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Crystals of mandelic acid are of significant importance. They are commercial pharmaceutical 
formulations that modulate the solubility of active ingredients and their pharmacological 
effect. Commercial medications have about 50% crystals. The salt formulation is among the 
most used strategies for improving the properties of therapeutics. Salt crystallization 
screening is implemented in the pharmaceutical industry.  By disproportionation, free 
therapeutic forms are produced. The process is driven thermodynamically and kinetically. 
The method is addressed by crystallographic and quantum chemical methods for salt 
screening as integral parts of the development workflow in the pharmaceutical industry. 
Correlations among crystallographic, Fourier-transform infrared and electronic 
spectroscopic data on salts and theoretical thermo chemical approaches are of primary 
importance for determining the relations among the molecular structure properties of 
crystals. This paper presents novel structural and molecular spectroscopic data on mandelic 
acid such as DL-mandelic acid (1), 4-phenylpyridinium mandelate mandelic acid (2) and 
catena-((μ3-DL-mandelato)-silver(I)) (3). It also utilizes chemometrics. The main conclusion 
follows from the relationship between the crystallographic potential energy data at the 
critical point of the bond using the Abramov formula and the theoretical bond dissociation 
energy showing |r|=0.9999. The approach seems to best describe the crystallographic 
energetics of the chemical bonds fitted off theoretical data. 
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1. Introduction 
 

Approximately a hundred years of ongoing pharmaceutical 
research documentation indicates that the programs for 
molecular drug design and screening of novel medications 
consist of a large number of development stages, including 
preclinical and clinical phases, crossing at about ten years. The 
commercial availability of new therapeutics also depends on its 
so-called dosage form. Determine the efficacy, side effects, or 
toxicity of therapeutics. The dosage form depends on many 
factors. The most important are the physicochemical properties 
of the drug in its pharmaceutical formulation. There are about 
90% novel medications in the discovery pipelines of the 
pharmaceutical industry. Circa 40% of the marketed thera-
peutics suffers from low aqueous solubility [1-5]. Novel 
medication delivery approaches have been developed for oral 
solid dosage form of lipid-based pharmaceutics or injections. 
They are conventional and preferred in the patient delivery 
system, among others. The latter form is cost-efficient and is 
also easy to commercially manufacture. The pharmaceutical 
industry highlights the increase in the global market for oral 
solid dosage forms within 2017-2027 [6]. Thus, research effort 

focuses on the development of solid dosage forms of novel 
medications; thus, the barrier of drug solubility and its 
permeability issue. Until now, a set of research strategies have 
been developed that modulate the properties of medications in 
their solid forms. These are pH modification of analytes (co)-
crystallizing as salts; co-crystallization of therapeutics 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; particle size 
reduction and nanonization, micro emulsions, and more. 

In particular, the concept of (co)crystallization of 
medications has been regulatory classified. Commercial 
pharmaceutical formulations of co-crystals are defined as 
crystalline materials containing two or more different 
molecules, one of which is medication within a defined 
stoichiometric ratio and crystal lattice. There are mutual 
nonionic and no covalent interactions. It is also determined the 
so-called polymorphism. It is a crystalline material of the same 
analytes, but exhibiting various packing. Crystal forms of 
medications that are most suitable for control of the 
physicochemical properties of the therapeutic drug and its 
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delivery. Thus, a significant amount in research efforts of crystal 
engineering are concentrated on the development of novel 
crystalline forms of therapeutics by modulating physico-
chemical properties of analytes and improving their solubility, 
stability, permeability, bioavailability, and more; thus, 
achieving their improved therapeutic efficacy [2-5]. 
Innovations in crystal engineering involve strategies to 
pharmaceutical formulations via co-crystal or salt based on 
tuning of intermolecular interactions. An in-depth under-
standing of intermolecular interactions is essential in drug 
design and development. Achievement of desirable pharma-
cological properties of the active ingredient is imperative for 
pharmaceutical and clinical practice. Research practice involves 
various approaches to computing the properties of salt crystals. 
Data are validated by comparison with experimental data [7,8]. 

Herein lies the question: To what extent is an in-dept study 
of molecular conformation and spectroscopic properties of 
mandelic acid crystals (MA; (1)) (2-hydroxy-2-phenylacetic 
acid (1)? The issue has a significant impact on various fields of 
research on fundamental science and technology. It should only 
be sketched that MA is significant, due to: (I) its frequent use in 
pharmaceutical formulations [9,10]. It is a co-crystallizing 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 used in the commercial production 
of methenamine, which exhibits 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.  (1) is also 
involved in pharmaceutical formulations of aripiprazole [5], 
trimethoprim [15], or baclofen [16]. The former medication is a 
third-generation antipsychotic drug [5]. Trimethoprim exhibits 
antimicrobial biological activity and is a synthetic agent that 
inhibits the bacterial dihydrofolate reductase enzyme [15]. The 
analyte treats muscle spasticity [16].  MA conformers have also 
been implemented in formulations with meloxicam, 
nicotinamide, meloxicam, levetiracetam or isoniazid, as well 
[15]. MA-based spirothiazolidinones are target agents against 
M. tuberculosis [17]. Co-crystallization of drugs with MA is 
governed by the fact that one of the important factors in 
obtaining an effective concentration of the active component; 
and, thus in producing a desirable pharmacological effect is 
solubility effect, [1,18]. Theoretical modeling of crystal growth 
of MA has been detailed in [7,8]. 

In addition, (ii) The chirality is a key issue in biological 
systems. A large number of biological processes are chirality-
dependent ones. The biochemical reactions in living systems 
are highly enantioselective. Inappropriate molecular chirality 
might induce severe abnormalities. The pharmacological 
activity, metabolism, and toxicological effects of the 
enantiomers of drugs could differ drastically in humans [19]. 
Often, one enantiomer of therapeutics treats diseases, whereas 
its other enantiomer can induce a toxic or adverse side 
pharmacological effect. In the case of MA, enzymes of bacteria; 
for instance, Pseudomonas species, Lactobacillus curvatus, 
Alcaligenes bronchisepticus, and more show stereo-selective 
oxidation for MA and; thus, are used to chemically synthesize S-
MA and R-MA enantiomers [20]. Stereo-selective metabolism of 
MA in the kidney and liver of rats shows that S-MA can be 
metabolized to phenyl glyoxylic acid as its main metabolite [20]. 
Therefore, chirality also has important implications in the 
pharmaceutical industry as well [21-23]. Utilizing enantiopure 
components into formulations is the most reliable approach to 
guarantee the effectiveness of medications. Although 
enantiomers show identical physicochemical properties, they 
exhibit different biological activities. Approximately 56% of 
market pharmaceuticals have a chiral center [24]. 
Approximately 94% of novel formulations that contain active 
ingredients containing the chiral center are enantiopure [24]. 
Thus, the cost-effective use of naturally occurring chiral 

molecules as components of pharmaceutical solids. The MA is 
also a promising template that allows for the design and 
synthesis of chiral co crystals and coordination polymers with 
metal ions via multiple binding centers and the capability of 
formation of chelate structures. So far, designed coordination 
polymers showing stereo-selective guest uptake and 
implementation in chiral separation technologies [21-23,25]. 
The MA chelating capability of metal ions is used to reduce 
calcium ion concentration in vivo as well. 

The MA is also (iii) an attractive raw material used in the 
design of novel medications. There is an innovative class of MA-
based medications that suppress the virulence of Ralstonia 
solanacearum [26,27], which is a soil-borne bacterium that 
causes a disease called ‘bacterial wilt’ and affects approximately 
200 plant species, including commercial crops such as 
tomatoes, tobacco and potatoes. MA derivatives also suppress 
virulence by T3SS against Citrus canker [28], which is a highly 
contagious bacterial disease due to Xanthomonas citri subsp. To 
citrus crops.  MA is an important chiral intermediate in the 
pharmaceutical industry for the synthesis of cephalosporins 
[20,29] and nafithromycin [30]. There are also novel MA-based 
peptidomimetics inhibiting aminopeptidase N, which is 
expressed in brain and kidney epithelial cells, among others 
[31]. 

As an α-hydroxy acid, (1) has also applications in (iv) 
dermatology due to its antibacterial properties [20,32-34]. MA 
also shows an antioxidant effect [25]. Lately, it has gained 
increasing popularity as a skin care treatment agent for adult 
acne [32]. 

The (v) enantioseparation of MA as α-hydroxy acids is also 
an essential process. Enantiomers are biomarkers for clinical 
diagnosis and prognosis of cancer, brain disease, and more [31].  
MA is clinically determined to be a urinary metabolite of chronic 
kidney failure [35,36]. It is also used as a biomarker of styrene 
exposure, which is a dangerous environmental pollutant 
[20,37,38]. Vinyl MA is also routinely determined in thyroid 
cancer management [39]. 

In addition, (vi) MA importance should be emphasized for 
innovations in environmental cleaning technologies. 
Replacement of traditional petrochemical-based plastics 
[40,41] has led to an enormous search for green substitutes or 
so-called eco-friendly bioplastics. Poly(L-lactic acid), for 
instance, is a prospective biodegradable and biocompatible 
alternative as starch-based bioplastics [40,41]. However, these 
prospective biopolymers show poor crystallization kinetics; 
thus, limiting their applications. An improvement in 
crystallization capability is achieved through nucleating agents 
such as transition metal complexes of α-hydroxy acids such as 
mandelic acid [42]. As a natural [25] and environmentally 
friendly organic acid, MA shows high selectivity and efficiency 
in the reaction of hydrolysis of hemicellulose; thus making it a 
prospective candidate for the production of xylooligo-
saccharides, as well [43,44]. 

Furthermore, a crucial advantage of MS is (vii) its capability 
of polymerizing; thus, it produces poly(mandelic acid), which 
itself is an aryl analogue of poly(lactic acid) and appears to be a 
biodegradable analogue of polystyrene. The synthetic scheme 
involves stabilization of MA-adducts with pyridine-containing 
bases for the mechanism of ring-opening polymerization 
reaction of MA. Its impressive advances show physical and 
mechanical properties of poly(mandelic acid) with polystyrene 
[45-48]. Thus, poly(mandelic acid) is also a potential bio-
degradable plastic for hot-food packaging industry. 

The interest in (viii) self-assembling processes of crystal 
MS, pyridine-containing counter ions, and transition metal ions 
has attracted further attention for the design of novel crystal 
topological networks of crystals [49]. Interest in MA crystals 
with pyridinium-containing ligands (ix) is governed not only by 
the MA capability of forming homopolymers, but also by the 
ability of pyridinium counter ions to produce [2+2] photo 
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dimerization products. The latter issue is an evergreen topic in 
crystal engineering of organics, due to their emergent 
photomechanical properties and a great scale of technological 
applications [50-52]. The key to experimental crystallographic 
knowledge of ionic interactions of MA and 4-phenylpyridine is 
the fact that the analyte appears to be an inhibitor of 
palmitoleoyl protein carboxylesterase [53]. I ts is an exogenous 
compound that can be found in oranges [54]. Owing to 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 toxicity. 

MA and its derivatives have also found place as modifiers 
for the asymmetric catalytic hydrogenation of ketopanto-
lactone, for example [55] and for high-performance NiOx-based 
perovskite solar cells [56]. So far, the application-oriented 
aspects of MA for many interdisciplinary research fields have 
been sketched, particularly highlighting the fields of 
pharmaceutical industry and medicine. 
 
2. Experimental 
 
2.1. Materials and methods 
 

The single crystal X-ray diffraction intensities data on (1), 
(2) and (3) were measured on a Bruker Smart X2S 
diffractometer, utilizing micro-source Mo-Kα and ω-scan mode. 
An absorption correction approach was applied on multiple 
scanned reflections (Table 1). Structures were solved by direct 
methods using SHELXS-98 [57-63] and refined by the full-
matrix least-squares refinement method against F2. Anisotropic 
displacement parameters were used to non-hydrogen atoms. 
Hydrogen atoms joined with carbon atoms were placed at 
calculated positions. The refinement allows them to ride on the 
parent carbon atom. The H-atom connected with the oxygen 
one was manually constrained to positions. All H-atoms were 
placed at calculated positions with C–H distances of 0.95–0.99 Å, 
and treated as riding atoms with Uiso(H) = 1.1 Ueq(C). Their 
observation was confirmed from difference maps. The 
crystallographic structural data blocks were processed by 
PLATON [61]. The ADDSYM [61] test is used considering 
symmetry elements that scrutinize observable evidence 
regarding space group symmetry (Figures S1 and S2). It is a 
modified version of MISSYM software [64,65]. CheckCIF and 
PLATON are used to validate crystallographic reports [66,67]. 
The crystallographic refinement parameters are tabulated as 
shown above. The mono- and multipole electron density (ED) 
refinement was performed using the XD2016 and MoPro v16 
program packages [68] employing the methodology developed 
by Hansen-Coppens. The experimental structural factors were 
also processed by WinGX 2014 [69] in relation to data quality.  
The WTANAL and DRK plot (Figure S3) analysis of the structure 
factors was carried out, in addition to the residual analyzes and 
THMA evaluation of thermal motion based on experimentally 
measured Uij values [70,71]. The bond valence model and 
charge density analysis were performed by WinGX 2014 and 
Shelxle [72] program packages. 

The infrared spectra of crystals within mid-region of 
electromagnetic spectrum (4000-400 cm-1) were measured 
using a Bomem-Michelson 100 FTIR spectrometer (Bomem Inc., 
Canada) equipped with a Perkin Elmer wire-grid polarizer. 
Spectra were recorded with a resolution of ±0.5 cm-1 and 200 
scans per spectrum. Nd:YAG laser was used (lmax = 1024 nm). The 
scan speed of the moving mirror was 0.5 cm.s-1. Kbr-pellet and 
nujol mull techniques are utilized for sample preparation. 
Elemental analysis was carried out according to standard 
procedures for C and H (such as CO2 and H2O) and N (by the 
Dumas method). Scanning electron microscopy experiments 
were performed on a HITACHI S-3500N instrument. 

Electronic spectra (UV-Vis-NIS) were recorded on 
Evolution 300 spectrophotometers, operating between 190 and 

1100 nm in solution at a concentration of 3×10-6 M using 0.0921 
cm quartz cells. Mass spectrometric measurements were 
performed with the TSQ 7000 instrument (Thermo Fisher Inc., 
Rockville, MD, USA). A triple quadruple mass spectrometer 
(TSQ 7000 Thermo Electron, 124 Dreieich, Germany) equipped 
with an ESI 2 source was used for ESI-MS and APCI-MS 
measurements (Table S1). A standard LTQ Orbitrap XL 
(Thermo Fisher Inc.) was employed. Absolute and relative 
intensities of the studied species were obtained using 
QualBrowser 2.7 software. Chromatographic analysis was 
performed with the Gynkotek HPLC instrument (Germering, 
Germany), equipped with a preparative Kromasil 100 C18 
column (250×20 mm, 7 μm; Eka Chemicals, Bohus, Sweden) and 
a UV detector set at 250 nm. The experimentally measured raw 
crystallographic and spectroscopic data-files can be 
downloaded free of charge, herein [73]. 
 
2.2. Synthesis 
 

The starting analytes 4-phenylpyridine and D,L-mandelic 
acid used to synthesis of 4-phenyl-pyridine (bis)mandelate 
(bis)mandelic acid (2) were Sigma-Aldrich products. Mixed 
equimolar amounts of the initial chemicals (0.155 and 0.152 g) 
were dissolved in 50 mL of CH3OH. Thus, the solution obtained 
was stirred for 5 h at T = 100 ° C. The single crystals were 
filtered off, washed with CH3OH and dried on P2O5 at T = 298 K. 
Yield 74%. Anal. Calcd for C27H25NO6: C, 70.58; H, 5.48; N, 
3.05%. Found: C, 70.55; and N, 3.01%. Single crystals of 
polymorph I of D,L-mandelic acid (1) were obtained after 
recrystallization of the powder analyte under ambient 
conditions in CH3OH. 
 
2.3. Theory/computations 
 

GAUSSIAN 98, 09; Dalton2011 and Gamess-US [74-77] 
program packages were used. Ab initio and DFT molecular 
optimization were performed using the B3PW91 and B97X-D 
methods. The Truhlar’s functional M06-2X was utilized. The 
algorithm by Bernys determines Gss. PES’ stationary points 
were obtained via harmonic vibration analysis. Minima of 
energy are confirmed when there is a lack of the imaginary 
frequencies of the second derivative matrix. Basis set cc-pVDZ 
of Dunning, 6-31++G(2d,2p) and quasirelativistic effective core 
pseudo potentials from Stuttgart-Dresden (Bonn) (SDD, SDDAll, 
[ http://www.cup.uni-muenchen.de/oc/zipse/los-alamos-
national-laboratory-lanl-ecps.html] were utilized. The ZPE and 
vibration contributions have been accounted for up to a 
magnitude value of 0.3 eV. The species in solution were studied 
by explicit super molecule and mixed approach of micro 
hydration by PCM. The ionic strengths in solution were 
accounted for using IEF-PCM. Merz-Kollman atomic radii and 
heavy atoms UFF topological models were used. The pH effect 
was evaluated by computing properties in neutral and cationic 
forms. MD computations were performed by ab initio BOMD 
was carried out at M062X functional and SDD or cc-pvDZ basis 
sets, as well as, without to consider periodic boundary 
condition. The trajectories were integrated using a Hessian-
based predictor-corrector approach with Hessian updating for 
each step on BO-PES. The step sizes were 0.3 and 0.25 
amu1/2Bohr. The trajectory analysis stops when: (a) Centres of 
mass of a dissociating fragment are different at 15 Bohr, or (b) 
when the number of steps exceeds the maximal number of 
points given as input parameter. The total energy was 
conserved during computations at least 0.1 kcal/mol. The 
computations were performed via fixed trajectory time speed (t 
= 0.025 fs) starting from initial velocities. The velocity Verlet 
and Bulirsch-Stoer integration approaches was used. 

The Allinger’s MM2 force field was utilized [78,79]. The 
low-order torsion terms are accounted for higher priority 
rather than van der Waals interactions.  

http://www.cup.uni-muenchen.de/oc/zipse/los-alamos-national-laboratory-lanl-ecps.html
http://www.cup.uni-muenchen.de/oc/zipse/los-alamos-national-laboratory-lanl-ecps.html
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Table 1. Experimental crystallographic refinement parameters on crystals. 
Parameter D,L-mandelic acid 

(polymorph I) 
D,L-mandelic acid 
(polymorph I) 

D,L-mandelic acid 
(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 
Reference [85] [87] [87] This work [119] 
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 P21/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) 
γ [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 
rcalc [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 
wR2 (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 method’s accuracy is 1.5 kJ/mol of diamante or 5.71.10-

4 a.u. The electronic spectra were calculated using equation-of-
motion coupled cluster with single and double substitutions 
approach. It is regarded as the gold standard tool for reliable 
excited state computations [80-82]. The effect of the ionic 
strength is also accounted for [83]. 
 
2.4. Chemometrics 
 

Statistical methods or chemometrics were applied to 
experimental and theoretical data. It was done by R4Cal 
OpenOffice STATISTICs for Windows 7 program packages [84]. 
The statistical significance of each regression coefficient was 
verified by the t-test. The adequacy of the model was 
determined by F-test for goodness of fit and lack-of-fit, 
respectively. The analysis of variance method was also used. 
The non-linear fitting of the experimental MS data was carried 
out using the search method based on the Levenberg-
Marquardt algorithm. 
 
3. Results and Discussion 
 
3.1. Molecular and crystal structural data 
 

Polymorph I of DL-mandelic acid (1) crystallizes into 
orthorhombic space group type Pbca under ambient 
experimental conditions [85-93] (Figures 1, S4, and S5; Table 
1). Its high pressure polymorph II shows monoclinic space 
group type P21/c [86,91]. The intermolecular interactions lead 
to hydrogen-bonded double chains of MA-molecules along the 
a-axis. Its crystal structure is markedly different from 
polymorph I [91]. The polymorphism accounts for the 
molecular capability to crystallize in more than one crystal 
structure depending on the packing properties of molecules 
due to their intermolecular interactions [94-98]. The properties 
of polymorphs could vary with respect to molar volume; crystal 
density; refractive index; hygroscopicity; and more. They are 
associated with thermodynamics; kinetics; surface and 
mechanical properties of crystals. The phenomenon becomes 
an important task for the manufacture of pharmaceuticals 
[86,87,99]. There is a polymorph transition of MA at P = 0.65 

Gpa and at T = 460 K. This study lacks a description of 
intramolecular interactions of (1) in crystals. 

For the reasons sketched above, this study discusses novel 
data on experimental and theoretical ED analyzes and 
electrostatic surface potential (ESP); thus, aiming at in-depth 
understanding of the relation among molecular and electronic 
structures↔crystal structue↔properties of (1). The latter 
relations determine both the biological and catalytic activity. In 
particular, MA-derivatives show unusually complex packing in 
crystals. Furthermore, there is a small energy difference 
between polymorphs [100]. It also determines a significant 
structural and bulk and surface diversity, as well. The same is 
valid to disorder MA showing a drastic variety of disordered 
structures and their energetics. Computations accounting for 
environmental effects; for instance, temperature, ionic 
strength, and more, are of primary importance by considering 
application-oriented aspects. Because of, they affect on 
energetics of various hydrogen bonded MA structural motifs. 
The focus of the studies underlines the relationship between 
molecular and crystal structure as well as spectroscopic 
properties. Thus, the relationships between crystallographic 
and theoretical data on electronic structures or the ED 
distribution of atoms in molecules among MA- crystals should 
be considered. Electronic interactions determine electronic 
absorption spectra and vibration characteristics of molecules 
within the concept of chemical bond [101]. 

The distribution of Eds is important for understanding the 
mechanisms of chemical reactions and, respectively, the 
biological activity of species. The thermodynamic approach 
assesses the energetics of electronic interactions of species via 
enthalpy reflecting the energetics of chemical bonds and 
entropy accounting for environmental factors. There is a direct 
relationship between molecular structure (hydrogen) bonding 
interactions↔energetics with measured IC50 or the so-called 
transfer function [102-104]. Thus, experimental and theoretical 
electronic structural analysis of interatomic and, respectively, 
intermolecular interactions in molecules and their crystals 
reveal the actual dimension of the study ranging from the 
determination of experimental ED of atoms in molecules to 
their biological function only by assessing the aforementioned 
correlation quantitatively. 
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Figure 1. ORTEP plots of the unit cell contents of crystals (1) (CCDC 880481) [85] and (2) (CCDC 822753) (this work); chemical diagrams of crystals (1)–(3); 
name definitions of the dihedral angles of mandelic acid; photograph and scanning electron microscopic image of crystals. 

 

 
 

Figure 2. 2D map of Laplacian of electron density L(r) [electron.Å-5] of (3); molecular crystallographic structure of (3) and atom labelling scheme. 
 
The crystallographic ED distribution looks at the electronic 

charge distribution around atoms in molecules [101]. The 
distribution of total molecular charge distribution in crystal is 
determined using atomic positions within the 3D space, their 
thermal vibrations, and electronic charge parameters [105-
108]. The models are fitted by means of least squares of 
crystallographic data. The mapped electrostatic properties in 
both the 2D and 3D space (Figures 2 and Figure S4) can be 
obtained by crystallography and computational tools. There is a 
link between experimental and theoretical 3D electronic 
structures. Important parameters, among others, are electro-
static potentials (ESPs). They are derived from crystallographic 
data or computational methods. The ESP maps (Figure 3) 
illustrate regions of electro negativity and positivity. The 
regions are not easily inferred from the analysis of the parent 
charge density distribution. The ESP map on Hirshfeld surfaces 
details on intermolecular interactions of crystals [109-114]. 
They define the 3D space occupied by molecules; thus, 
partitioning the ED crystal into molecular fragments of crystals. 

Bader’s quantum theory of atoms in molecules used to 
obtain experimental EDs [115]. Although the theories provide 
crucial knowledge of the molecular structure of crystals, thus 

attracting the explanation and prediction of intermolecular 
interactions, their direct application is far from trivial. It might 
not be so intelligible to apply them directly. If there is a 
concentrate on Hirshfeld surfaces, then the weight function of 
crystal molecules depends on diffusion properties of the atoms 
[115]. Therefore, an accurate prediction of Hirshfeld atomic 
charges via depends on the theoretical level. 

However, precise determining of the experimental and 
theoretical Eds plays a crucial role in describing the nature of 
chemical bonds of molecules or their energetics, and thus the 
properties of molecules and crystals. Because Hirshfeld surface 
analysis (HAS) is broadly utilized for quantifying inter-
molecular interactions of molecules in crystals, it appears clear 
to us that, depending on the accuracy of the data, the analysis 
could be plausible or could not. There should be looked for 
further criteria for reliable description of interatomic and 
intermolecular interactions of crystals to determine plausibly 
their energetics and properties. 

Thus, first this study correlates among crystallographic 
thermal parameters of MA in crystals (1) and (2) (Table S1) 
Figure S6 correlates coefficients S and h. 
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Figure 3. Theoretical (M062X/LANL2DZ) electrostatic potential 2D map of (3). 
 
The former parameter denotes the (isotropic) variance of 

the mean square amplitude U, while h is defined by Hirshfeld 
and Shmueli [116]. There are obtained |r|=0.98 and 0.892. The 
reliability of measurands depends on quality of crystallographic 
data-block of variables. It could vary from measurement to 
measurement. The relative contribution to parameters such as 
random and systematic errors; intramolecular vibrations, and 
more have been detailed in work [116]. 

The crystallographic thermal parameters of each atom 
describe fluctuations of the ED around average atomic 
positions. The fluctuations are random and cannot be 
theoretically predicted. The crystallographic data provide a 
statistically averaged molecular structure which fluctuates in 
time and 3D space. Thus, the study involves both static and 
molecular dynamics (MD) computations of the crystals (Figure 
S7). Depending on the complexity of the molecules, an 
anharmonic contribution could be added. Anharmonicity 
contributes to systematic error of the molecular model, as well 
[117]. The molecular vibration of crystals is a temperature-
dependent process. The functional relation was established by 
Cruickshank (1956) [118]. Depending on the temperature of 
crystallographic measurements, there is further variation of the 
collected data block of experimental variables of molecules in 
crystals. 

Mostly, molecular structures of crystals of an analyte are 
equated with the absence of uncertainty parameters. However, 
they have an effect on both the experimental and theoretical 
interactions, parameters, and properties. The atomic positions 
reflect maximum of X-ray scattered density. It is fitted to the ED 
distribution. Thus, crystal structures could be equated only in 
cases of negligible thermal displacement parameters. As Figure 
S6 reveals, variation can be from crystal structure to crystal 
structure even by studying the same MA dimers of crystals (1) 
and (2), due to the symmetry operation (–x+2, –y+1, –z) 
generates the whole system of (2). It crystallizes in 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 (2), species are linked 
to the 3D network through moderate N+–H…O hydrogen bonds 
r(N…O)= 2.741, 2.717 Å (Figures 1, and S7; Table 1). Anions and 
neutral MA form stable self-associates via moderate OH…O 
bonds r(O…O)=2.494, 2.535 Å. Two neutral MA molecules in (2) 
form a dimer through OH…O bond r(O…O) = 2.837 and 2.879 Å. 
The cations exhibit two different molecular conformations that 
show interplanar angles of the phenyl and pyridinium 
fragments –27.08° and 1.30° (Figures S8 and S9). The MA 
conformations in crystals (1)–(3) are shown in Table S2. 

Despite theoretical models connecting among simulated 
ensembles of molecules and crystallographic data, frequently, 
they cannot count precise crystallographic parameters, due to 
variation within replicates; if any. The failure is grounded to 
various factors and error contributions. In order to obtain 
convergence of view, how reliably to draw line between models 

and crystallographic experiment there is applied theoretical 
tools; thus, assessing best description of experimentally 
phenomena via chemometrics. 

Therefore, experimental and theoretical ED and energetics 
of AgI-complex of MA (3) are discussed as well. Its crystal-
lographic parameters could be found [119] together with 
electronic spectra [85]. Briefly, the AgI-ion of the dinuclear AgI-
containing substructure is connected to four O atoms, having an 
Ag–O bond distance r(Ag…O)=2.215–2.492 Å (Figure S10). The 
inter-ionic AgI–AgI interaction shows that r(Ag…Ag)=2.820 Å. 
The MA anion acts as a tridentate ligand via deprotonated COO- 
and OH-groups. The COO- ion is bonded to two AgI-ions in a 
dinuclear subunit. The OH group appears to be bridged by the 
ligand center, coordinating each of the binuclear cores; thus, 
forming a coordination polymer. The AgIO5 metal chromophore 
has a distorted trigonal pyramidal structure. This study 
specifies measured crystallographic variables and their 
complementary treatment with quantum chemistry data; thus, 
it is discussed novel data on energetics from crystallography. 
This line of research is particularly strengthened if experi-
mental and theoretical ED of atoms in the molecule of (3). The 
real ED values of the atoms in molecules within 3D space are 
determined using the least squares refinement ED parameter 
ED r(r) [120]. The Fo-maps reflect experimental ED at each 
point of the 3D space. In addition to the 2D ED distribution, 
there is a 3D ED one. 

There are evaluated rho(r) (or r(r)) and Laplacian_rho(r) 
(or L(r)) of experimental ED of atoms (Figure 2). The ESP 
surface of (3) and the M062X/LANL2DZ level of theory is 
depicted in Figure 4. Knowledge of the nature of interatomic 
interactions in molecules or the metal-to-ligand coordination of 
the AgI ion with O-center from MS by crystallography imports 
reliable statistical assessment of r(r) and L(r) values between 
interacting species. Therefore, when there are predominat ionic 
M–L interactions, then the rho(r) values are within the 0.2–0.3 
eÅ-3 [121]. In the cases when rho(r) > 0.6 e Å-3 there is a 
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 the 
completeness of Fourier series and amplitudes quality; and, 
model of ED distribution [122]. 

Therefore, reliability of rho(r) and Laplacian_rho(r) is 
connected with the quality of hkl reflections and refinement 
model. The quality of data-blocks of measurands depends on 
the resolution of measurements; single crystal and its 
scattering properties. There are also permanent random errors 
of measurements as a result of fluctuation of atomic vibration 
factors. Thus, our knowledge of nature of intermolecular 
interactions, including metal-to-ligand ones obtained via 
crystallography, is a correct one. It is not absolute knowledge.  
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Table 2. Critical point analysis of bonds of the crystals of compound 3; Laplacian electron density L(r) [electron.Å-5]; electron density r(r) [electron. Å-3]; l I – 
parameters (I = 1–3) (L(r) = l1 + l2 + l3); intermolecular saddle (3,-1) critical points are described; the interactions with H-atoms are omitted; atom labelling 
scheme (Figure 2). 
Atom 1 Atom 2 r(r) L(r) li, i = 1–3 Ellipticity (e) 

l1 l2 l3 
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 
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 
 

 
 

Figure 4. Correlation between theoretical DFT and experimental data on crystals; chemometrics. 
 
The rho(r) is a probability function of experimental ED. It is 

not an absolute quantity of ED at the point (x, y, z) of the 3D 
space. Therefore, a precise study of the nature of neither M–L 
bonds nor intermolecular hydrogen bonding or short contacts 
cannot be achieved even by processing high-quality 
crystallographic data-blocks of variables. The theory also 
implies that Laplacian_rho(r) (and gradient_rho(r)) reflects the 
so-called bond paths or boundaries of interacting species [123-
131]. The charge-density models allow for the evaluation of 
realistic interatomic, respectively, intermolecular interactions 
of crystals. The interacting species are described as chemically 
bound when there are different (3, -1) so-called bond critical 
points (bcp) in rho(r) between them [130]. When 
Laplacian_rho(r) values < 0, there is charge concentration. A 
Laplacian_rho(r) > 0 means charge depletion. The 
Laplacian_rho(r) is given by the sum of the li parameters. The 
parameter ellipticity (e) details the bond order of the 
interactions. When there is s-bond, then l1–l2 cause for bcp=0 
because l1 and l2 are mutually perpendicular to chemical bond 
axes within the cylindrical symmetry approximation along the 
bond axis. The increase in bond order causes an increase in 
ellipticity. The results from crystal (3) (Table 2) show e=0.0170 
and 0.0067 of AgI-O1 and AgI-O3 interactions. The values are 
relatively large compared to purely ionic interactions. There is 
assumed a charge delocalization. The latter experimental data 
are correlated with theoretical natural ionicity parameter (iAB) 
determined according to Equation S1 [125]. It is calculated 
using M062X/LANL2DZ natural polarization coefficients (cA, cB) 
obtained from (3) and summarized in Table S3. There is iAg-O1=-
0.0544, which confirms crystallographic results and indicates a 
charge delocalization effect. The value is higher compared to iZn–

Cl one of -0.76 determined from the [(ZnCl4)2-] counter ion 

containing crystals of coordination compounds [132]. The 
species show almost purely ionic Zn–Cl bond and ionic hybrid 
localized at the Cl-center. The C–O bonds of MA of (3) show iC–O 
= 0.4386–0.1853. 

Furthermore, detail on the nature of interatomic and 
intermolecular interactions of crystal species has been 
associated between interaction energy and rho(r) at bcp. It is 
approximated linearly [119,132]; thus, stressing the important 
correlation between the characteristic of the the M-L bond and 
the energy of interaction. Among the models that connect 
crystallographic ED, expressed by Laplacian and energy, there 
is the Abramov’s model Equation (1) [131,133]. The G(r) 
denotes the electronic kinetic energy. The V(r) value means the 
potential energy at bcp. It is used to study the complex (3) 
(Table 3) because within a series of AgI-, CuII-, and ZnII-
complexes of organics it has been found that V(r) depends 
linearly on the theoretical dissociation energy Di0 of the ith 
chemical bond of crystal molecules [119,132,134]. 
 
¼(L(r))=2G(r)+V(r)     (1) 
 

This study also treats the relationship V(r) = f(Di0) of the 
AgI-complex of MA (3). The correlation between the 
experimental bond energy parameters of equation (1) of V(r) 
(Table 3) and the theoretical parameters Di0 (Figures S11 and 
S12) as well as the M062X / LAL2DZ energetics of species 
(Table S4) yields excellent performances, showing |r| = 0.9999 
(Figure 4) Theoretical bond dissociation energy and the 
potential energy of bonds in bcps allow for reliable correlation 
among theoretical and experimental properties and energetics 
of the molecules in crystals. 
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Table 3. Topological energetics of the 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 [a.u.Bohr-3] Vcp [a.u.Bohr-3] Gcp [kJ.mol-1.Bohr-3] Vcp [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 

 

 
 

Figure 5. Experimental solid-state IR spectra of complexes 2 and 3. 
 
Because the experimental and theoretical design, herein, is 

governed by the so-called means-end-reasoning, further, it 
concentrates on Hirshfeld atomic charges and populations. 
They are essential for modeling of the physicochemical 
properties of molecules (Tables S5 and S6). There are also used 
ESPs. The correlation between Hirshfeld atomic charges and 
populations of (3) shows |r|=0.7007. 

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 Hirshfeld population analysis can 
be used for exact determination of molecular dipole moments 
and higher multipole ones. 

One needs a simple representation of charge redistribution 
of molecules using only atomic charges, the so-called monopole 
approximation. This is the case, for instance, when Hirshfeld 
charges are mapped on a novel set of charges reliably 
representing the ESPs, but without taking into account atomic 
dipoles, because ESPs accurately predict the chemical reactivity 
of species [114]. This study also uses the Truhlar’s charge 
models called CM5 [135]. The correlation between Hirshfeld 
and CM5 charges shows |r|=0.98531. 

The analysis between Hirshfeld charges or CM5 charges and 
ESP of (3) yields |r|=0.1791. The low performances are due to 
the deviation of the ESP value of the AgI-ion. There is 
|r|=0.99561 of the same data when the ESP value of the metal 
ion is excluded. The latter rather controversial data are 
explained by the fact that in (3) there is charge delocalization, 
as both crystallographic and theoretical natural bond orbital 
analysis data have shown, above. 

Therefore, the metal-to-ligand charge delocalization effect 
of AgI-complexes should be tackled by using complementary 
both ESP and atomic charges, respectively, electron densities. 
Natural polarization coefficients should be accounted for; thus, 
allowing for an in-dept characterization of the nature and 
energetics of the coordinative metal-to-ligand bond. 

3.2. Optical spectroscopic data 
 

Vibration spectroscopy [136-138] is a robust tool for 
structural analysis of solids, including crystals in pharma-
ceutical industry Figures 5, S13-S15 depict experimental solid 
state and theoretical (M062X/LANL2DZ) IR-spectra of crystals 
(2) and (3). The vibration modes of the racemate and 
enantiopure forms of (2) have been detailed in [136]. The IR 
spectrum of (1) is detailed in [85]. 

The IR spectrum of (2) exhibits a νOH stretching vibration at 
3460 cm-1 of MA. The νC=O mode is at 1695 cm-1. The low-
frequency shifting of mode comparing with data on (1) and 
those ones reported previously [136] at 1714 cm-1 is result from 
shorter C–O bond of acid in crystals of (2) exhibiting bond 
length r(C–O)=1.236–1.259 Å while data on (1) is r(C=O)=1.207 
Å. 

There is a deprotonated COOH-group of MA in the former 
crystal. There are asymmetric intermolecular interactions 
causing or distorting local C2v symmetry of the carboxylate 
anionic structural subunit. The intensive IR band at 
693.069±0.53 cm-1 belongs to the out-of-plane bending 
vibration of the monosubstituted phenyl fragment of MA. There 
is a difference in Δν=|2| cm-1 compared with the MA racemate 
results. There is agreement with data on work [136] showing a 
value of 695 cm-1. The bands at 764.64±0.3 and 727.64±0.25 
cm-1 belong to 4-phenylpyridinium counter ion. 

IR spectroscopy is implemented in the pharmaceutical 
industry as a reliable tool for the structural analysis of 
multicomponent formulations, including MA-ones [137]. The IR 
pattern is complicated (Figure 5) As the curve-fitted spectrum 
of (2) reveals, there are νC=O and νasCOO- modes within the 1800-
1500 cm-1 region due to the presence of both neutral MA and its 
anion. An in-depth vibration analysis of the co-crystals and salts 
of MA via IR spectroscopy [137] has assigned IR-band at 1732 
cm-1 to the νC=O mode of the S-MA enantiomer, while the band 
at 1704 cm-1 to νC = O of R-MA form. The band at 1669 cm-1 
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belongs to νCOO- mode. However, the IR-spectra of crystals of (2) 
and (3) containing MA anion herein show IR-band at 1616 cm-1 
in (2) assigned to νasCOO- stretching mode. It is shifted to 1561 
cm-1 in (3) due to coordination of the MA-anion with the AgI-ion. 
The shifting of Δ|ν|=55 cm-1 further supports the ED data and 
the natural ionicity parameters showing that the Ag–O bond of 
(3) is characterized with significant charge de-localization; 
thus, there is a lack of purely ionic interactions of the MA-COO- 
and Ag+ species. The phenomenon is observed in Zn2+ 
complexes with chalcogenide ligands [132]. 

Figure 6 shows theoretical and experimental EOM-CCSD 
data on MA and crystals (1)-(3) (Table S7) The charge transfer 
effect is evaluated via long-range transition densities, as well. 
There is difference in the theoretical and experimental 
absorption maxima Δ|lmax| = 10 nm. The experimental data on 
MA agree well with the previous study of MA in aqueous 
solution showing lmax=218 nm, assigned to the n → p* transition 
[139]. The experimental data on crystal (2) show lmax=269 and 
290 nm. This indicates that the bands belong to the n → p* and 
p → p* transitions of the protomer. The band at lmax=225 nm of 
(3) is assigned to charge transfer one due to coordination of MA 
with AgI-ion. 

 

 
 

Figure 6. Theoretical EOM-CCSD spectra of mandelic acid together with its 
experimental electronic absorption spectrum in CH3OH. 

 
However, complex (3) is unstable in solution. Its mass 

spectrometric analysis has been detailed in [140]. The AgI ion 
preferably forms solvate complexes. MS peaks were observed 
at m/z 278.04 and 280.04 of the 107/109Ag complex of MA (Figure 
S16). The highlight is that there could be failure in assigning 
experimental spectra of crystals in solution because of the 
correlation of electronic absorption properties of various 
processes, particularly, looking at coordination compounds 
where competitive ligand exchange of solvent molecules is 
frequently occurring. 
 
4. Conclusions 
 

(A) First, this study reports crystal structure of 4-
phenylpyridinium mandelate mandelic acid (2). It is completely 
characterized by means of single crystal X-ray diffraction, 
electronic absorption, and vibration spectroscopy both 
experimentally and theoretically. 

(B) The data on point (A) of the crystals of salts of mandelic 
acid have been correlated with the novel experimental and 
theoretical electron density analysis of crystals of the AgI 
complex of mandelic acid; thus, assessing the relationship 
between crystallographic potential energy data on the critical 
point of the bond according to the Abramov model and the 
theoretical dissociation energy of the bond. The best method 
performance shows |r|=0.9999. The tool seems to best 
characterize experimental crystallographic energetics of 
chemical bonds of molecules fitted off high-accuracy methods 
of quantum chemistry. 
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