
Article Not peer-reviewed version

Correlative Analysis Among

experimental and Theoretical Structural,

Thermochemical, and Molecular

Spectroscopic Parameters of Crystals of

Mandelic Acid

Bojidarka Ivanova *

Posted Date: 7 January 2025

doi: 10.20944/preprints202501.0504.v1

Keywords: Mandelate crystals; experimental and theoretical electron density analysis; thermochemistry;

optical spectroscopy; chemical crystallography; quantum chemistry

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/112412


 

 

Article 

Correlative Analysis Among experimental and 
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Molecular Spectroscopic Parameters of Crystals of 
Mandelic Acid 
Bojidarka Ivanova 

Lehrstuhl für Analytische Chemie, Institut für Umweltforschung, Fakultät für Chemie und Chemische 
Biologie, Universität Dortmund, Otto-Hahn-Straße 6, 44221 Dortmund, Deutschland; 
bojidarka.ivanova@yahoo.com or b_ivanova@web.de  

Abstract: Crystals of mandelic acid are of significant importance. They are commercial pharmaceutics 
formulations modulating active ingredient solubility and its pharmacological effect. Commercial 
pharmaceuticals are at about 50 % crystals. Salt formulation is among the most used strategy for 
improving properties of medications. Salt crystallization screening is routinely implemented into 
pharmaceutical industry. Via disproportionation there is produced free therapeutics forms. The 
process is thermodynamically and kinetically driven. It is tackled by crystallographic and quantum 
chemical methods for salt screening as integral parts of development workflow in pharmaceutical 
industry. Correlations among crystallographic, Fourier-transform infrared, and electronic 
spectroscopic data on salts, and theoretical thermochemical approaches are of primary importance 
for determining relations among molecular structure ↔ crystal  structure ↔ properties of crystals. 
This paper presents novel structural and molecular spectroscopic data on crystals of mandelic acid 
such as DL-mandelic acid (1), 4-phenyl-pyridinium mandelate mandelic acid (2) ⎯ first, reported, 
herein, ⎯ and catena-((μ3-DL-mandelato)-silver(I)) (3). It also utilizes chemometrics. The major 
conclusion follows from relation between crystallographic potential energy data on bond critical 
point using Abramov’s formula and theoretical bond dissociation energy showing |r|=0.9999. The 
approach seems best characterizes experimental crystallographic energetics of chemical bonds of 
molecules fitted off theoretical data. 

Keywords: Mandelate crystals; experimental and theoretical electron density analysis; 
thermochemistry; optical spectroscopy; chemical crystallography; quantum chemistry 
 

1. Introduction 

A great deal of ongoing pharmaceutical research documentation indicates that the programmes 
for molecular drugs-design and  screening of novel pharmaceutical formulations consists of 
significant number of research and development stages including preclinical and clinical phases, 
crossing at about ten years. The commercial availability of novel medication also depends upon its 
so-called dosage form. It determines the therapeutics’ effectiveness, its side effects, or toxicity. The 
elaboration of the dosage form depends upon many factors. The most important one appears the 
physicochemical properties of the medication in the pharmaceutical formulation. Currently, there are 
at about 90 % novel medications in the discovery pipelines of the pharmaceutical industry. However, 
at about 40 % of the marketed therapeutics suffer from low aqueous solubility [1–5]. Despite the fact 
that there are developed novel drug delivery approaches including lipid-based pharmaceutical 
formulations or injections the oral solid dosage form is regarded as most conventional and preferred 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 January 2025 doi:10.20944/preprints202501.0504.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202501.0504.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 24 

 

from patients’ delivery system. Furthermore, the latter form is cost-efficient in addition to the fact 
that it is easy to commercial manufacturing. Owing to the fact that the pharmaceutical industry 
highlights increasing in the global market of the dosage form of oral solids within 2017–2027 [6], the 
research effort is focuses on developing of solid dosage forms of the novel medications; thus, 
overcoming barrier of medication’s solubility and its permeability issue. From both the research and 
development perspective of commercial pharmaceutical formulations there have been elaborated a 
set of research strategies used to improve the physicochemical properties of the medications in their 
solid-dosage forms. For instance, these are pH modification of the analytes (co)-crystalizing as salts; 
co-crystallization of analytes and neutral species in crystals of pharmaceutical formulations; solid 
dispersions of components; polymeric micelles; inclusion complexes of embedded medication into 
biologically active macromolecules; solid lipid nanoparticles; self-emulsifying drug delivery systems, 
particle size reduction and nanonization, micro emulsions, and more. Particularly, the concept of 
(co)crystallization of medications has been recognized by the European Medicines Agency. 
According to the regulatory classification of the commercial pharmaceutical formulations the co-
crystals are defined as crystalline materials containing two or more different molecules one of which 
is the medication within the framework of a defined stoichiometric ratio, crystal lattice interacting 
mutually via nonionic and noncovalent interactions. The definition as it has been developed excludes 
from so-called polymorphs or crystalline materials of the same analytes showing different packing. 
The crystalline form of the commercial medications, therefore, is regarded as most suitable one for 
control of physico-chemical properties of the therapeutics and their delivery. Due to these reasons, 
significant amount of research efforts of crystal engineering are concentrated on elaborating of novel 
crystalline forms of therapeutics via modulating physico-chemical properties of medications and 
improving their solubility, stability, permeability, bioavailability, and more; thus, achieving their 
enhanced therapeutic efficacy [2–5]. Thus, innovations in the field of crystal engineering involve 
strategies to pharmaceutical formulations of medications via co-crystal or salt formation which are 
based on tuning of intermolecular interactions. The comprehensive understanding of the driving 
forces governing the intermolecular interactions of are essential in the context of drug design and 
development, because of as aforementioned the achievement of the desirable pharmacological 
properties of the active ingredient are imperative for the pharmaceutical industry and the clinical 
practice. The research practice involves both experimental and theoretical approaches where 
computed properties of crystals of salts are validated by comparison with experimental data [7,8]. 

From the perspective of the current study, there lies the question: To what extent there is needed 
an in-depth study of molecular structure and optical spectroscopic properties of crystals of mandelic 
acid (MA; (1)) (2-hydroxy-2-phenylacetic acid (1) (Figure 1)? As an effort to address briefly the latter 
question and the issue, because of a comprehensive discussion proportionating to its significant 
impact on different fields of research is incapable of reflecting all dimensions of its significance for 
fundamental science and technological-application aspects, the introductory section shall only sketch 
that MA is of significant importance, due to: (i) its already common used to pharmaceutics 
formulations [9,10]. It is a frequent choice, amongst others, as co-crystalizing agent or counter ion of 
salts of pharmaceutical formulations due to its low toxicity and cost as well as readily availability on 
an industrial scale [11–13]. It is utilized to methenamine commercial pharmaceutics, which exhibit 
antibacterial prodrug biological activity against Escherichia coli [14]. The acidic properties of (1) 
(pKa1=3.4 [5]) promote urine acidification and; thus, promoting methenamine hydrolysis. The (1) is 
involved in pharmaceutical formulations of aripiprazole [5], trimethoprim [15], or baclofen [16], as 
well. The former medication is a third-generation antipsychotic drug used in the treatment of 
schizophrenia, depression, and bipolar disorder [5] acting as acts as agonist of dopamine D2 and D1 
receptor subtypes [5]. The trimethoprim exhibits antimicrobial biological activity and is synthetic 
agent inhibiting bacterial dihydrofolate reductase enzyme [15]. The latter analyte treats muscle 
spasticity [16]. The MS conformers have been implemented into formulations with meloxicam, 
nicotinamide, meloxicam, levetiracetam, or isoniazid, as well [15]. Mandelic acid-based 
spirothiazolidinones are target agents against M. tuberculosis [17]. The co-crystallization of the 
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medications with MA is governed by the fact that one of the important factor in obtaining efficacious 
concentration of the active component; and, thus to produce desirable pharmacological effect is as 
aforementioned solubility [1,18]. Theoretical modeling of the crystal growth of MA has been detailed 
on [7,8]. 

Further: (ii) The chirality is regarded as a key issue of the biological systems, because of a large 
number of the biological processes are chirality dependent. The biochemical reactions in the living 
systems are highly enantio-selective. Inappropriate molecular chirality might induce severe 
abnormalities. Thus, pharmacological activity and the metabolism in addition to the toxicological 
effects of different enantiomers of medications might drastically differ in humans [19]. Even, there 
are cases when one enantiomer of therapeutics treats diseases, while its other enantiomer can induce 
toxic or adverse side pharmacological effect. In the case of MA, enzymes from bacteria; for instance, 
Pseudomonas species, Lactobacillus curvatus, Alcaligenes bronchisepticus, and more show stereo selective 
oxidation for MA and; thus, are used to chemical synthesis of S-MA and R-MA enantiomers [20]. The 
stereo selective metabolism of MA in kidney and liver of rats shows that S-MA can be metabolized 
to phenyl glyoxylic acid as its major metabolite [20]. Therefore, the chirality has important 
implications in the field of the pharmaceutical industry, as well [21–23]. The utilization of 
enantiopure components into the pharmaceutical formulations is the most reliable approach to 
guarantee effectiveness of medications. Despite the fact that enantiomers show identical physico-
chemical properties they exhibit different biological activities. Thus, at about 56% of active 
pharmaceutics available on market have a chiral center [24]. At about 94% of the novel commercial 
drugs formulations having active ingredients containing chiral center are enantiopure [24]. Due to 
these reasons cost-effectively appears use of naturally occurring chiral molecules as components of 
pharmaceutical solids. The MA is the latter context is also promising chiral molecular template 
allowing design and synthesis of chiral co-crystals and coordination polymers with metal ions via 
multiple binding centers and capability of formation of chelate structures. There are, so far, designed 
coordination polymers of MA showing stereo selective guest uptake and implementation into chiral 
separation technologies [21–23,25]. The chelating capability of MA toward metal ions is used to 
reduce calcium ion concentrations in vivo, as well.   

The MA is also (iii) important raw material utilized as attractive molecular template for drugs-
design of novel medications. As terminal functional group it is attached to innovative class of 
medications derivatives of MA suppressing virulence of Ralstonia solanacearum [26,27]. The latter 
species is soil-borne bacterium causing for a disease called ‘bacterial wilt’ affecting at about 200 plant 
species, including commercial crops such as tomatoes, tobacco, and potatoes. A class of MA-
derivatives are used to suppress virulence via T3SS against Citrus canker [28] which is a highly 
contagious bacterial disease due to Xanthomonas citri subsp. to citrus crops. The MA is also used as 
an important chiral intermediate in pharmaceutical industry for the synthesis of cephalosporins 
[20,29] and nafithromycin [30]. There are also designed a series of novel MA-based peptidomimetic 
derivatives inhibiting the aminopeptidase N, which is expressed in brain and epithelial cells of the 
kidney, among others [31]. 

As an α-hydroxy acid, the (1) has a variety of further applications to (iv) dermatology, mainly 
due to its antibacterial properties [20,32–34]. The MA shows antioxidant effect, as well [25]. Lately, it 
has gained increasing popularity as a skin care treating agent for adult acne [32].  

The (v) enantio-separation of MA as α-hydroxy acids is essential process because of it 
enantiomers are used as disease biomarkers for clinical diagnostics and prognosis of many diseases 
such as cancer, kidney diseases, brain diseases, diabetes, and more [31]. The MA is routinely 
determined in the clinical practice as urinary metabolite to chronic kidney failure [35,36]. It is used 
as a biomarker of the exposure of styrene, which is classified as a class of hazardous environmental 
pollutants, as well [20,37,38]. It is determined routinely vinyl mandelic acid in thyroid cancer 
management, as well [39]. 

To look forward at application-oriented aspects of MA there should be emphasized (vi) its 
importance for innovations regarding environmental clean-up technologies. The replacement of 
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traditional petrochemical-based plastics [40,41] has currently driven the enormous search for 
corresponding green substitutes or so-called eco-friendly bioplastics. Thus, poly(L-lactic acid) is 
considered as prospective biodegradable and biocompatible alternative as the starch-based 
bioplastics [40,41]. However, these prospective biopolymers show poor crystallization kinetics; thus, 
limiting their applications. An enhancement of the crystallization capability is achieved via 
nucleating agents such as transition metal complexes of α-hydroxy acids such as mandelic acid [42]. 
Despite, as natural [25] and eco-friendly organic acid MA shows high selectivity and efficiency in 
reaction of hydrolysis of hemicellulose; thus, making it a prospective candidate for 
xylooligosaccharides production, as well [43,44]. 

Further, crucial advantage of the MS is (vii) its capability of polymerizing; thus, producing 
poly(mandelic acid) which itself is an aryl analogue of poly(lactic acid) and also appears a 
biodegradable analogue of polystyrene. The synthetic scheme involves stabilization of MA adducts 
with pyridine-containing bases for mechanisms of ring-opening polymerization reaction of MA. Its 
impressive advances showing comparable physical and mechanical properties of poly(mandelic acid) 
with polystyrene [45,46], however, the developed, so far, synthetic schemes requires high-boiling 
solvents in addition to isolation of poorly soluble product in moderate yields.[47,48]. Despite, the 
poly(mandelic acid) is regarded as potential biodegradable plastics for hot-food packaging industry.  

Particularly, the interest in (viii) self-assembling processes of crystals MS, pyridine containing 
counter ions, and transition metal ions have attracted further much attention for designing of novel 
topological networks of crystals [49]. Despite the fact that, interest in MA crystals with pyridinium 
containing ligands (ix) is governed by not only the capability of MA to form homopolymer, but also 
the capability of corresponding pyridinium counter ions to produce [2+2] photo dimerization 
products depending on the experimental conditions of crystal growth. The latter issue is evergreen 
topic one in crystal engineering of organics, due to their emergent photomechanical properties and a 
great scale of technological applications [50–52]. The key of the experimental crystallographic 
knowledge of ionic interactions of MA and 4-phenylpyridine is the fact that the latter analyte appears 
inhibitor of palmitoleoyl-protein carboxylesterase [53]. In addition, its is an exogenously compound 
which can be found, amongst others, in oranges [54]. Owing to the fact that it likely to across the 
blood brain barrier there is observed its methylation by nicotinamide N-methyl transferase. The 
accumulation of the latter analyte causes for toxicity. 

Furthermore, the MA and its derivatives have also found place as modifiers for asymmetric 
catalytic hydrogenation of ketopantolactone, for instance [55] and for high performance NiOx-based 
perovskite solar cells [56]. 

The sketched above application oriented aspects of MA for many interdisciplinary research 
fields particularly highlighting the fields of pharmaceutical industry and medicine do not, in fact, tell 
us what are the real dimensions of its advantages and applications. For the latter purposes it should 
be more useful to the readers to review the available literature which is out of the scope of the current 
study.  

However, the introductory section begins with the use of MA of many salt crystallization 
reactions of commercially available pharmaceutical formulations. The later issue pertains to the 
generation of theoretical and experimental knowledge of the relations among molecular and 
electronic structures↔crystal structue↔properties of MA-crystals which are most relevant to 
understand the governing forces and both the molecular and factors determining the intramolecular, 
respectively, intraionic interactions of crystals of the discussed analyte which are directly relevant to 
the field of crystal engineering of pharmaceutical formulations and development of novel crystalline 
forms of therapeutics via modulating physico-chemical properties of the molecular species. In 
connection with the later research tasks there are folded together the production of both the 
theoretical and experimental scientific knowledge with its justification of claims based on empirical 
validation of theoretical data based on quantitative criteria of chemometrics. At this point the 
introductory section goes to focus on experimental and theoretical approaches used to provide 
knowledge of the aforementioned relations; thus, highlighting the high resolution single crystal X-
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ray diffraction, Fourier-transform infrared and electronic absorption spectroscopies and methods of 
quantum chemistry among others, because of they are infrequently uncertain to produce reliable 
experimental scientific conclusion or claim regarding the discussed relationships. Despite the fact 
that the traditional viewpoint is that our knowledge based on these approaches is not fragile, but, 
rather it is regarded as stable one, this paper provides novel structural and spectroscopic 
experimental and theoretical data together with thermochemical ones on DL-mandelic acid (1), 4-
phenyl-pyridinium mandelate mandelic acid (2), and AgI-complex of mandelic acid (3) discussing 
the absolute assurance connected with the matter of facts into the process of generation of the 
experimental scientific knowledge with is of paramount importance for the topic fields of 
pharmaceutical industry and medicine. The major purpose of the study fails to provide skeptical 
point of view regarding these robust methods for molecular structural analysis of crystals, but, rather 
to presents novel results from the continual, in fact, calibration of these experimental and theoretical 
tools; thus, discussing the uncertainty of knowledge of these approaches and generating conviction 
regarding what we know reliably as experimental data and what we do not know sure. The latter 
issue is best characterized by assessment of reliability of the experimental knowledge via application 
of different methods for processing of experimental data on crystals and various theoretical quantum 
chemical tools tackled by means of methods of chemoimetrics; thus, determining the reliability of the 
data or their scientific acceptability.  

2. Results 

2.1. Crystallographic Data 

The polymorph I of DL-mandelic acid (1) crystalizes into orthorhombic space group type Pbca 
at ambient experimental conditions determined by single crystal X-ray and neutron diffraction 
studies [57–65] (Figures 1, S1 and S2; Table 1). There is also high pressure polymorph II showing 
monoclinic space group type P21/c [58,63]. The intermolecular interactions of polymorph II cause for 
hydrogen-bonded double chains of MA-molecules along a-axis. Its crystal structure is markedly 
different from polymorph I showing a close relationship to crystallographic packing of MA-crystals 
of its pure enantiomers, rather than to it crystals of racemate [63]. The polymorphism as 
crystallographic phenomenon accounts for molecular capability to crystalize in more than one crystal 
structures depending on packing properties of molecules due to their intermolecular interactions [66–
70]. The properties of corresponding polymorph modifications could vary broadly including their 
molar volume; crystal density; refractive index; packing properties; thermal and electric ones; 
hygroscopicity; conductivity; and more, all associated with thermodynamics; kinetics; surface and 
mechanical properties of crystals. Thus, the phenomenon becomes an important task to 
manufacturing pharmaceutics. The MA-polymorphism has been comprehensively studied [58,59,71] 
including upon its affect on temperature and pressure. As has been shown [58] there is polymorph 
transition between the latter two polymorphs at P=0.65 GPa and at T=460 K. Therefore, due to reasons 
sketched above this study lacks of description of intramolecular interactions of (1) in crystals. 
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Figure 1. ORTEP plots of unit cell contents of crystals (1) (CCDC 880481) [57] and (2) (CCDC 822753) (this work); 
chemical diagrams of crystals (1)–(3); name definitions of dihedral angles of mandelic acid; photograph and 
scanning electron microscopic image of crystals. 

Rather, it concentrates on novel data on complementary employment in experimental and 
theoretical electron density analyses and electrostatic surface potential (ESP) results aiming at further 
understanding of relation between molecular and electronic structures↔crystal structue↔properties 
of (1) because of it determines its diversity of (biological) activity including catalytic properties. The 
MS-derivatives exhibit a diversity of crystal structures and unusually complex packing in crystals; 
furthermore, showing small energy difference among polymorphs [72]. The latter property of MA 
and its analogous determined a significant structural both bulk and surface diversity, as well. The 
same is valid to refined, so far, crystal structures of disordered mandelic acids showing that energy 
differences between these disordered structures can vary with the framework of computational 
methods, as well. As can be expected, computations accounting for environmental effects such as 
solvent polarity, temperature, ionic strength, and more, which are of primary importance looking at 
application-oriented aspects of the study; thus, affecting on energetics of hydrogen bonded structural 
motifs of MA containing crystals. Looking at the major goal of the study one could further conclude 
that the focus underlines the relationship between molecular and crystal structure as well as 
spectroscopic properties.  

In conjunction with purposes of the study, first, there should be considered functional 
relationships between experimental crystallographic and theoretical data on electronic structures or 
electron density distribution of atoms in molecules within the framework of 3D space of MA- crystals 
because of electronic interactions of crystals determine electronic absorption spectra and vibration 
characteristics of the molecules within the concept of chemical bond [73].  

In addition, the electron density distribution is of fundamental importance for understanding 
the mechanisms of chemical reactions, respectively, biological activity of species, because of within 
the thermodynamic approach assessing energetics of electronic interactions of species via parameters 
enthalpy reflecting energetics of chemical bond and entropy accounting for environmental factors 
there is direct correlation between molecular structure↔(hydrogen) bonding 
interactions↔energetics with experimentally measured IC50 or the so-called transfer function [74–76]. 
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Thus, experimental crystallographic and theoretical electronic structural analysis of nature of 
inter-atomic, respectively, inter-molecular interactions in molecules and their crystals reveal the 
actual dimension of study ranging from determining of experimental electron density of atoms in the 
molecules to their biological function only assessing the aforementioned correlation quantitatively.  

From both experimental and theoretical perspectives the study of electron density distribution 
via crystallography is based on the concept of electronic charge distribution around atoms in 
molecules [73].  

Thus, the distribution of the total charge of all molecules in the unit cell of their crystal is 
determined using atomic positions within the 3D space, their thermal vibrations, and corresponding 
electronic charge parameters [77–80]. The models of these parameters are fitted off experimental 
crystallographic data by least squares. The obtained mapped electrostatic properties of crystals in 2D 
or 3D space (Figures S1 and 2) which can be obtained both experimentally via crystallographic 
methods; and, theoretically via computational quantum chemistry determined the line formed 
between theoretical and experimental electron density distribution of molecules in crystals. There is 
established the link between experimental and theoretical 3D conformational and electronic structure 
of molecules. From the perspective of chemical reactivity important parameters appears electrostatic 
potentials because of on the one hand they are derived from experimental crystallographic data. On 
the other hand they can be highly accurately determined via methods of computational quantum 
chemistry. The ESP maps (Figure 3), thus, illustrate regions of electronegativity and electro positivity 
of molecules. These regions are not easily inferred from analysis of parent charge density distribution. 
In the latter context, the ESP mapped on the so-called Hirshfeld surfaces provide direct link into 
intermolecular interacting ensembles of crystals [81–86]. The Hirshfeld surface is determined as an 
attempt to define the 3D space occupied by molecules; thus, partitioning the corresponding crystal 
electron density into the different molecular fragments of crystals. In parallel, there should be 
highlighted the Bader’s quantum theory of atoms in molecules developed as an effort on determining 
the experimental electron density of atoms of the molecules. An important connecting emphasis at 
this point is that despite the fact that these theories provide crucial knowledge of the molecular 
structure of the crystals both experimentally and theoretically, thus, making them highly attractive 
for a practical explanation and prediction of intermolecular interactions in crystals, they direct 
application is far from trivial one. In the later context there is not supposed limits of the various 
theories but rather underlying that it might not be so intelligible to apply them directly, because of if 
there is concentrate on the Hirshfeld surfaces then the introduced weight function defined within the 
framework of the molecules of the crystals and determining the molecular properties by integration 
over the weighted electron density depends on the diffusion properties of the atoms in the molecules 
(see equation (2) in work [87]). From the point of view of methodology the latter statement is an 
attempt to underline the fact that accurate prediction of Hirshfeld atomic charges via quantum 
chemical methods should depend on the theoretical level.  Turning to correlation between 
comparative analysis between theoretical and experimental crystallographic electron densities and 
charges it appears clear that the reliability of the theoretical data depends on the accuracy of the 
computational methods.  
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Figure 2. 2D map of Laplacian of electron density ∇2ρ(r) [electron.Å-5] of (3); molecular crystallographic structure 
of (3) and atom labelling scheme.  . 

 
Figure 3. Theoretical (M062X/LANL2DZ) electrostatic potential 2D and 3D maps of (3). 

However, the precise determining of both experimentally and theoretically the electron density 
plays a crucial role in determining the nature of the chemical bonds of the molecules, their energetics, 
and thus, the properties of molecules and crystals. Owing to the fact that the Hirshfeld surface 
analysis is broadly utilized for quantifying intermolecular interactions of molecules in crystals it 
appears clear to us that depending on the accuracy of the data the analysis could be or could not be 
plausible. Thus, there should be looked for additional criteria for reliable description of the 
interatomic, respectively, intermolecular interactions of the crystals in order to determine plausibly 
their energetics and properties.   

In looking for such as additional criteria for reliable determining of the nature of the chemical 
bond and the intermolecular interactions of crystals one inevitably runs among various theoretical 
approaches assessing the defined quantities via chemometric methods. 

Thus, first the current study discusses correlations among crystallographic thermal parameters 
of atoms in molecules of MA in crystals (1) and (2) (Table S1.) Figure S3 shows linear correlation 
coefficients between S and eta where the former parameter denotes (isotropic) variance of the mean 
square amplitude U while eta (η) means correlation coefficient between mutually perpendicular 
mean-square amplitudes where the latter parameters were defined by Hirshfeld and Shmueli [88]. 
As can be seen there are obtained |r|=0.98 and 0.892; thus, assuming that the reliability of measurands 
depends on the quality of the experimental crystallographic datablock of variables and it could vary 
from measurement-to-measurement. The relative contribution to the discussed parameters such as 
random experimental and systematic errors; intramolecular vibrations, and more have been 
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comprehensively detailed on the seminal work [88]. The major research effort which has to do at this 
point is not only with the accurate processing of the experimental crystallographic datablocks of 
variables but also with the molecular models which are fitted to the experiment. However, the 
crystallographic thermal parameters of each atom in the molecules describe, in fact, the fluctuations 
of the electron density around the average atomic positions. These fluctuations are random, and thus, 
they unable to be predicted theoretically. Therefore, the crystallographic data provide a statistically 
averaged molecular structure which fluctuates in time and 3D space. Due to these reasons this study 
involves both static and molecular dynamics computations of crystals, as well (Figure S4). 
Furthermore, depending on the complexity of the molecular species in the crystals the motion of the 
atoms could add anharmonic contribution, as well. The anharmonicity contributes to the systematic 
error of the molecular model, as well [89]. As can be expected the molecular vibration of crystals is a 
temperature dependent process. The functional relation has been established by Cruickshank (1956) 
[90]. Thus, depending on the temperature of the crystallographic measurements there is further 
variation of the collected datablock of experimental variables of the molecules in the crystals.  

Table 1. Experimental crystallographic refinement parameters on crystals. 

 
D,L-MA 
(polymorph I) 

D,L-MA 
(polymorph I) 

D,L-MA 
(polymorph II) 

4-Phenyl-pyridine 
(bis)mandelate 
(bis)mandelic acid 

catena-((μ3-DL-
mandelato)-
silver(I)) 

Compound (1) (2) (3) 

CCDC 880481 
923825  
(P=0.05 GPa) 

923830 
(P=0.76GPa) 

822753 771414 

Refs. [57] [59] [59] This work [91] 
Formula C8H8O3 C8H8O3 C8H8O3 C27H25NO6 C8H6O3Ag 
Mr 152.14 152.14 152.14 459.48 258.00 
Crystal size 0.48×0.25×0.16 0.44×0.41×0.32 0.42×0.32×0.14 0.47×0.23×0.14 0.53×0.19×0.10 
Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic 
Space group Pbca Pbca P 21/c P21/n P21/c 
T [K] 198(2) 296(2) 296(2) 200(2) 300(2) 
λ [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 
a [Å] 9.9537(15) 9.676(2) 5.825(2) 17.080(3) 16.274(3) 
b [Å] 9.6632(15) 16.200(7) 28.908(11) 14.395(3) 4.7421(9) 
c [Å] 16.173(3) 9.8866(19) 8.224(6) 19.408(4) 10.3421(19) 
α [o] 90.00 90.00 90.00 90.00 90.00 
β [o] 90.00 90.00 93.03(4) 96.648(7) 95.093(5) 
χ [o] 90.00 90.00 90.00 90.00 90.00 
V [Å] 1555.6(4) 1549.74 1382.9 4739.6(16) 795.0(2) 
Z 8 8 8 8 4 
μ[mm-1] 0.100 0.100 0.113 0.091 2.492 
ρcalc [mg.m-3] 1.299 1.304 1.462 1.288 2.156 
2θ [o] 25.10 28.36 27.67 25.07 25.03 
Refl. collect. 8941 5614 4768 5830 1401 
Unique refl. 1386 535 684 614 1107 
Obs. refl. 
[I>2σ(I)] 

1386 386 598 614 1401 

GOF on F2 0.796 1.297 1.335 1.359 0.860 
R1 [I > 2σ(I)] 0.0410 0.1421 0.2052 0.0632 0.0408 
ωR2 (all data) 0.0580 0.2142 0.2242 0.1029 0.0670 
Residuals [e.Å-3] 0.119/-0.171 0.110/-0.142 0.281/-0.265 0.446/-0.282 0.696/-1.417 

The latter notes are carried out due to the reasons that in most cases the molecular structures of 
crystals of the same analytes frequently appears to be equated with absence of uncertainty 
parameters, however, they affect on almost all intermolecular interactions, respectively, molecular 
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parameters and properties both experimental and theoretical ones. The corresponding atomic 
coordinates of the molecules in the crystals represent the maximum of the X-ray scattered density 
fitted of the electron density distribution. It arises due to the molecular structure consisting of atoms 
providing maximum electron density in the 3D space the thermal displacements. Thus, molecular 
structure of crystals could be equated only in cases when there are negligible values of the thermal 
displacement parameters. As Figure S3 reveals the variation can be significant from crystal structure 
to crystal structure even studying same self-associates as the MA dimers of crystals (1) and (2), 
because of symmetry operation (–x + 2, –y + 1, –z) generates the whole system of (2). It crystallizes in 
a monoclinic system and space group type P21/n showing unit cell parameters a = 17.080(3), b = 
14.395(3), c = 19.408(4) Å, β = 96.648(7)˚, Z = 12, V = 4739.6(16)Å3.  The crystal structure of (2) was 
solved by direct methods and refined by full-matrix least-squares on F2 to final values of R1 = 0.0667 
and wR2 = 0.1046. In the crystal packing of (2) the species are linked into 3D network via weak 
intermolecular N+–H…O hydrogen bonds r(N…O)= 2.741, 2.717 Å, between the cations and anions 
(Figures 1, and S4; Table 1). The anions and the neutral MA molecules form stable self-associates via 
moderate intermolecular hydrogen OH…O bonds r(O…O)=2.494, 2.535 Å. As in the crystal structure 
of neutral MA polymorph I (1) two neutral molecules of the acid in (2) form dimer via OH…O bond 
r(O…O)=2.837 and 2.879 Å. The cationic species exhibit two distinct molecular conformations showing 
interplanar angles of both the phenyl and pyridinium fragments –27.08o and 1.30o (Figures S5 and 
S6). The molecular conformations of MA-species in crystals (1)–(3) are summarized in Table S2.  

Therefore, despite the available theoretical models connecting between simulated ensembles of 
molecules in the crystals and the experimental crystallographic data often they cannot count as robust 
experimental crystallographic practices; furthermore, there can be variation of data within the 
framework of replicated experiments. Their failure is often grounded to many factors and error 
contributions as highlighted, above. Due to these reasons in order to obtain some convergence of the 
view how reliably to draw line between theoretical molecular models and crystallographic 
experimental data there remains to apply systematically different theoretical approaches 
complementary; thus, gaining the best theoretical description of experimentally observed 
phenomena and collected data on molecular systems from perspective of chemometric methods.  

Due to these reasons, next, there is presented and discussed experimental and theoretical 
electron density analysis and energetics of AgI-complex of mandelic acid (3). Its crystallographic 
geometry parameters have already been described [91] together with experimental electron 
spectroscopic and vibrational spectra [57]. Briefly, the AgI-ion of dinuclear AgI-containing sub-
structure is connected with four O-atoms, having bond Ag–O distances within r(Ag…O)=2.215–2.492 
Å (Figure S7). The interionic AgI–AgI interaction has distance r(Ag…Ag)=2.820 Å. The MA anion acts 
as a tridentate ligand via deprotonated COO- and OH-groups. The carboxylate anion COO- is bonded 
to two AgI-ions in a dinuclear sub-unit. The OH-group appears bridged ligand center coordinating 
each of binuclear cores; thus, forming coordination polymer. The geometry of AgIO5 metal 
chromophore is distorted trigonal pyramidal structure. With these considerations in mind this study 
specifies practical utilization of experimentally measured crystallographic variable and their 
complementary treatment with theoretical quantum chemistry data; thus, presenting and discussing 
novel data on (3) for purposes of determining and predicting molecular properties and energetics 
from crystallography. This line of research is particularly strengthened if there is considered 
experimental and theoretical electron density (ED) values of atoms in the molecule of (3). The real ED 
values of atoms in molecules within the 3D space is determined using least square refinement ED 
parameter ED ρ(r) (Figure S2) [92]. The Fo-maps reflect experimental ED at each point of the 3D space. 
In addition to 2D ED distribution, there is 3D ED one.  

Thus, there are evaluated rho(r) (or ρ(r)) and Laplacian_rho(r) (or L(r)) of experimental ED of 
atoms in the molecules (Figure 2). The electrostatic potential surface of (3) and M062X/LANL2DZ 
level of theory is depicted in Figure 4. The developed theories of knowledge of nature of interatomic 
interactions in molecules or metal-to-ligand coordination of AgI-ion with O-center from MS via 
crystallography import reliable statistical assessment of ρ(r) and L(r) values between interacting 
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species. Thus, when there is predominating ionic M–L interactions, then rho(r) values are within the 
0.2–0.3 eÅ-3 [93]. In cases when rho(r)>0.6 e Å-3 there is predominantly covalent M–L bond. Owing to 
the fact that there is statistical assessment of uncertainty of experimental crystallographic datasets of 
variables the reliability of absolute quantification of experimental ED of atoms or rho(r) data on, 
depends on reliability of Laplacian_rho (r). It is determined using experimental crystallographic 
factors reflecting completeness of the so-called Fourier series, and Fourier amplitudes’ quality in 
addition to and model applied to ED distribution [94].  

Therefore, the reliability of rho(r) and Laplacian_rho(r) data are connected with quality of data 
collection of hkl reflections and applied refinement model. Regarding, quality of data-blocks of 
measurable variables there should be mentioned important factors such as resolution of 
crystallographic measurements, quality of single crystalline object, and it scattering properties. There 
are permanent random errors of crystallographic measurements which are result from fluctuation of 
atomic vibration factors, as well. Due to these reasons, our knowledge of nature of intermolecular 
interactions including metal-to-ligand ones obtained via crystallography are reliable and correct 
ones, but they cannot be regarded as absolute knowledge, because of in fact, rho(r) is a probability 
function of experimental ED, as aforementioned. It is not an absolute quantity of ED at point (x,y,z) 
of the 3D space. Therefore, absolute assignment of nature of neither M–L bonds nor intermolecular 
hydrogen bonding interactions or short contacts cannot be achieved even processing high quality 
crystallographic data-blocks of variables. The developed theories also implies that Laplacian_rho(r) 
(and gradient_rho(r)) reflects the so-called bond paths or boundaries of interacting species [95–103]. 
The implementation of charge density models allow for evaluating via quantitative criteria realistic 
of inter-atomic, respectively, intermolecular interactions  of crystals. From this theoretical 
perspective interacting species are described as chemically bonded when there are different (3,-1) so-
called bond critical points in rho(r) between them [102]. When Laplacian_rho(r) values < 0, then there 
is charge concentration. A Laplacian_rho(r) > 0 means charge depletion. The Laplacian_rho(r) is given 
by a sum of λi parameters. The parameter ellipticity (ε) details on bond order of interactions. When 
there is σ-bond, then λ1–λ2 cause for bond critical point (bcp) = 0 because of λ1 and λ2 are mutually 
perpendicular to chemical bond axes within cylindrical symmetry approximation along bond axis. 
The increasing in bond order causes for increasing in ellipticity. The results from crystal (3) (Table 2) 
show ε=0.0170 and 0.0067 of AgI-O1 and AgI-O3 interactions. The values are relatively large 
comparing with purely ionic interactions [91]. Thus, there can be proposed a charge de-localization. 
The latter experimental data are correlated with theoretical natural ionicity parameter (iAB) 
determined according to equation (S1) [97]. It is calculated using the M062X/LANL2DZ natural 
polarization coefficients (cA, cB) obtained of (3) and summarized in Table S3. As can be seen there is 
calculated iAg-O1=-0.0544, which confirms the crystallographic results; thus, indicating a charge de-
localization effect. The latter value is significantly high comparing with iZn-Cl one of -0.76 determined 
of ZnCl42- counter ion containing crystals of coordination compounds [104]. The latter species are 
characterized with almost purely ionic Zn-Cl bond and ionic hybrid localized at the Cl- centers. The 
C–O bonds of MA of (3) show iC–O =0.4386–0.1853.      

Further, effort in development of crystallographic based approaches to detail on nature of 
interatomic, respectively, intermolecular interactions of molecules and their ensembles of crystals has 
given and adequate account of relation between interaction energy and rho(r) at the bcp which is 
approximated linearly [91,104]; thus, stressing on important correlation between characteristic of M–
L bond and energy of interactions. Among models connecting between experimental crystallographic 
ED electron densities, expressed by Laplacian as shown above and energy terms, there can be 
highlighted the Abramov’s model equation (1) [103,105]. The G(r) denotes electronic kinetic energy. 
The V(r) means potential energy at bcp. The latter model is used to study complex (3) (Table 3,) 
because of within a series of AgI-, CuII-, and ZnII-complexes of organics there has been found that V(r) 
depends linearly from the theoretically obtained dissociation energy Di0 of ith chemical bond of 
molecules of crystals [91,104,106].   
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(1)

Due to these reasons, this study treats functional relation V(r)=f(Di0) of AgI-complex of MA (3), 
as well. The correlative analysis between experimental crystallographic bond energy parameters 
according to equation (1) of V(r) listed in Table 3 and theoretical Di0 parameters as determined in 
Figure S8 as well as M062X/LANL2DZ energetics of species (Table S4) yields to excellent 
performances, showing |r|=0.9999 (Figure 4(A).) Therefore, theoretical bond dissociation energy 
parameters and V(r) potential energy of bonds at bcps according to equation (1) allow for reliable 
correlation between theoretical and experimental crystallographic properties and energetics of 
molecules in crystals.  

Owing to the fact that the experimental and theoretical design of the study is governed by the 
so-called means-end reasoning, further, it concentrates on determining of Hirshfeld atomic charges 
and populations which are essential for modeling of physico-chemical properties of molecules, as 
aforementioned (Tables S5 and S6). There are listed the ESPs, as well. The correlative analysis 
between Hirshfeld atomic charges and populations of (3) shows |r|=0.7007 (Figure 4(B)). 

Since, a particular focus on this study is on accurate tools for theoretical and experimental 
description and prediction of atomic, respectively, molecular interactions of crystals, it should be 
highlighted that the tabulated Hirshfeld population analysis can be used for exact determining of 
molecular dipole moments and higher multipole ones.  

However, often one needs relatively simple representation of the charge re-distribution of the 
molecules using only atomic charges or the so-called monopole approximation. This is the case, for 
instance, when there is mapped the Hirshfeld charges on a novel set of charges reliably representing 
the ESPs, but without to account for atomic dipoles, because of ESPs predicts accurately the chemical 
reactivity of the molecules [86]. For the latter purposes this study uses also the Truhlar’s charge 
models called CM5 [107]. The correlation between Hirshfeld and CM5 charges shows |r|=0.98531. 

However, the correlative analysis between Hirshfeld charges or CM5 charges and ESPs of (3) 
yields to |r|=0.1791 (Figure 4(C)). The low performances are due to deviation of ESP value of AgI-
ion, because of there is coefficient of linear correlation |r|=0.99561 of the same data when there is 
excluded from the ESP value of the metal ion. The latter rather controversial data are explained with 
the fact that in the complex (3) there is charge de-localization as both crystallographic and theoretical 
natural bond orbital analysis data have shown, above.  

Therefore, the metal-to-ligand charge de-localization effect of AgI-complexes should be tackled 
using complementary both ESP and atomic charges, respectively, electron densities, but also natural 
polarization coefficients, thus allowing for an in-depth characterizing of the nature and energetics of 
the coordinative metal-to-ligand bond. Due to reasons presented, herein, it seems that the 
complementary employment in the later approaches is more useful to study reliably the physico-
chemical properties of molecules in the crystals. 
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Figure 4. Functional relations between theoretical bond dissociation energy data on (3) (Di0 [a.u.]) as defined in 
Figure S8 (Table S4) and experimental crystallographic data on V(r) [kJ.mol-1.Bohr-3] (Table 3) (A); Hirshfeld 
charges and populations as well as CM5 charges (Tables S5 and S6) (B); and Hirshfeld charges and electrostatic 
potentials (Table S6) (C); chemometrics. 

Table 2. Bond critical point analysis of crystals of compound (3); the Laplacian of electron density ∇2ρ(r) 
[electron.Å-5]; electron density ρ(r) [electron. Å-3]; λi – parameters (i = 1–3) (∇2ρ(r) = λ1 + λ2 + λ3); intermolecular 
saddle (3,-1) critical points are described; the interactions with H-atoms are omitted; atom labelling scheme 
(Figure 2). 

Atom_1 Atom_2 ρ(r) ∇2ρ(r) λi, i = 1–3 Ellipticity (ε) 
λ1 λ2 λ3 

Ag1 O1 0.2411   4.00 -0.92 -0.90   5.82   0.0170   
Ag1 O3 0.2068   3.34 -0.74 -0.74   4.81   0.0067   
O1 C9 1.4501   4.42 -7.60 -7.59 19.61   0.0012   
O3 C3 1.8884 -3.23 -9.74 -9.59 16.09   0.0154   
O4   C3 2.0915   3.83 -11.08 -10.91 25.82   0.0154   
C1   C4 1.4311 -1.35 -6.71 -6.44 11.80   0.0412   
C1 C13 1.7817 -7.35 -8.55 -8.27   9.47   0.0346   
C2 C7 1.4228 -1.34 -6.67 -6.41 11.74   0.0402   
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C2 C10 1.5170 -2.72 -7.18 -6.93 11.40   0.0359   
C3 C9 1.2828   0.39 -5.79 -5.78 11.95   0.0024   
C4 C7   1.4939 -2.39 -7.05 -6.80 11.47   0.0368   
C7 C9 1.3293 -0.10 -6.07 -5.95 11.92   0.0198 
C10 C13 1.3169   0.07 -6.09 -5.83 11.99   0.0448   

Table 3. Topological energetics of complex (3) using experimental electron densities; Gcp – Kinetic energy at bcp 
[a.u.Bohr-3]; Vcp – Potential energy at bcp [a.u./bohr-3] or [kJ.mol-1.bohr-3]; intermolecular saddle (3,-1) critical 
points are described; the interactions with H-atoms are omitted; atom labelling scheme (Figure 2). 

Atom_1 Atom_2 Gcp Vcp Gcp Vcp 
[a.u.Bohr-3] [a.u.Bohr-3] [kJ.mol-1.Bohr-3] [kJ.mol-1.Bohr-3] 

Ag1 O1 0.03878 -0.03608    101.82   -94.73 
Ag1   O3 0.03170 -0.02878     83.22   -75.55 
O1 C9 0.25190 -0.45797    661.35 -1202.40 
O3 C3 0.32141 -0.67633    843.87 -1775.71 
O4 C3 0.43401 -0.82829   1139.49 -2174.68 
C1 C4 0.20722 -0.42842    544.05 -1124.81 
C1 C13 0.26115 -0.59855    685.65 -1571.50 
C2 C7 0.20519 -0.42428    538.72 -1113.94 
C2 C10 0.21980 -0.46783    577.08 -1228.30 
C3 C9 0.18313 -0.36224    480.80 -951.06 
C4 C7 0.21610 -0.45694    567.36 -1199.69 
C7 C9 0.19078 -0.38259    500.90 -1004.48 
C10 C13 0.18903 -0.37729    496.30 -990.57 

2.2. Vibrational Spectroscopic Data 

Owing to the fact that the vibrational spectroscopy [108–110] is routinely implemented as a 
robust tool for structural analysis of solids including crystals in the pharmaceutical industry Figures 
5, S9, and S10 depict experimental solid-state and theoretical (M062X/LANL2DZ) IR-spectra of 
crystals (2) and (3). The vibrational modes of both the IR and Raman active ones of racemate and 
enantiopure forms of the former analyte have been comprehensively detailed on theoretically and 
experimentally [108]. The IR-spectrum of (1) is detailed on [57].   

The IR-spectrum of (2) shows νOH stretching vibration at 3460 cm-1 assigned to MS structural sub-
unit. The νC=O stretching vibration is observed at 1695 cm-1. The low-frequency shifting of the mode 
comparing with the data on (1) and those ones reported previously [108] at 1714 cm-1 is result from 
experimentally determined shorter C-O bond of the acid in crystals of (2) exhibiting bond lengths 
within r(C–O)=1.236–1.259 Å while the corresponding data on (1) is r(C=O)=1.207 Å.  

Despite the fact that there is deprotonated COOH-fragment of MA in the former crystal there 
are asymmetric intermolecular interactions causing or distortion of local C2v symmetry of carboxylate 
anionic structural sub-unit. The strongly intensive IR-band at 693.069±0.53 cm-1 belongs to out-of-
plane bending vibration of mono-substituted phenyl fragment of MA. As can be expected, there is 
difference in Δν=|2| cm-1 comparing with results from pure MA racemate. The latter results agree well 
with those one reported to work [108] showing a value of 695 cm-1. The strong intensive bands at 
764.64±0.3 and 727.64±0.25 cm-1 belong to 4-phenyl-pyridinium counter ion.  

Despite the fact that the IR-spectroscopy is broadly implemented as aforementioned into the 
field of pharmaceutical industry as reliable tool for structural analysis of multicomponent 
pharmaceutical formulations, including those ones of MA [109] the IR-pattern could be very 
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complicated (Figure 5(C).) As the curve-fitted spectrum of (2) in the latter figure reveals there is a set 
of stretching νC=O and νasCOO- vibrations within 1800–1500 cm-1 region due to presence of both neutral 
MA and its anion in the crystal of (2). A comprehensive vibrational analysis of co-crystals and salts 
of MA via IR-spectroscopy [109] has assigned the IR-band at 1732 cm-1 to νC=O stretching vibration of 
S-MA enantiomer, while the band at 1704 cm-1 to νC=O mode of R-MA enantiomer. The band at 1669 
cm-1 has been assigned to νCOO- mode. The comparative analysis of IR-spectra of crystals of (2) and (3) 
in this study both containing MA anion, however, show intensive IR-band at 1616 cm-1 in the former 
crystal assigned theoretically to νasCOO- stretching vibration. The same mode is shifted to 1561 cm-1 in 
(3) due to coordination of the MA-anion with AgI-ion. The observed shifting of Δ|n|=55 cm-1 (Figure 
5(B)) further support the crystallographic and theoretical electron density data and natural ionicity 
parameters showing that the Ag–O bonds of (3) are characterized with significant charge de-
localization; thus, lacking of purely ionic interactions of species MA-COO- and Ag+ species which is 
typically observed in Zn2+ complexes with chalcogenide ligands [104].       

 

Figure 5. Theoretical (M062X/LANL2DZ) and experimental solid-state infrared spectra of (2) and (3) within the 
different regions of the electromagnetic spectrum; visualization of selected theoretically obtained molecular 
vibrations of (3) (A,B); curve-fitted experimental IR-pattern of (2) using Gauss/Lorentz mixed function at ratio 
1:1; chemomerics. . 

2.3. UV-VIS-NIR Data 

Figure 6 depicts theoretical and experimental EOM-CCSD data on MA and crystals (1)–(3). The 
theoretical data are detailed on Table S7. As an effort to account for charge transfer effects of the 
species there is used computation of long range transition densities, as well. A difference between 
theoretical and experimental absorption maxima Δ|λmax|=10 nm is obtained. The experimental data on 
MA agree well with previously reported study of MA in aqueous solution showing λmax=218 nm, 
assigned to n→π* transition [111]. Thus, the experimental data on crystal (2) showing λmax=269 and 
290 nm indicates that these bands belong to n→π* and π→π* transitions of the protonated cation, 
while the intensive band at λmax=225 nm of (3) is assigned to charge transfer one due to coordination 
of MA with AgI-ion. An important remark on the latter assignment, however is that the complex (3) 
is unstable in solution. Its mass spectrometric analysis has been detailed on [112]. The AgI-ion 
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preferably forms solvate complexes. There are observed only low abundance MS peaks at m/z 278.04 
and 280.04 of 107/109Ag complex of MA (Figure S11). Thus, I shall conclude the experimental 
description of the electronic absorption properties of (3) with the highlight that there could be failure 
assigning experimental spectra of crystals in solution because of there should be carried our 
correlation of electronic absorption properties of various processes particularly highlighting 
coordination compounds where competitive ligand exchange of solvent molecules is frequently 
occurred. 

 

Figure 6. Theoretical equation-of-motion coupled cluster with single and double substitutions (EOM-CCSD) 
spectra of mandelic acid together with its experimental electronic absorption spectrum in CH3OH (A); 
experimental electronic absorption and transmission spectra of crystals (1)–(3) in CH3OH (B).  . 

3. Discussion 

To begin with, observational facts about molecular systems and their interacting ensembles via 
methods of chemical crystallography generate our experimental or empirical knowledge not only of 
the 3D molecular structure of the matter together with geometry parameters of the molecules such as 
bond lengths and angles, but also properties of the matter and the energetics of the molecular 
systems, including the chemical bonds of the molecules. As far as there is correct functional 
dependence between the energetics of the molecular ensembles of interacting species in crystals and 
the property of the matter including its biological activity as has been described in the preceding sub-
sections of this study, then, the experimental crystallographic knowledge of the molecular crystals 
provides direct link between the molecular structure and biological function which is of utmost 
importance for the field of pharmaceutical industry and medicine where the commercially 
distributed pharmaceutics formulations via salt crystallization processes modulate the solubility of 
the active ingredient and its pharmacological effect. Owing to the fact that the salt formulation is 
among the most utilized strategy for improving properties of medications is routinely implemented 
into pharmaceutical industry; thus, producing free therapeutics forms via process of 
disproportionation the reliable description of energy parameters of crystals are of significant 
importance for the salt crystallization screening of therapeutics and their implementation into the 
clinical practice. The major motivation behind the latter statement is the fact that the process of 
disproportionation is thermodynamically and kinetically driven one. Thus, thought mainly 
crystallographic experiment alone the latter lines of research there could be generated reliable 
knowledge of properties of analyte crystals and their biological function; if any. The same is valid to 
vibrational spectroscopy which is routinely implemented approach to determine multicomponent 
solids and crystals for the purposes of the pharmaceutical industry.   

However, even if a molecular system is well characterized or determined thought experimental 
methods as aforementioned ones there is impossible to bring directly the experimental knowledge of 
the energetics of the molecules and crystals. Therefore, the experimental datasets of variables of 
molecular systems and crystals are not very informative themselves about neither geometry 
parameters of molecules nor their properties or energetics. In fact the theory and model equations 
processing experimental data on molecular systems tell us something about the molecular structure 
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and the property of the matter including its energy. Due to these reasons testing of theories and model 
functional relations against experimental data tell us anything reliably about the matter and its 
properties. At this point we take advantage mainly on well-supported experimental knowledge in 
order to convince first ourselves that the conducted experiment is produced reliable and justified 
empirical knowledge of the molecular systems and their thus, proposed biological function. Despite 
the fact that the current discussion only grasped the surface of how to assess via experiment 
molecular properties and energetics of the matter it aims at highlighting that our systematic 
correlative analysis between experimental crystallographically determined energetics of chemical 
bonds of molecules in crystals and the theoretically determined bond dissociation energy of the 
modes of molecular systems using the Abramov’s equation (1) provides pretty easy and highly 
reliable information about the energetics of the molecular systems in the crystals thought 
crystallographic experiment [104,106]. This study, has reported first the best chemometric 
performances of the latter relationship showing up to |r|=0.9999 and studying AgI-complex of 
mandelic acid. Therefore, thought experimental crystallographic data as a form of generating 
empirical claim or this is our knowledge from the experiment of the matter there is known the 
energetics of the molecular systems. This represent the traditional point of view of the experimental 
science. However, this claim does not seem to be neither completely precise nor objective one nor to 
be general claim. Rather, this study provides novel pro-argument about the statement that the most 
accurate theoretical model processing experimental crystallographic data is only capable of 
generating reliable empirical claim and knowledge of the mater and its properties, because of we 
cannot observed directly the mass of the matter and elementary particles of molecular species in 
crystals. The excellent performances achieved in this paper, however, suggest that equation (1) best 
describes the experimental energetics of the chemical bonds of the molecules; and thus, it can be 
applied to obtain reliable conclusive statements regarding the molecular properties of the mandelic 
acid crystals.            

4. Materials and Methods 

(Consider supporting information) 

5. Conclusions 

The final conclusions are drawn about the following crystals of mandelic acid: 
(A) First, in this study there is reported crystal structure of 4-phenyl-pyridinium mandelate 

mandelic acid (2). The symmetry operation (–x + 2, –y + 1, –z) generates the whole system, which 
crystallizes in a monoclinic system and space group type P21/n showing unit cell parameters a = 
17.080(3), b = 14.395(3), c = 19.408(4) Å, β = 96.648(7)˚, Z = 12, V = 4739.6(16) Å3.  The crystal structure 
was solved by direct methods and refined by full-matrix least-squares on F2 to final values of R1 = 
0.0667 and wR2 = 0.1046. There is performed experimental and theoretical electron density analysis, 
as well. The infrared vibrational spectroscopic and electronic absorption properties of (2) are reported 
and described both experimentally and theoretically.  

(B) The novel data on experimental and theoretical electron density analysis of crystals of 
AgI-complex of mandelic acid correlating between crystallographic potential energy data on bond 
critical point according to Abramov’s model and theoretical bond dissociation energy yields to the 
best method performances, showing |r|=0.9999. The tool seems that best characterizes experimental 
crystallographic energetics of chemical bonds of molecules fitted off high accuracy methods of 
quantum chemistry.     

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, There is experimental and theoretical structural, thermochemical, and molecular 
spectroscopic parameters of crystals (Figures S1–S14 and Tables S1–S7), CCDC 822753 (2) contains 
supplementary crystallographic data for the crystals. The crystallographic information files can be obtained free 
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html or from Cambridge Crystallographic Data 
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