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Abstract: We have prepared co-crystals of racemic DL-2-Hydroxy-2-phenylacetic acid (DL-Man-

delic acid, DL-H2ma) with achiral 2-Pyridinecarboxamide (picolinamide, pic), 3-Pyridinecarbox-

amide (nicotinamide, nam) and 4-Pyridinecarboxamide (isonicotinamide, inam); they have been 

characterized by elemental analysis, single crystal and powder X-ray, IR spectroscopy and 1H and 
13C NMR. The crystal packing is stabilized primarily by hydrogen bonding and in some cases 

through π-π stacking interactions. The analysis of crystal structures reveals the existence of the char-

acteristic heterosynthons with the binding motif 𝑅 (8)2
2  (primary amide-carboxilic acid) between 

pyridinecarboxamide molecules and the acid. Other synthons involve hydrogen bonds like (car-

boxyl)O-H···N(pyridine) and (hydroxyl)O-H···N(pyridine). 
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1. Introduction 

Crystal engineering is the rational design of functional molecular solids from neutral 

or ionic building blocks, using intermolecular interactions in the design strategy [1]. This 
field has its origins in organic chemistry and in physical chemistry. The recent develop-
ment of crystal engineering as a research field has progressed alongside a significant in-

terest in the origin and nature of intermolecular interactions and their use in the design 
and preparation of new crystalline structures [2]. 

Over the last decade, the concept of crystal and mostly co-crystal engineering has 
become increasingly interesting for both academic and industrial pharmaceutical re-
searchers [3]. The main reason for this is its ability to enhance the physicochemical and 

biopharmaceutical properties of active pharmaceutical ingredients, without altering their 
chemical structure and thus maintaining their therapeutic activity. With new guidelines 

from the United States Food and Drug Administration and the European Medicines 
Agency regulating co-crystals, the development of pharmaceutical co-crystals has gained 
considerable momentum [4]. 

In order to prepare cocrystals, a supramolecular synthesis is used, in particular the 
design of homo and supramolecular heterosynthons is one of the most exploited. Alt-

hough the preparation of cocrystals is not complex, the selection of the solvent can be 
critical to obtain a particular crystal phase of cocrystal. The role of the solvent in the nu-
cleation of crystals and cocrystals is still far from completely understood. 

The three isomers of pyridinecarboxamide—2-pyridine carboxamide or pico-
linamide (pic), 3-pyridinecarboxamide or nicotinamide (nam) and 4-pyridinecarbox-

amide or isonicotinamide (inam) (Scheme 1)—are a class of medicinal agents that can be 
classified as GRAS (generally regarded as safe) compounds. Nicotinamide and isonicotin-
amide are popular co-crystal formers, nam is vitamin B3 and therefore of pharmaceutical 
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relevance [5], whilst Isonicotinamide is one of the most effectively used cocrystallizing 
compounds [6], as the pyridine N atom of the isonicotinamide molecule readily acts as a 
hydrogen bond acceptor when faced with good hydrogen bond donors, such as carboxylic 

acids and alcohols [7]. In fact, the carboxylic acid···pyridine hydrogen bond has been iden-
tified as a robust yet versatile hydrogen bond and persists even in the presence of other 

good donors [8]. Cocrystals of picolinamide are rarely seen in the literature, despite being 
a structural isomer of nam and inam, and a strong inhibitor of poly(ADP-ribose)synthe-
tase [9] and showing important biological activity with a coenzyme called NAD (nicotin-

amide adenine dinucleotide), which plays important roles in more than 200 amino acid 
and carbohydrate metabolic reactions [10]. Apart from pharmaceutical value, in general, 

pyridinecarboxamides are excellent cocrystallizing compounds. The amide group fea-
tures two hydrogen bond donors and two lone pairs on the carbonyl O atom. A second 
hydrogen bond acceptor is the lone pair on the N atom of the pyridine ring. Consequently, 

these molecules are very versatile for a variety of hydrogen bonding interactions, espe-
cially in pharmaceutical cocrystals [11]. 

 

Scheme 1. Chemical diagram of H2ma and the pyridinecarboxamide isomers. 

DL-Mandelic acid (Scheme 1) is a useful precursor to various drugs, for example 

homatropine and cyclandelate, which are esters of mandelic acid, and it is also known to 
have antibacterial properties [12]. Generally, the profile of DL-H2ma allows us to regard 

this compound as an excellent coformer for cocrystals with the aforementioned carbox-
amides. Indeed, given that DL-H2ma is a substituted carboxylic acid containing a hy-
droxyl group on the adjacent carbon, it also possesses a set of sites capable of hydrogen 

bonding, both donor and acceptor in nature. 
In light of these considerations, the main objective of this work is the design, prepa-

ration, and characterization of the physicochemical properties, and the identification of 
recurrent supramolecular patterns, within a new set of multicomponent pharmaceutical 
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crystals that involve the three isomers of pyridinecarboxamide with DL-mandelic acid as 
coformer (Scheme 1). 

2. Materials and Methods 

DL-Mandelic acid and the pyridinecarboxamide isomers were purchased from 

Sigma-Aldrich. Commercially available solvents were used as received without further 
purification. Compounds were prepared by co-crystallization via solvent-drop grinding: 
Stoichiometric amounts of H2ma with pic, nam, or inam were ground with a mortar and 

pestle for ca. 5–7 min with the addition of 10 μL of solvent per 50 mg of co-crystal formers. 
The resulting solutions were left to evaporate slowly under ambient conditions. The single 

crystals of pic-D-H2ma, nam-L-H2ma, and inam-L-H2ma, suitable for X-ray diffraction 
studies, were obtained in 2–15 days from Ethyl acetate. Microanalyses (C, H, and N) were 
carried out using a Carlo-Erba 1108 elemental analyser. FT-IR spectra were recorded from 

KBr pellets over the range 4000–400 cm–1 on a Bruker IFS-66v spectrometer. For X-ray 
analysis, intensity data were collected at 100 K on a Bruker X8 KappaAPEXII diffractom-

eter. Structures were solved by direct methods followed by difference Fourier calculations 
and were refined by a full-matrix least-squares procedure using SHELXLTL. The struc-
tures were deposited at the Cambridge Crystallographic Data Centre with CCDC Nos. 

2072590–2072591. 

3. Results and Discussion 

The three crystals were obtained from the crystallization of solutions prepared by 

reacting the pyridinecarboxamide isomers with DL-mandelic acid in a molar ratio 1:1. 
Although the X-ray diffraction data were taken at 100 K, solid handling was always done 
at room temperature. 

The cocrystallization processes have been carried out considering the pKa of the man-
delic acid and the pyridincarboxamide isomers as coformers, with pKa values of 3.85 (DL-

H2ma), based on the carboxylic group [13], 2.10 (pic), 3.35 (nam), and 3.61 (inam), based 
on pyridine nitrogen [14]. These compounds have been chosen to evaluate the degree of 
acid proton transfer to the coformers, according to the pKa rule, which can contribute to 

the study of the sal/co-crystal continuum and provide information related to the ability to 
predict and control synthesis of co-crystals that contain mandelic acid [15]. According to 

this rule, it is generally accepted that a salt is formed when the value of ΔpKa is greater 
than 3, while a value of ΔpKa less than 0 should lead to the formation of co-crystals [16]. 
The values of ΔpKa [pKa (protonated base)-pKa(acid)] calculated for pic, nam, and inam 

are −1.75, −0.50 and −0.24, respectively, so the formation of co-crystals is expected. 

Crystal Structure Analysis 

Cocrystallization of DL-H2ma and pic in a 1:1 molar ratio from ethyl acetate pro-

duced plate-shaped lorless crystals that belonged to a 1:1 cocrystal, a new polymorph that 
differs from the one known with a 2:2 pic-D-H2ma ratio. [17]. The crystal structure was 
solved in the monoclinic space group P21/n with unit cell dimensions of a = 5.4240(3) Å , b 

= 26.1177(14) Å , c = 9.3622(5) Å , β = 104.715(2) and V = 1282.77(12) Å 3. The crystallographic 
asymmetric unit consists of one molecule each of D-H2ma and pic (Figure 1a). The crystal 

structure features an acid–amide heterosynthon between D-H2ma and pic involving O–
H⋯O (2.547 Å , 168.3°) and N–H⋯O (2.929 Å , 166.6°) hydrogen bonds. The anti-N–H of 
the pic forms an N–H⋯O (2.947 Å, 126.3°) hydrogen bond with the same carboxylic oxy-

gen atom and the hydroxyl O–H of the D-H2ma forms an O–H⋯N (3.071 Å , 139.9°) hy-
drogen bond with the adjacent pyridine N of the pic, thus generating a four-component 

supramolecular unit that consists of each two molecules of D-H2ma and pic (Figure 1b). 
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Figure 1. (a) Asymmetric unit of pic-D-H2ma and (b) four-membered supramolecular unit in the crystal structure of pic-
D-H2ma (1:1) co-crystal. 

From the cocrystallization of DL-H2ma and nam, a remarkable number of structures 
of different stoichiometries are known, in ratios 1:1, 2:1, 2:2, and 1:4 [18]. In this laboratory, 
the same nam-D-H2ma (1:1) cocrystal was prepared by crystallization from ethyl acetate. 

Crystal structure analysis revealed that the co-crystal belongs to the monoclinic, P21 space 
group with one molecule each of D-H2ma and nam in the crystallographic asymmetric 

unit (Figure 2a). The crystal structure features a hetero-synthon between the α-hydroxyl 
carbonyl group of D-H2ma and the amide group of nam involving O–H⋯O (2.708 Å , 
143.3°) and N–H⋯O (3.002 Å , 155.4°). These hetero-dimers are further joined by hydrogen 

bonds through O–H carboxylic acid and the pyridine N atom (2.684 Å , 175.0°), and the 
amide anti-N–H and hydroxyl O atom N–H⋯O (2.949 Å , 141.7°) to originate a new four-

component supramolecular unit that is repeated along infinite ribbons (Figure 2b). 

 

Figure 2. (a) Asymmetric unit of nam-D-H2ma and (b) four-membered supramolecular unit in the crystal structure of the 
nam-D-H2ma (1:1) co-crystal. 

New 1:1 co-crystals of DL-H2ma with inam, which is another positional isomer of 

pic, have also been prepared by crystallization in ethyl acetate, also previously prepared 
in warm ethanol [6]. Crystal structures revealed that the co-crystal belongs to the mono-
clinic, P21/c space group with unit cell dimensions of a = 5.2201(8) Å , b = 27.662(4) Å , c = 
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9.1862(15) Å , β = 99.935(10) and V = 1303.6(4) Å 3 with one molecule each of L-H2ma and 
inam in the crystallographic asymmetric unit (Figure 3a). In the crystal structure, L-H2ma 
and inam interact with each other via an acid–pyridine hetero-synthon involving an O–

H⋯N (2.624 Å, 177.3°) hydrogen bond. The amide group forms amide–amide homosyn-
thon dimers between inam molecules involving N–H⋯O (2.884 Å , 179.7°) that, at the same 

time, are attached to L-H2ma molecules in two ways. One is through an O–H⋯N bond 
formed between the hydroxyl O–H and the amide O of the nearest neighboring dimer 
(2.775 Å , 162.9), whereas the second one is via N–H⋯O (2.949 Å , 141.7) between the 

amine anti-N–H and the hydroxyl oxygen of the L-H2ma (Figure 3b). 

 

Figure 3. (a) Asymmetric unit of inam-L-H2ma- and (b) four-membered supramolecular unit in the crystal structure of 
inam-L-H2ma (1:1) co-crystal. 

This research demonstrates the effectiveness and utility of dry grinding and milling 
with solvent drops in the preparation of pharmaceutical cocrystals. We have applied a 

synthon-based approach to construct cocrystals that would have similar architectures, but 
different symmetry properties. The difference in symmetry is introduced by utilizing sev-
eral isomers of the same compound and a racemic cocrystal former. Three cocrystals of 

picolinamide, nicotinamide, and isonicotinamide with mandelic acid as a coformer were 
prepared in this way. Moreover, their crystalline and molecular structures were deter-

mined by single-crystal X-ray diffraction. Acid–amide and acid–pyridine supramolecular 
synthons were identified as recurring intermolecular interactions in the crystal structures 
that contain these functional groups. Coformers for the cocrystal formation with mandelic 

were chosen given that they contain amide and pyridine groups. Crystal structure analy-
sis of the cocrystals revealed that all the cocrystals feature heterosynthons. The position 

of the heterocyclic nitrogen of the pyridinecarboxamide isomers is essential to form typi-
cal intermolecular hydrogen bonds such as amide-amide, amide-acid and pyridine-acid. 
Thus, while in pic-D-H2ma the amide-acid and pyridine-α-hydroxyl heterosynthons are 

present (Figure 1b), in nam-D-H2ma are amide-hydroxycarboxylic and pyridine-acid (Fig-
ure 2b), and in inam-L-H2ma, amide-amide and pyridine-acid (Figure 3b). These results 

are relevant for understanding the nature of cocrystallization and pyridinecarboxamide 
isomers as prolific cocrystal formers. 

Author Contributions: Conceptualization, I.G.-S., R.T.-I. and A.C.; methodology, I.G.-S., R.T.-I. and 

A.C.; software, A.C.; validation, A.C., I.G.-S.; formal analysis, I.G.-S., R.T.-I. and A.C.; investigation, 
I.G.-S., R.T.-I.; resources, X.X.; data curation, X.X.; writing—original draft preparation, A.C.; writ-
ing—review and editing, A.C. and I.G.-S.; visualization, I.G.-S., R.T.-I. and A.C; supervision, A.C. 
and I.G-S.; project administration, A.C.; funding acquisition, A.C. and I.G.-S. All authors have read 
and agreed to the published version of the manuscript. 



Chem. Proc. 2021, 3, x FOR PEER REVIEW 6 of 6 
 

 

Funding: This research received no external funding. 

Institutional Review Board Statement:  

Informed Consent Statement:  

Data Availability Statement:  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Nangia, A.K.; Desiraju, G.R. Crystal Engineering: An Outlook for the Future. Angew. Chem. Int. Ed. 2019, 58, 4100–4107, 
doi:10.1002/anie.201811313. 

2. Desiraju, G.R.; Vittal, J.J.; Ramanan, A. Crystal Engineering: A Text Book; World Scientific: Singapore, 2011. 
3. Desiraju, G.R. Crystal Engineering: From Molecule to Crystal. J. Am. Chem. Soc. 2013, 135, 9952–9967, doi:10.1021/ja403264c. 
4. Karimi-Jafari, M.; Padrela, L.; Walker, G.M.; Croker, D.M. Creating Cocrystals: A Review of Pharmaceutical Cocrystal Prepara-

tion Routes and Applications. Cryst. Growth Des. 2018, 18, 6370–6387, doi:10.1021/acs.cgd.8b00933. 
5. Berry, D.J.; Seaton, C.C.; Clegg, W.; Harrington, R.W.; Coles, S.J.; Horton, P.N.; Hursthouse, M.B.; Storey, R.; Jones, W.; Friščić, 

T.; et al. Applying Hot-Stage Microscopy to Co-Crystal Screening: A Study of Nicotinamide with Seven Active Pharmaceutical 
Ingredients. Cryst. Growth Des. 2008, 8, 1697–1712, doi:10.1021/cg800035w. 

6. Aakeröy, C.B.; Beatty, A.M.; Helfrich, B.A. A High-Yielding Supramolecular Reaction. J. Am. Chem. Soc. 2002, 124, 14425–14432, 
doi:10.1021/ja027845q. 

7. Sarma, B.; Reddy, L.S.; Nangia, A. The Role of π-Stacking in the Composition of Phloroglucinol and Phenazine Cocrystals. Cryst. 

Growth Des. 2008, 8, 4546–4552, doi:10.1021/cg800585d. 
8. Shattock, T.R.; Arora, K.K.; Vishweshwar, P.; Zaworotko, M.J. Hierarchy of Supramolecular Synthons: Persistent Carboxylic 

Acid···Pyridine Hydrogen Bonds in Cocrystals That also Contain a Hydroxyl Moiety. Cryst. Growth Des. 2008, 8, 4533–4545. 
9. Borba, A.; Gómez-Zavaglia, A.; Fausto, R. Molecular Structure, Vibrational Spectra, Quantum Chemical Calculations and Pho-

tochemistry of Picolinamide and Isonicotinamide Isolated in Cryogenic Inert Matrixes and in the Neat Low-Temperature Solid 
Phases. J. Phys. Chem. A 2008, 112, 45–57, doi:10.1021/jp0765547. 

10. Olsen, R.A.; Liu, L.; Ghaderi, N.; Johns, A.; Hatcher, M.E.; Mueller, L.J. The Amide Rotational Barriers in Picolinamide and 
Nicotinamide: NMR and ab Initio Studies. J. Am. Chem. Soc. 2003, 125, 10125–10132, doi:10.1021/ja028751j. 

11. Alvarez-Lorenzo, C.; Castiñeiras, A.; Frontera, A.; García-Santos, I.; González-Pérez, J.M.; Niclós-Gutiérrez, J.; Rodríguez-Gon-
zález, I.; Vílchez-Rodríguez, E.; Zaręba, J.K. Recurrent motifs in pharmaceutical cocrystals involving glycolic acid: X-ray char-
acterization, Hirshfeld surface analysis and DFT calculations. CrystEngComm 2020, 22, 6674–6689, doi:10.1039/d0ce01064b. 

12. Van Putten, P.L. Mandelic acid and urinary tract infections. Antonie van Leeuwenhoek 1979, 45, 622–623, doi:10.1007/bf00403669. 
13. Gamidi, R.K.; Rasmuson, Å .C. Estimation of Melting Temperature of Molecular Cocrystals Using Artificial Neural Network 

Model. Cryst. Growth Des. 2017, 17, 175–182, doi:10.1021/acs.cgd.6b01403. 
14. Kerr, H.E.; Softley, L.K.; Suresh, K.; Hodgkinsona, P.; Evans, I.R. Structure and physicochemical characterization of a naproxen–

picolinamide cocrystal. Acta Crystallogr. Sect. C Cryst. Struct. Commun. 2017, 73, 168–175. 

15. Bhogala, B.R.; Basavoju, S.; Nangia, A. Ape and layer structures in cocrystals of some di- and tricarboxylic acids with 4,4′-
bipyridines and isonicotinamide. From binary to ternary cocrystals. CrystEngComm 2005, 7, 551–562. 

16. Cruz-Cabeza, A.J. Acid–base crystalline complexes and the pKa rule. CrystEngComm 2012, 14, 6362–6365, 
doi:10.1039/c2ce26055g. 

17. Chan, H.C.S.; Woollam, G.R.; Wagner, T.; Schmidtc, M.U.; Lewis, R.A. Can picolinamide be a promising cocrystal former? 
CrystEngComm 2014, 16, 4365–4368, doi:10.1039/C4CE00265B. 

18. Zhang, S.-W.; Harasimowicz, M.T.; De Villiers, M.M.; Yu, L. Cocrystals of Nicotinamide and (R)-Mandelic Acid in Many Ratios 
with Anomalous Formation Properties. J. Am. Chem. Soc. 2013, 135, 18981–18989, doi:10.1021/ja4103887. 


