorphic form and control of polymorphism of active 

pharmaceutical ingredients during the processing. 

Chapter 3 of this thesis discusses the different possibilities of controlling 

the solid phases of mefenamic acid, carbamazepine and co-crystal of mefenamic 

acid with nicotinamide obtained during recrystallization from supercritical 

carbon dioxide. Two methods are proposed for this: 

• Control of polymorphism of active pharmaceutical ingredient through 

an equilibrium of the solid phase with a solution of biologically active 

molecules in supercritical carbon dioxide by means of in situ vibrational 

spectroscopy (infrared and Raman). 

• Analysis of crystalline phases after extraction from supercritical carbon 

dioxide. 

The first method was used to synthesize polymorphic modifications of 

mefenamic acid and carbamazepine. Based on the established equilibria between 

the conformations in solution and in a solid sample, the parameters of state of 

such systems, required for obtaining pure polymorphic modifications of 

the aforementioned active pharmaceutical ingredients, have been proposed. 

Spectra of solutions of individual conformers were obtained, which are 

necessary to crystallize pure stable modifications I and III of mefenamic acid 

and carbamazepine respectively and their metastable forms II and I. They can be 

used as references in the synthesis of the desired polymorphic modifications or 

as an additional tool that increases the reproducibility of methods of their 

synthesis. 

The second method is not new itself, being the most common method for 

controlling polymorphism. However, it is not possible without the presence of 

strictly verified reference powder patterns, vibrational spectra or thermal 
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analysis curves of the desired polymorphic modification. We have proposed a 

technique for the growth of high-quality single crystals directly from a solution 

of bioactive molecules in supercritical carbon dioxide using the example of a co-

crystal of mefenamic acid and nicotinamide. Single crystals can be used to 

easily determine the crystal structure of the resulting product. As a consequence, 

the calculated and experimental reference powder patterns for the exactly same 

conditions of crystallization can be obtained and, further, the spectral and 

thermal data collections can be formed. 

Chapter 4 of the dissertation examines the possibilities of analyzing and 

predicting polymorphic transitions in the processing and storage of already 

crystallized solid phases. Polymorphic modifications of many substances during 

mechanical processing such as grinding or tableting or long-term storage are 

able to change their structure. This is especially true for the desired metastable 

forms with higher solubility, manufacturability, etc. Thus, a tool capable of 

predicting the stability of crystalline modification in various manufacturing 

processes is essential for the pharmaceutical industry. 

We propose a multi-step approach based on the quantum-chemical 

calculation of the energies of interactions between the basic structural motives 

of the crystal structure during displacement. It allows one to estimate the 

directions of the simplest shear deformation in any molecular crystal, whose 

structure is known, and also to reveal possible polymorphic transformations. 

Our methodology minimizes the number of calculations required and consists of 

the following steps: 

1. Evaluation of the structure of crystals in terms of pairwise interaction 

energy in order to identify the preferred slip planes. 

2. Analysis of the topological characteristics of separated layers to identify 

the fundamentally possible directions for their mutual shift. 

3. Quantum-chemical calculation of the shift energy profiles for the 

displacement of building units along the layers in the identified directions 
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in the crystal structure, determination of local extrema of the interaction 

energy during translation and shift energy barriers. 

This approach was tested for the first time on a well-studied aspirin 

polymorphic forms I and II. A correlation was found between our calculations 

and an abundant base of experimental studies of mechanical properties. Low 

stability of the metastable phase IV of aspirin was also predicted from its crystal 

structure. 

The second object for method verification and development was 

piracetam, whose reversible polymorphic transformation was studied in detail 

using high-pressure experiments in a diamond anvil cell. The signs of a future 

polymorphic transition can be observed under ambient conditions. They are the 

appearance of a local minimum on a shear energy profile and its accessibility 

from the original position of molecules in a crystal (small shear energy barrier). 

It was also found that the following two ratios of the components of pairwise 

interaction energy are important for the possibility of a polymorphic transition: 

• Attraction (the sum of electrostatic, polarization and dispersion) and 

repulsion (the sum of repulsion and exchange). 

• Hydrogen bonding (the sum of electrostatic and polarization) and 

dispersion. 

The last active pharmaceutical ingredient studied by us, ibuprofen, does 

not exhibit a polymorphic transition upon compression, although it can undergo 

transformation to amorphous state upon grinding with mesoporous silica. The 

reasons for such behavior, as well as the various types of shear deformation, 

were considered. Four possible types of shear in the crystal structure were 

formulated. Optimal conditions, more precisely, low pressure, were proposed to 

achieve the displacement of layers in the structure of polymorph I of ibuprofen 

due to low shift energy barriers. The directions that are difficult to reach during 

the compression along the normal to the crystal surface were also noticed. Thus, 

the grinding can be actually called optimal for the polymorphic transformation 

of ibuprofen. 
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Taken together, the results of the present thesis create the basis for reliable 

control of the polymorphism of active pharmaceutical ingredients at all stages of 

the production of dosage forms and can be used for the further development of 

the pharmaceutical industry. For example, like this: 

• Formation of databases of X-ray, spectral and thermal data of individual 

polymorphic forms, as well as spectra of the corresponding conformations 

of bioactive molecules in various solvents, in particular supercritical CO2, 

to simplify the control over the pharmaceutical production. 

• Analysis and prediction of probable solid-state polymorphic transitions 

and mechanical properties of individual polymorphic modifications used 

in pharmaceutical production by means of quantum-chemical 

calculations. 

• Acquisition of metastable polymorphic modifications of active 

pharmaceutical ingredients and the creation of stable dosage forms based 

on them by combining supercritical solvent-free crystallization 

technology and excluding the formation of new phases during processing 

using the proposed computational approach. 

 


