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ABSTRACT 
We present a crystallographic and computational study of three hydantoin-based active 

pharmaceutical ingredients nitrofurantoin, furazidin, and dantrolene aimed at identifying factors 

resulting in different propensities of these compounds to form polymorphs, hydrates, solvates, and 

solvate hydrates. This study is a continuation of our research towards understanding how small 

structural differences in closely related compounds affect their propensity to form different crystal 
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phases, as all three compounds contain an imidazolidine-2,4-dione scaffold and a N-acyl 

hydrazone moiety and all form multiple crystalline phases. Crystallographic and computational 

analysis of the already known and newly obtained nitrofurantoin, furazidin and dantrolene crystal 

structures was performed by dissecting the properties of individual molecules and searching for 

the differences in tendency to form hydrogen bonding patterns and characteristic packing features. 

The propensity to form solvates was found to correlate with the relative packing efficiency of neat 

polymorphs and solvates and the ability of molecules to pack efficiently in several different ways. 

Additionally, the differences in propensity to form solvate-hydrates were attributed to the different 

stability of the hydrate phases. 

 

1 INTRODUCTION 

When crystallized from a solution, many organic compounds can form multiple solid phases – 

solvent-free (including polymorphs) or multiple component phases such as hydrates, solvates, 

salts, co-crystals and other phases 
1

. A recent survey
2

 on organic solvates deposited in the 

Cambridge Structural Database (CSD) categorized 325 104 unique organic structures. Of these, 

83.8% were solvent-free phases (including multi-component crystals), 8.3% were single-organic 

solvent solvates, 6.4% were hydrates, and only 1.5 % of the structures contained at least two 

solvents, including solvate-hydrates (1.1 %) and heterosolvates (0.4 %).  

Studies on solvate, solvate-hydrate and hydrate formation, occurrence and crystal structure 

analysis have been conducted on compounds having rich solid-form landscape, for example, 

prolific solvate formers olanzapine
3

, galunisertib
4

, axitinib
5

 and sulfathiazole
6

 as well as solvate-

hydrate formers such as bosutinib
7

 and 3,5-dihydroxybenzoic acid
8,9

. The formation of multiple 

crystalline phases represents a possible strategy for altering the solid-state properties of 

pharmaceutical compounds, influencing the physicochemical and biopharmaceutical properties 

(e.g. the dissolution rate profile and hence, bioavailability) without affecting the physiological 

action.
10,11

 Therefore, considering the importance of solid crystalline forms and solvates in the 

pharmaceutical industry
12

 and their implication in the pharmaceutical development of small 

organic drug molecules,
13

 the large number of characterized solid forms for pharmaceutical 

compounds is not surprising. 

 Currently, general observations from such studies allow to conclude that the two main 

driving forces for formation of solvated crystalline phases of a substance are a) formation of host–

guest interactions, typically strong hydrogen bonds, and b) solvent provided additional lattice 

stabilization via weak intramolecular interactions, decreased void space and improved crystal 

packing efficiency. Most solvates include contributions from both driving forces
14–18

. In the 

previous papers, authors have used different combinations of various methods, e.g. experimental 

solid-form landscape screening, experimental evaluation of the stability of various solvates, crystal 

structure prediction of neat polymorphs, hydrogen bond network analysis in crystal structures, 

lattice energy, conformational energy and packing efficiency calculations, molecular 

conformation, electrostatic potential (ESP), Hirshfeld surface analysis and other methods.  
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Although previous studies contribute towards the understanding of the factors influencing the 

formation and diversity of solvates, the above-mentioned studies analyse multiple solvated phases 

formed by a single organic compound. To determine the possible causes of differences in solvate 

formation between similar compounds, in our previous studies
19–21

 we have already compared 

structurally similar compounds of pharmaceutical interest by investigating how small structural 

differences between these compounds affect their propensity to form different solvent-free and 

solvated crystal phases. We have identified that altered formation of weak intermolecular 

interactions
19

 or intramolecular hydrogen bonding 
20

, as well as a higher abundance of associates 

in solution
20

 and an increased packing efficiency
21

 are factors that contribute to an increased 

propensity to form solvates among structurally similar compounds.  

In this study, we continued our research toward rationalizing trends related to the occurrence of 

solvated and hydrated crystalline phases by studying three hydantoin–based marketed drugs:
22,23

 

the essential medicine of the World Health Organization (WHO), the urinary track antibiotic 

nitrofurantoin (NF)
24

, its structural analogue furazidin (FUR) and muscle relaxant dantrolene 

(DAN)
25

 (Figure 1). Structurally similar, they contain an imidazolidine-2,4-dione scaffold and a 

N-acyl hydrazone moiety and are characterised by a very poor water solubility. They form various 

crystalline phases, and part of their solvates, hydrates and solvate-hydrates are well-characterized. 

Here we present crystallographic and computational analysis of 13 nitrofurantoin crystal structures 

(2 polymorphs, 2 hydrates, 9 solvates), 14 furazidin crystal structures (3 polymorphs, 7 solvates 

and 4 solvate-hydrates) and 21 dantrolene crystal structures (6 polymorphs, 4 hydrates, 10 solvates 

and 1 solvate-hydrate), by dissecting properties of individual molecules and searching for the 

tendency to form hydrogen bonding patterns in an attempt to contribute to the understanding of 

the impact of small structural changes on the differences in crystal phase formation. 

 

2 EXPERIMENTAL SECTION 

Materials. Nitrofurantoin (purity >98%) was purchased from Alfa Aesar. Dantrolene and 

furazidin (purity >99%) were obtained from JSC Olainfarm (Olaine, Latvia). The dantrolene 

batches used for the preparation of DMF, DMSO and 1,4-dioxane solvates as well as single crystals 

of Dan II were obtained mechanochemically according to the procedure described in the literature
26

 

(more details in the Supporting Information). Organic solvents of analytical grade were purchased 

from commercial sources and used without further purification. 

Crystalline phase preparation. Nitrofurantoin and dantrolene solvates were prepared by cooling 

to room temperature a hot concentrated solution in the selected solvent or by evaporation of a 

saturated solution at ambient temperature. Both methods produced 10 dantrolene solvates with 

ethanol, nitromethane, dimethyl carbonate, 1,3-dioxolane, DMSO, DMF, 1,4-dioxane and 

tetrahydrofuran/water (good quality single crystals were obtained) as well as acetonitrile and 

formic acid (in a form of polycrystalline powder). Crystallization of a mechanochemically 

obtained dantrolene
26

 from acetone produced single crystals of the polymorph DAN II. For 

nitrofurantoin, we obtained 4 solvates with 2-propanol, benzyl alcohol, tert-butanol and 

cyclohexanol (all in a form of very small crystals or polycrystalline powder). The monohydrate 
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DAN H IV was prepared by hydrating dantrolene nitromethane solvate DAN SNM in a desiccator 

at 25 °C over saturated K2SO4 solution (97% relative humidity). Furazidin polymorphs FUR I and 

FUR II were prepared by crystallization from acetonitrile and acetone respectively. FUR III was 

obtained in crystallization from acidified acetone solution. 

Structure determination from X-ray powder diffraction (XRPD) data. XRPD data for crystal 

structure determination were recorded at ambient temperature on a Bruker D8 Discover 

diffractometer using Cu Kα radiation (λ = 1.54180 Å), equipped with LynxEye (1D) detector in 

transmission mode. Tube voltage and current were set to 40 kV and 40 mA. The sample was loaded 

into a special glass No.10 capillary (0.5 mm in diameter). A capillary spinner (60 rpm) and upper 

and lower knife edges were used. The diffractometer incident beam path was equipped with a 

Göbel mirror, a Soller slit, and a 0.6 mm divergence slit, the diffracted beam path was equipped 

only with a Soller slit. The diffraction patterns were recorded on the 2θ scale from 3° or 4.5° to 

70° at a step size of 0.01° using a scan speed of 36 s per step.  

Indexing, determination of space groups and structure solution were performed using 

EXPO2014
27

. Unit cell dimensions were determined by applying the N-TREOR09
28

 and 

Dicvol06
29

 indexing procedures with a set of 20−25 reflections found in 4.5−30° 2θ range. The 

determination of the space group was carried out using a statistical assessment of systematic 

absences, and Z′ was determined based on density considerations. The cell and diffraction pattern 

profile parameters were refined according to the Le Bail algorithm
30

. The background was 

modelled by a 20
th

-order polynomial function of the Chebyshev type, peak profiles were described 

by the Pearson VII function. The initial geometry of nitrofurantoin was taken from polymorph NF 

β
31

, and of dantrolene was taken from methanol solvate DAN SMeOH

32

. Simulating Annealing 

algorithm was used to optimize the model against the experimental powder diffraction pattern set 

in direct space by adjusting the conformation, position, and orientation of the trial model in the 

unit cell. The best structure solution was then used for the Rietveld refinement using TOPAS5
33

. 

The background was modelled with Chebyshev polynomials, the modified Thompson-Cox-

Hastings pseudo-Voigt function was used for peak shape fitting. The geometry of each molecule 

was defined by a rigid body. Rotation and translation parameters were refined simultaneously with 

the dihedrals of each independent molecule in the asymmetric unit. A global isotropic atomic 

displacement parameter (Biso) was refined for non-hydrogen atoms, and for hydrogen atoms it was 

set to 1.2 Biso.  

Single-crystal X-ray diffraction. SCXRD data for the solvates, excluding DAN SDXN, SDMF and 

SDMSO, were collected on a XtaLAB Synergy-S Dualflex diffractometer (RIGAKU Oxford 

Diffraction) equipped with a HyPix6000 detector and a microfocus sealed X-ray tube with Mo Kα 

radiation (λ = 0.7107 Å). A single crystal with dimensions of <0.1 × <0.1 × <0.1 mm
3

 was fixed 

with oil in a nylon loop of a magnetic CryoCap and set on a goniometer head. The sample was 

cooled to 150 – 170 K, and ω scans were performed with a step size of 0.5°. Data collection and 

reduction were performed with the CrysAlisPro 1.171.40.35a software. Structure solution and 

refinement were performed with AutoChem3.0 and SHELXL
34

 software that are parts of the 

CrysAlisPro suite. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were added 

geometrically and refined using a ‘riding’ model. 
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SCXRD data for FUR polymorphs were measured with a Nonius Kappa CCD diffractometer 

(Bruker AXS) with Mo Kα radiation (λ = 0.71073 Å). Data were collected at 190 K. Data reduction 

was performed with the DENZO/SCALEPACK. Crystal structures were solved by direct methods 

with SHELXS-97, refinement was performed by SHELXL-97
35

. 

SCXRD data for DAN solvates SDXN, SDMF and SDMSO were collected on an Oxford Diffraction 

SuperNova CCD diffractometer equipped with the microfocus X-ray source (Cu Kα, λ = 1.54184 

Å). Single-crystal X-ray measurements on DAN II were performed using a Rigaku XtaLAB 

MM7HFMR diffractometer equipped with the ‘quarter-chi single’ goniometer, the rotating anode 

generator (graphite monochromated Cu Kα radiation), and the Pilatus 200K detector. In all 

measurements the CrysAlisPro 1.171.40.45a program was used for data collection, cell refinement 

and data reduction (Rigaku Oxford Diffraction, 2019)36. The intensities were corrected for Lorentz 

and polarization effects. A multi-scan absorption correction was applied. The structures were 

solved using the direct methods implemented in the SHELXS-97, and refined with the SHELXL-

18/3 program34, both operating under WinGX 37. All non-H atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms attached to imidazolidine N1 atoms were found in the 

difference Fourier maps and refined with the isotropic displacement parameters. All remaining H-

atoms were positioned geometrically and refined using the riding model with Uiso(H) = 1.2Ueq (CH 

and CH2) or Uiso(H) = 1.5Ueq (CH3). 

Ab initio calculations. For electrostatic potential (ESP), initial molecular geometries were taken 

from crystal structures of NF α (NF conformer A), NF S0.5DMSO (NF conformer B), FUR II (FUR 

conformer A), FUR I (FUR conformer B), DAN SDXN (DAN conformer A) and DAN I (DAN 

conformer B). Structure optimization in the gas phase was carried out in Gaussian 09
38

 with the 

density functional theory (DFT) functional B97D and 6-31++G(d,p) basis set with the temperature 

and pressure fixed at the values of 298 K and 1 atm
39

. A natural bond orbital (NBO) analysis was 

performed using M06-2X functional with aug-cc-pVDZ base set. Further quantitative analysis of 

the molecular ESP surface and surface extrema was carried out in Multiwfn 3.7
40

 using a spacing 

of grid points of 0.15 Bohr. The obtained ESP surfaces and their extrema were visualized in VMD 

1.9.3
41

.  

Gibbs free energy values of conformers A and B of NF, FUR and DAN were calculated in 

Gaussian 09. The initial optimization of the conformer structure in the gas-phase was performed 

with the DFT functional B3LYP and 6-31G(d) basis set. Further structures were optimized and 

vibrational, rotational and translational frequency contributions to the free energy were calculated 

using M06-2X functional and 6-31++G(d,p) basis set with the temperature and pressure fixed at 

the values of 298 K and 1 atm
39

. More accurate electronic energies were derived from a single-

point energy calculation with the aug-cc-pVDZ basis set in the gas phase and in solvent media 

using the SMD solvation model. 

Crystal Structure Comparison and Analysis. Prior to other calculations, all used NF, FUR and 

DAN crystal structures were geometry optimized using Quantum ESPRESSO
42

 by relaxing 

positions of all atoms. All calculations were performed using the PBE functional using ultra-soft 

pseudopotentials from the original pseudopotential library and a 44 Ry plane-wave cut-off energy 

with vdW interactions treated according to the D2 method of Grimme
43

. The selection of 

http://www.sciencedirect.com/topics/medicine-and-dentistry/x-ray-astronomy
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pseudopotentials, as well as parameters of convergence and the k-point grid , was carried out using 

the already published suggestions for structure optimizations of pharmaceutical molecules
44

. 

Strong hydrogen bonds were identified and the packing coefficients were calculated in 

PLATON
45

. Mercury 2020.2.0
46

 was used for visual crystal structure analysis. Pairwise 

intermolecular interaction energy calculations of crystal structures were performed in 

CrystalExplorer 17.5 at the B3LYP-D2/6-31G(d,p) level
47

. The sum of all pairwise interaction 

energies with molecules for which the atoms are within 15 Å of the central molecule was used to 

estimate the lattice energy of the polymorphs. CrystalExplorer 17.5 was also used for generation 

of energy frameworks from the calculated pairwise interaction energies and their electrostatic and 

dispersion components 
47

. 

Crystal Structure Prediction (CSP). The CSP of NF polymorphs was performed with 

CrystalPredictor 2.2
48

 using the two most likely conformers A and B (see further) as rigid entities. 

The other torsion angles were as in the determined experimental crystal structures. The 

conformational energy difference, ΔEintra, was calculated with Gaussian 09
38

 at the M06-2X/6-

31G(d,p) level of theory and combined with the dominant intermolecular energy Uinter calculated 

as a sum of an electrostatic component derived from point charges and a repulsion-dispersion 

component derived from the empirically fitted FIT potential
49

. Crystal structures were generated 

in the 61 most common space groups in the CSD with Z’ = 1 by generating a total of 500,000 

structures for each conformer. After structure prediction, the obtained structures were analysed 

using Analysis tool, and those having reasonable lattice energy and no obvious errors were 

optimized in DMACRYS
50

 using FIT potential and multipoles generated with GDMA
51

 after M06-

2X/6-31G(d,p) calculation in Gaussian 09. 

The structures were then clustered, and 2017 unique structures were refined using 

CrystalOptimizer 2.4.7
52

. The intermolecular lattice energy was calculated using DMACRYS 

modelling electrostatic interactions with distributed multipoles calculated by GDMA on charge 

densities of isolated molecules calculated in Gaussian 09. Other intermolecular forces were 

calculated with an atom−atom exp-6 repulsion-dispersion potential using the empirically fitted FIT 

parameters. The conformational energies and distributed multipoles used were calculated at the 

M06-2X/6-31G(d,p) level. During the CrystalOptimizer optimizations torsion angles C1-N2-N3-

C8 and O3-C7-C8-N3 as well as bond angle C1-N1-H were optimized. After CrystalOptimizer, 

structures which showed a negative eigenvalue (corresponding to a high symmetry saddle point) 

were re-minimized in a lower symmetry space group. The optimized structures were then clustered 

to obtain the final set of unique predicted crystal structures. 

Analysis of computationally generated DAN and FUR crystal structures was also performed by 

using structures obtained in an identical CSP procedure for DAN
53

 (the structures obtained after 

CrystalOptimizer run were used) and a similar CSP procedure for FUR
54

 (the structures obtained 

after DMACRYS run were used). 
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3 RESULTS AND DISCUSSION 

3.1 Complementation of solid form landscapes of the studied 
compounds 

For nitrofurantoin, crystal structures of 2 polymorphs (NF α and NF β)
31

, 2 hydrates (metastable 

NF HI and stable NF H II) 
55

 and 7 solvates (three DMA solvates labelled here as NF SDMA I
56

, NF 

SDMA II
56

, and NF SDMA III
56

, see Table S1; DMSO solvates NF SDMSO

56

 and NF S0.5DMSO

56

 as well as 

DMF solvate NF SDMF 

57

 and methanol solvate NF SMeOH 

58

) were previously reported. Here we 

report crystal structures of 2 new NF solvates with 2-propanol NF SIPA and benzyl alcohol NF 

SBnOH. We also note that the determination of crystal structures of tert-butanol and cyclohexanol 

solvates was also attempted. Unfortunately, the obtained crystals were not of a quality for SCXRD 

measurements, and the XRPD data obtained from these unstable solvates were not suitable for 

crystal structure determination. 

For furazidin crystal structures of 2 polymorphs (FUR I and FUR II determined from a crystal 

structure prediction study with the final structures obtained by the Rietveld refinement against the 

experimental XRPD patterns)
54

, 7 solvates (FUR SDMA

59

, FUR SDMF

59

, FUR SDMSO I
59

, FUR SDMSO 

II
59

, FUR SDMSO III
59

, FUR SDXN

59

, FUR SHCOOH

59

) and 4 solvate-hydrates (FUR SDMF MH
60

, FUR 

STHF MH
60

, FUR SDXN MH
59

 and FUR SHCOOH MH
59

) were previously reported. Here we report and 

use crystal structures of FUR polymorphs I and II as well as a new polymorph III determined from 

SCXRD experiments. 

For dantrolene, crystal structures of 6 polymorphs
53

, 3 hydrates
53

 (DAN H I, DAN H II, DAN H 

III) and 1 solvate
32

 were previously reported. Additionally, the existence and crystal lattice 

information of numerous other solvates has also been reported
53

. Here we report crystal structures 

for 9 of these solvates and 1 of the solvate-hydrates, as well as a new monohydrate IV. 

Basic crystallographic information of the newly determined crystal structures is summarized in 

Tables 1 and 2 and more details and discussion are given in the following sections. For a full list 

of the analysed NF, FUR and DAN crystal structures and their corresponding CSD refcodes or 

deposition numbers see Table S1, Supporting Information. 
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Table 1. Crystallographic data for the newly determined NF and DAN crystal structures obtained 

from XRPD data. 

 
NF SIPA NF SBnOH 

DAN SACN DAN SHCOOH DAN H IV 

Chemical 

formula  

C11H14N4O6 C15H14N4O6 C16H13N5O5 C15H12N4O7 C14H12N4O6 

Formula 

weight,  

g mol
−1

 

298.26 346.30 355.31 360.29 332.28 

Temperature, 

K 

293(2) 293(2) 293(2) 293(2) 293(2) 

Crystal 

system 

Monoclinic Orthorhombic Orthorhombic Triclinic Monoclinic 

Space group P21/c   Pca21 P212121 P P21/c 

a, Å 
18.03(2) 

8.806(12) 4.8131(10) 8.142(2) 23.362(9) 

b, Å 
6.202(7) 

6.416(9) 9.312(2) 8.844(2) 13.081(5) 

c, Å 
12.862(15) 

28.35(4) 38.090(10) 11.410(3) 10.092(4) 

α, ° 
90 

90 90 93.581(2) 90 

β, ° 98.363(3) 90 90 94.801(2) 100.467(3 

γ, ° 90 90 90 105.504(2) 90 

V, Å
3

 1423(3) 1602(4) 1707.2(7) 785.9(3) 3033(2) 

ρcalc, g cm
-3

 1.392(3) 1.436(4) 1.383 1.523 1.455 

Z/ Z’ 4/1 4/1 4/1 2/1 8/2 

Rwp (Rp), % 4.41 (5.99) 2.95 (3.93) 3.43 (2.55) 3.27 (2.17) 3.83 (4.97) 

CCDC no. 2168832 2168833 2167407 2167408 2167409 



 9 

Table 2. Crystallographic data for the newly determined DAN and FUR crystal structures obtained from single crystal X-ray analysis. 

 DAN SEtOH DAN SNM DAN SDMC DAN SDXL 

DAN  

STHF MH 

DAN SDXN DAN SDMF DAN SDMSO DAN II FUR I FUR II FUR III 

Chemical 

formula  

C16H16N4O7 C15H13N5O7 C17H16N4O8 C16H16N4O7 C18H18N4O7 

C18H18N4O7 C17H17N5O6 C16H16N5O6S C14H10N4O5 C20H16N8O10 C10H8N4O5 C10H8N4O5 

Formula weight, 

g mol
−1

 

360.33 375.30 404.34 388.34 402.36 

402.36 387.36 392.39 314.26 528.39 264.20 264.20 

Temperature, K 150(2) 170(2) 170(2) 160(2) 170(2) 

293(2) 293(2) 293(2) 293(2) 190(2) 190(2) 190(2) 

Crystal system Orthorhombic Triclinic Monoclinic Monoclinic Orthorhombic 

Triclinic Monoclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic 

Space group Pbca P1 P21/c P21/c Pbcn 

P-1 P21/c Cc P21/c P-1 P21/c P21/c 

a, Å 13.9805(2) 8.3874(1) 11.9492(1) 4.8200(1) 29.212(9) 

6.6913(3) 6.1686(4) 6.4223(5) 6.7682(2) 5.1078(2) 11.5684(3)  20.8403(15) 

b, Å 10.2099(1) 8.8003(2) 11.7030(1) 20.3902(4) 12.787(9) 

9.9570(5) 38.670(2) 38.739(4) 4.8498(2) 9.8921(3) 11.4705(3)  4.6778(3)  

c, Å 22.8993(3) 11.5627(2) 12.8547(1) 17.6904(4) 10.401(3) 

14.4356(6) 7.5270(5) 7.2089(7) 41.274(2) 22.7565(10) 8.3962(2)  11.4444(7)  

α, ° 90 94.670(1) 90 90 90 

104.997(4) 90.00 90.00 90.00 80.534(1) 90.00  90.00  

β, ° 90 101.723(1 94.963(1) 97.654(2) 90 

91.283(3) 91.875(6) 95.799(8) 91.082(3) 88.480(1) 106.0570(10) 93.479(3)  

γ, ° 90 101.361(1) 90 90 90 

100.343(4) 90.00 90.00 90.00 76.452(3) 90.00  90.00  

V, Å
3

 3268.64(7) 812.70(3) 1790.88(3) 1723.14(6) 3885(3) 

911.52(7) 1794.6(2) 1787.3(3) 1354.6(1) 1102.51(7) 1070.67(5)  1113.62(13) 

ρcalc, g cm
-3

 1.464 1.534 1.500 1.497 1.376 

1.466 1.434 1.461 1.541 1.592 1.639 1.576 

Z/ Z’ 8/1 2/1 4/1 4/1 8/1 

2/1 4/1 4/1 4/1 4/2 4/1 4/1 

R1 (wR2), % 4.18 (10.68) 3.54 (9.97) 4.05 (11.24) 4.37 (11.50) 12.10 (36.30) 

4.2 (12.2) 7.5 (21.8) 3.7 (10.0) 5.1 (18.9) 6.3 (19.3) 4.4 (10.4) 6.2 (13.1) 

CCDC no. 2167411 2167413 2167412 2167410 2165775 

2204148 2204149 2204150 2204147 910673 918796 929134  
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3.2 Properties of individual molecules 

The formation of different crystal structures is associated with the ability of a molecule or 

molecules to pack in the solid state in different ways. In general, this can be related to the change 

of the conformation of the molecule and/or formation of different intermolecular interactions. 

Therefore, we firstly compare the likelihood of the studied molecules to adapt different 

conformations and the likelihood of the molecules to form different intermolecular interactions, 

including a quantitative evaluation of the electrostatic properties of molecular fragments in the 

most likely conformers. 

Conformation and conformational energy 

 In previously published works reporting and discussing crystal structures of the studied 

compounds
31,32,53–58,60

, different atom numbering approaches and conformer labels been used. To 

make the discussion easier, instead of using the atom numbering as in the original literature, here 

we introduce and use a common numbering scheme for all three analysed imidazolidine-2,4-dione 

derivatives to discuss the already published as well as the newly determined crystal structures. The 

atom numbering scheme used for all three compounds is given in Figure 1.  

    

Figure 1. Molecular structures of FUR, NF and DAN showing the used unified atom numbering 

scheme, as well as highlighted in red is the torsion angle leading to the different conformers present 

in the crystal structures, and in green – potentially flexible torsion angles (or the middle bond of 
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such angles) adapting nearly identical value in all known crystal structures. Each atom type is 

numbered separately starting with 1, by firstly numbering atoms in the hydantoin ring, then atoms 

in the furan ring, followed by the atoms in the chain between the rings and for DAN also atoms in 

the benzene ring. 

  

All three studied molecules contain torsion angles allowing the molecules to adopt different 

conformations. However, the molecular flexibility in all the molecules is limited because the 

molecular structure results in well-defined one or two minimums in the potential energy for all the 

flexible torsion angles. As a result, the nitro group in all molecules is always almost in plane with 

the adjacent furan or benzene ring, the benzene ring in DAN is almost in plane with the furan ring, 

and the two central double bonds in FUR adopt the most efficient s-trans conformation. 

The two remaining torsion angles, which define the orientation of the furan ring and hydantoin 

ring with respect to the central double bond (or bonds in FUR), provide an almost planar 

conformation of the molecule. This corresponds to two different arrangements for each of the 

torsion angles. Therefore, 4 almost planar conformers are possible for all studied molecules. 

However, in all the experimental crystal structures the hydantoin ring always adopts a 

conformation with torsion angle C1-N2-N3-C8 (C1-N2-N3-C10 in FUR) close to 180°. Therefore, 

based on the known crystal structures, the only variable part is the torsion angle O3-C7-C8-N3 

(O3-C7-C8-C9 in FUR) between the furan ring and the central double bond (or bonds in FUR) 

which is either ~0° (conformer A) or ~180° (conformer B), see conformers and their labels in 

Figure 2. Geometrically, the orientation of both rings and the double bond in conformer A results 

in O1, N3 and O3 atoms being positioned in the same direction resulting in formation of a pocket 

defined by mostly heteroatoms on this side of the molecule, whereas in conformer B O1 and O3 

atoms are positioned in opposite directions and no such pocket is present. 

Additionally, conformers in which the torsion angle C1-N2-N3-C8/C10 is ~0° and the torsion 

angle O3-C7-C8-C9/N3 is either ~0° or 180° are also shown to be energetically competitive and 

are designated as conformers C and D, respectively. Nevertheless, because these conformers are 

not present in any of the obtained crystal structures, they are not included in the further discussion 

throughout the article. Geometrically the relative arrangement of O1 and O3 atoms in these 

conformers are the same as that in conformers A and B, respectively, but O1 atom forms a weak 

intramolecular hydrogen bond with the neighbouring H atom (H atom at C8 for NF, DAN and C10 

for FUR), which could prevent formation of as efficient intermolecular interactions as formed by 

conformers A and B, which could explain the absence of conformers C and D in the crystal 

structures. 
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Figure 2. NF, FUR and DAN conformers A and B as found in the known crystal structures. 

 

To compare the energy of NF, FUR and DAN conformers A and B, the Gibbs free energy was 

calculated, by performing geometry optimization and calculation of the thermal correction to 

Gibbs free energy in vacuum at the M06-2X/6-31++G(d,p) level and calculating the electronic 

energy for this geometry at the M06-2X/aug-cc-PVDZ level in vacuum or solvent modelled using 

a SMD continuum model. The obtained Gibbs free energy differences between both conformers 

are shown in Table 3.  

 

Table 3. Calculated relative Gibbs free energy of NF, FUR and DAN conformers A and B in 

vacuum and selected solvent media. 

Compound and 

conformation 

Medium and Δ(ΔGconf,), kJ∙mol 

Gas phase water DMSO 1,4-dioxane 

NF A 8.8 0 0 7.1 

 B 0 1.7 1.4 0 

FUR A 0.0 0 0 0.7 

 B 0 0.0 0.4 0 

DAN A 5.5 0.4 0.9 4.3 

 B 0 0 0 0 

 

For all three compounds these results indicate that in the gas phase and the relatively low polarity 

1,4-dioxane medium conformer B is the lowest energy conformer. In fact, for DAN conformer B 

is the lowest energy conformer in all the used mediums, which agrees with the reported conclusion 

that the conformer B is the lowest energy conformation
53

 (however, note the different conformer 

nomenclature in the literature). Nevertheless, in crystal structures conformer B is present only in 
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polymorphs DAN I and DAN III 
53

, whereas in all the other crystal structures conformer A is 

present (in total 19 out of 21 structures of single and multi-component phases).  

For NF and FUR in highly polar medium, such as water or DMSO, the lowest energy conformer 

is conformer A. Despite this, conformer A is present in most of the known NF crystal structures 

(12 out of 13 known structures of neat and solvated NF) but only half of the known FUR structure 

(8 out of 14 known FUR structures, including two of the three FUR polymorphs). 

On the basis of these results it can be concluded that for these compounds the relative energy of 

the conformers is not the dominant factor in determining the appearance frequency of the 

respective conformer in the crystal structures, as both conformers are energetically almost equally 

accessible for FUR, and, overall, the least stable of the two conformers dominated in crystal 

structures for NF and DAN. This is also supported by the NF conformer B being only present in a 

solvate with the polar DMSO, even though specifically in this solvent this conformer has the lowest 

relative stability, while in solvents where this conformer is calculated to be stable only structures 

with conformer A have been obtained. 

An additional proof to the described conclusion is the Gibbs free energy of conformers C and D 

for DAN and NF which was calculated to be lower or similar to that of conformer B in the gas 

phase and low polarity solvent medium but are not present in any of the crystal structures. 

Therefore, apparently more important factor for conformer of 2,4-imidazolidine-2,4-dione 

derivatives to appear in the crystal structures are its ability to form efficient intermolecular 

interactions.  

Overall, however, based on the analysis of torsion angles and the relative energy of the most 

likely conformers, all three studied molecules have similar access to conformational variability. 

 

Charge distribution 

As discussed above, the differences in prevalence of conformer A or B among the crystal 

structures of NF, FUR and DAN could be associated with the differences in the propensity to form 

different intermolecular interactions by these conformers. To evaluate this, electrostatic potential 

(ESP) surfaces of NF, FUR and DAN conformers A and B were calculated (see Figure 3). 

Conformers C and D were not analysed since these are not present in any of the known NF, FUR 

and DAN crystal structures. 
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Figure 3. Electrostatic potential (ESP) surfaces of NF, FUR and DAN conformers A and B with 

ESP extrema values given in kcal·mol
-1

. For each compound, numerical values of ESP extrema 

associated with the formation of a strong hydrogen bond are highlighted on the basis of their 

functionality. In black – calculated dipole moments in Debye and the vector of dipole moment. 

 

Conformer A is more common in the crystal structures for all three compounds (12 out of 13 NF 

structures, 8 out of 14 FUR and 19 out of 21 DAN analysed crystal structures contain conformer 

A). The preponderance of the conformer A in the solid state over conformer B could be explained 

by the distribution of ESP extrema and positive and negative ESP surface regions: the negative 

region on heteroatoms (except for that on O2) throughout the molecule is concentrated on one side 

of the molecule (with a gap at C9 for FUR and C10, C11 for DAN) in conformer A, resulting in a 

distinct positive and negative side of the molecule. This observation is backed up by the calculated 

dipole moments, which for conformer A is almost two times larger than for conformer B. More 

specifically, by comparing conformers for each compound, the ESP extrema values on the 

heteroatoms are lower for conformer A. However, the calculated natural atomic charges (given in 

Table S2) contradict this observation: the values for the N1 and H1 atoms are unaffected by the 
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conformation, while the values for other heteroatoms do not show any clear conformation 

dependence. 

It can therefore be speculated that packing of the molecules adopting more polar conformation 

A is more efficient or easier, and this could cause the preponderance of this conformer in the solid 

state. 

 

3.3 Crystal structures of non-solvated phases 

To get insight into the formation of crystal structures of the studied molecules, intermolecular 

interactions and their energy were compared for the experimental polymorphs of all the three 

studied compounds. This included crystallographic analysis of both known NF polymorphs, all 6 

known DAN polymorphs, as well as 3 FUR polymorphs. The analysis of the experimental crystal 

structures is complemented by the analysis of the predicted structure landscapes formed by 

conformers A and B for all three of the compounds to get an insight in the appearance frequency 

of different hydrogen bonding patterns in larger number of structures. 

Crystal structures of the experimental polymorphs 

For all the already published and newly determined NF, FUR and DAN polymorphs we 

calculated the packing index, lattice energy as well as identified the strong hydrogen bonds and 

calculated the pairwise interaction energy for the molecule pairs linked by these interactions (see 

Table 4, the energy components (electrostatic, polarization, dispersion, and exchange-repulsion 

energies) of lattice energy and interaction energy are available in Table S4, Supporting 

Information). In all the structures of polymorphs only two different strong hydrogen bonds N1-

H1…O1 and N1-H1…O2 are present, and characteristic examples for the hydrogen bond motifs 

observed are shown in Figure 4 a-d. 
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Figure 4. Examples of the hydrogen bond motifs formed by the strong hydrogen bonds N1-H1

…

O1 

and N1-H1
…

O2 as found in structures of NF, FUR and DAN experimental polymorphs and the 

computationally generated structures in the CSP runs – a) R
2

2(8) formed by N1-H1
…

O2 bond as in 

NF α; b) R
2

2(8) formed by N1-H1
…

O1 bond and C(13) formed by N1-H1
…

O5 as in FUR II; c) 

R
2

2(8) formed by both N1-H1
…

O1 and N1-H1
…

O2 bonds as in FUR I; d) C(4) formed by N1-

H1
…

O2 bond as in NF β; e) C(11) formed by N1-H1
…

O4 bond as in the computationally generated 

structures of NF (similar motifs C(13) are formed by FUR and C(15) by DAN in their 

computationally generated structures); f) two R
2

2(8) motifs formed by both N1-H1
…

O1 and N1-

H1
…

O2 bonds as in the computationally generated structures of NF. 
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Table 4. Molecular conformation, packing index, lattice energy, the strong hydrogen bonds and 

the hydrogen bond motifs as well as the pairwise interaction energy for the hydrogen bonded 

molecule pairs in all the known NF, FUR and DAN polymorphs.  

Phase Conformer 

Packing 

index, % 

Elattice,  

kJ∙mol
-1

 

Interaction and 

associated graph set 

Einter, 

kJ∙mol
–1

 

NF β A 74.5 -176.3 N1-H1
…

O2 C(4) -25.7 

NF α A 74.1 -176.9 N1-H1
…

O2 R
2

2(8) -52.2 

FUR I  B 71.9 -188.3 

N1A-H1A
…

O1B 

N1B-H1B
…

O2A 

R
2

2(8) -56.7 

FUR II A 75.4 -186.5 

N1-H1
…

O1 R
2

2(8) -40.4 

N1-H1
…

O5 C(13) -11.4 

FUR III A 72.4 -183.9 N1-H1
…

O2 R
2

2(8) -54.8 

DAN I B 71.5 -196.9 N1-H1
…

O1 R
2

2(8) -60.9 

DAN II A 69.9 -178.1 N1-H1
…

O2 R
2

2(8) -54.0 

DAN III B 71.0 -191.6 N1-H1
…

O1 R
2

2(8) -61.9 

DAN IV A 72.4 -179.6 N1-H1
…

N1 C(4) -16.7 

DAN V A 72.3 -184.3 N1-H1
…

O2 C(4) -33.6 

DAN VI A 71.2 -195.2 N1-H1
…

O2 R
2

2(8) -54.5 

 

Majority of NF, FUR and DAN polymorphs contain conformer A (8 out of 11 known structures). 

Both known polymorphs of NF contain conformer A and N1-H1…O2 as the strong hydrogen bond 

forming C(4) motif in the stable polymorph β whereas the R2
2(8) motif in the metastable α. All the 

other crystallographic parameters of both polymorphs shown in Table 4 are similar. The stable 

polymorph β has slightly better packing index (α form: 74,1%, β form: 74,5% kJ∙mol-1), but the 

metastable polymorph α has slightly lower lattice energy (α form: −176.9 kJ∙mol-1, β form: −176.3 

kJ∙mol-1) and stronger N1-H1…O2 interaction energy (pairwise interaction energy corresponding 

to one N1-H1…O2 interaction is −26.1 kJ∙mol-1 for α form and −25.7 kJ∙mol-1 for β form). 

For FUR and DAN, the most stable polymorphs contain conformer B (FUR I and DAN I) which 

in the previous section was determined as the lowest energy conformer in the gas phase and in low 

polarity (e.g., 1,4-dioxane) medium. All three FUR polymorphs contain R2
2(8) hydrogen bond 

motif. FUR I is the only Z’=2 structure, the only structure simultaneously having both N1-H1…O1 

and N1-H1…O2 hydrogen bonds and only FUR polymorph having conformer B. Furthermore, it 

has the strongest R2
2(8) N1-H1…O1/O2 interaction (pairwise interaction energy for the molecule 

pair −56.7 kJ∙mol-1) and the lowest lattice energy (−188.3 kJ∙mol-1) while having the lowest 

packing index (71.9%). The second of the two FUR polymorphs that form in cooling 

crystallization from pure solvent FUR II besides the N1-H1…O1 hydrogen bond forming motif 

R2
2(8) has an additional N1-H1…O5 hydrogen bond forming motif C(13) that apparently reduce 

the efficiency of the interaction between the molecules linked by N1-H1…O1 (which is only −40.4 

kJ∙mol-1), while providing additional structural support and increasing the packing index (75.4%). 

FUR III, which can be obtained only under specific conditions (see Experimental section), has the 

least negative lattice energy (−183.9 kJ∙mol-1), which confirms its lower stability. Furthermore, 
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this is the only FUR polymorph that has a single N1-H1…O2 hydrogen bond which could explain 

the requirement for its specific preparation conditions.  

DAN polymorphs DAN I, DAN II and DAN III can be directly obtained in crystallization53, and 

all these polymorphs contain R2
2(8) hydrogen bond motif. Polymorphs DAN IV, DAN V and DAN 

VI are dehydrates of structurally similar DAN hydrates DAN H I, DAN H II and DAN H III53

, and 

two of these polymorphs contain N1-H1…O2 hydrogen bond forming either R2
2(8) or C(4) motif, 

whereas in DAN IV there is no conventional strong hydrogen bond.  

Both DAN conformer B structures (DAN I and DAN III) contain hydrogen bonds N1-H1…O1 

which are the strongest among the polymorphs (pairwise interaction energy per a molecule pair 

lower than −60 kJ∙mol–1). In contrast, conformer A structures contain hydrogen bond N1-H1…O2, 

except for DAN IV that contains a unique and rather inefficient unconventional intermolecular 

interaction N1-H1…N1. The most stable polymorph is DAN I also having the lowest lattice energy 

(−196.9 kJ∙mol-1). 

 

Comparison of predicted crystal structure landscape 

To gain insight into the tendency of the studied compounds to form different hydrogen bonding 

patterns, we used computationally generated Z′ = 1 crystal structure landscapes of NF, FUR and 

DAN conformers A and B. Such landscapes were accessible as a result of the previous studied for 

DAN
53

 and FUR
54

, whereas for NF crystal structure prediction was performed as a part of this 

study. From the computationally generated and optimized with CrystalOptimizer (for DAN and 

NF) or DMACRYS + Gaussian16 (for FUR) structures 400 lowest energy structures were analysed 

for NF and DAN (covering energy range of 16 kJ∙mol
-1

 for NF and 19 kJ∙mol
-1

 for DAN with 

respect to the global energy minimum), and 354 structures for FUR (covering energy range of 18 

kJ∙mol
-1

). Although the computational approach used for generating these landscapes is somewhat 

different for FUR (see Experimental Section), the overall approach is rather similar, including 

similar approaches used for the structure generation and geometry optimization steps, therefore 

we believe that all the structure landscapes as well as the results obtained from their analysis are 

comparable. The graphic representation of the computationally generated crystal structure 

landscapes of NF, FUR and DAN with different symbols used for each of the conformers as well 

as hydrogen bonding interaction type is shown in Figure 5. For detailed information on the 

appearance frequency of structures containing each conformer and each hydrogen bonding 

interaction see Table S3, Supporting Information. 

We note that here we present and analyse computationally generated structure landscapes with 

intermolecular interaction energies calculated using the DMACRYS code. These were calculated 

to find a list of rather large number of low energy structures using similar computational approach 

for all compounds. Presenting the structure landscapes with the best possible accuracy of the 

relative energies was outside the scope of this study, and a more accurate structure landscape of 

DAN and FUR after DFT-D optimization is already available
54,53

. Therefore, the discussed relative 

energies of these structures are of secondary importance. Based on the DFT-D optimized structure 
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landscape of DAN
53

 it can be concluded that overall the structures containing conformer A become 

energetically more competitive compared to structures containing B in agreement with most of the 

experimental structures containing conformer A (note that in
53

 the opposite labelling of conformers 

is used). 

 

Figure 5. Computationally generated crystal structure landscapes of NF (a), FUR (b) and DAN (c) 

where each full symbol represents a stable lattice energy minimum. The conformation and 

hydrogen bond interactions present in each structure are coded by the used symbol and colour. The 

larger symbols correspond to structures of the experimental polymorphs which are labelled and 

linked with the computationally generated structure, where possible. 

 

The crystal structure landscape of NF (Figure 5 a) calculated at the selected level shows that the 

experimental structures NF α and NF β are neither the lowest energy structures, nor the lowest 

energy structures formed by conformer A. In the crystal structure landscape of FUR (Figure 5 b) 

the lowest energy structure corresponds to the experimental polymorph FUR II. FUR I is not 

among the analysed computationally predicted structures, as it is a Z’= 2 structure, but was found 

in a Z’= 2 CSP search in the original study
54

. The computationally generated set of structures from 

the original study
54

 did not contain the structure corresponding to FUR III. Even though the 

conformation in the original search only slightly differed from that in the FUR III, an additional 

CSP run using the conformation exactly as in FUR III generated FUR III structure with only 

slightly higher energy than that of the global energy minimum. Such a results should be highlighted 

as a warning that the CSP procedure can still sometimes miss a structure, which can occur without 

any clear reason and even using reasonably good starting geometry. The reasons standing behind 

this observation will be investigated in our future studies. In the crystal structure landscape of 

DAN (Figure 5 c) the lowest energy structure can be labelled as DAN III* – a structure highly 

similar to the experimental polymorph DAN III, but containing R
2

2(8) motif formed by N1-H1
…

O2 
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interaction instead of N1-H1
…

O1 as in DAN III
53

. However, note that the more accurate DFT-D 

energy calculation approach notably alters the structure landscape, including the global energy 

minimum and the location of all the experimental polymorphs
53

. 

For NF and DAN, the global minimum structure as well as 71% of the analysed NF and 67% of 

DAN computationally generated lowest energy structures contain the lowest energy conformer B 

despite its low prevalence among the experimental NF structures. In contrast, the lowest energy 

structure as well as 63% of the analysed lowest energy computationally generated structures of 

FUR contain conformer A which was determined as the lowest energy conformer in polar media 

such as DMSO and water. Overall, the appearance frequency of the conformers in the structures 

correlates with their stability in the low polarity medium, where the relative stability of conformer 

B increases in a row FUR-DAN-NF. This is likely because typical organic crystals are a medium 

with rather low polarity, compared to that of polar solvents.
61

 Nevertheless, structures with 

conformation A are appearing more frequently compared to the ratio which would be predicted by 

the energy difference in, e.g., 1,4-dioxane. 

Analysis of hydrogen bond motif in the lowest energy computationally generated FUR and NF 

structures revealed that C(13)/C(11) chains formed by N1-H1
…

O4/O5 (see Figure 4 e) are the most 

frequently appearing interaction (60% of FUR conformer A, 41% of FUR conformer B, 39% of 

NF conformer B and 38% of NF conformer A structures). Despite the high appearance frequency 

in the predicted structures, no experimental structure contains such chains as the only hydrogen 

bond interaction. This could be linked to the lower efficiency of this interaction, and even if the 

overall structures could be energetically efficient, nucleation of such structures could be 

complicated by lower stability of clusters formed by small number of molecules. However, for 

DAN only 19% of conformer A structures contain N1-H1
…

O4/O5 C(15) chains while in conformer 

B structures the C(15) chain and N1-H1
…

O1 R
2

2(8) motif are equally common (36% and 30% 

respectively). Note that the DFT-D calculated energies for DAN did not notably change energy of 

such structures compared to those containing hydrogen bonds N1-H1
…

O1/O2 and both interactions 

were frequently appearing among the low energy structures
53

. 

For DAN N1-H1
…

O2 interactions are favoured over N1-H1
…

O1 only for conformer A 

structures, whereas for NF and FUR N1-H1
…

O2 interactions are favoured over N1-H1
…

O1 in all 

the structures. Nevertheless, R
2

2(8) is favoured over C(4) motif  for all three compounds. Overall, 

this is consistent with the interactions present in the experimental structures, as most of the 

structures contain the R
2

2(8) motif, NF and DAN conformer A structures contain the hydrogen 

bond N1-H1
…

O2 (except for DAN IV), whereas DAN conformer B structures contain the 

hydrogen bond N1-H1
…

O1. In FUR both N1-H1
…

O1 and N1-H1
…

O2 are observed in two of the 

crystal structures. 

 

3.4 Crystal structures of hydrates 

NF forms two hydrates and DAN forms four hydrates. In contrast, there is no information that 

FUR would form any simple hydrate, although based on the rather complex solid form landscape 

of FUR
59

 formation of its hydrate under some specific condition cannot be excluded. The pairwise 
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interaction energies between molecules linked by hydrogen bonds in NF and DAN hydrates are 

collected in Table 5, while a graphic representation of the hydrogen bonds present in the hydrates 

is given in Figure 6. All six known hydrate phases contain conformer A, which can be related to 

this being the lowest energy conformer in water medium, as described above.  

 

Table 5. Packing index and information of the strong hydrogen bonds and the pairwise interaction 

energy for the respective molecule pairs for the NF and DAN hydrates. Electrostatic, polarization, 

dispersion, and exchange-repulsion energy components for each molecule pair are given in 

Table S5. 

Phase Packing index, % Interaction Einter, kJ∙mol
–1

 

NF H I 72.4 

N1-H1
…

Ow 

Ow-Hw

…

O2
* 

Ow-Hw

…

O2 
**

 

-44.4 

-27.3 

-14.0 

NF H II 71.8 

N1-H1
…

Ow 

Ow-Hw

… 

O1/N3/O3/O4 
*

 

-42.2 

-29.2 

DAN H I 73.2 

N1-H1
…

Ow 

Ow-Hw

…

O2 

Ow-Hw

…

Ow 
*

 

-38.0 

-29.7 

-26.5 

DAN H II 74.7 

N1-H1
…

Ow 

Ow-Hw

…

O2
*  

Ow-Hw

…

O2 
**

 

-41.1 

-29.3 

-14.6 

DAN H III 71.3 

N1-H1
…

O2 (R
2

2(8)) 

Ow-Hw

…

O1 

Ow-Hw

…

O5 

-55.4 

-21.5 

-13.0 

DAN H IV 70.1 

N1B-H1B
…

OwB
* 

N1A-H1A
…

OwA
** 

OwA-HwA
…

O1B
** 

OwB-HwB
…

O1A
* 

OwB-HwB
…

O4A 
*

 

-40.3 

-36.9 

-31.4 

-25.5 

-15.6 

*, **, *** – asterisks are used to denote hydrogen bonds as presented in Figure 6. 
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Figure 6. Graphic representation of hydrogen bonds in the NF and DAN hydrates presented in 

Table 3. Asterisks indicate the hydrogen bond designation as in Table 3. Figure with fully drawn 

molecules is given in Figure S2, Supporting Information. 

 

DAN H III is the only hydrate in which the strong hydrogen bonds are formed between the host 

molecules, and it contains R
2

2(8) motif formed by N1-H1
…

O2 interactions similarly as in 

polymorphs, whereas water is bonded by Ow-Hw

…

O1 and Ow-Hw

…

O5 hydrogen bonds (Figure 6 e). 

In the other hydrates the host molecules forms strong hydrogen bonds only with the water 

molecules by forming strong hydrogen bond N1-H1
…

Ow (with pairwise energy for the molecule 

pair in the range from −36.9 kJ∙mol
–1 

to −44.4 kJ∙mol
–1

), which in all the corresponding structures 

is accompanied by other hydrogen bonds – either two Ow-Hw

…

O2 hydrogens bonds (note the high 

similarity between NF H I and DAN H II as shown in Figure 6 a and d), hydrogen bonds Ow-

Hw

…

O2 and Ow-Hw

…

 Ow

 

(DAN H I, Figure 6 c), or by hydrogen bond Ow-Hw

…

O1 and other 

hydrogen bonds between water and other hydrogen bond acceptors (Ow-Hw

… 

N3/O3/O4 in NF H 

II, Figure 6 b, OwB-HwB
…

O4 in DAN H IV, Figure 6 f). 

Hydrogen bonds present in the structure apparently affect the packing efficiency, as the 

structures containing N1-H1
…

Ow and Ow-Hw

…

O2 hydrogen bonds (NF H I, DAN H I, DAN H II) 

have higher packing index (72.4%, 73.2% and 74.7% respectively) than structures containing N1-

H1
…

Ow and other hydrogens bonds (71.8% for NF H II and 70.1% for DAN IV) as well as 

structures not containing a N1-H1
…

Ow hydrogens bond (71.3% for DAN III). 
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3.5 Crystal structures of solvates 

There are nine NF solvates with determined crystal structures, with crystal structures of 2-

propanol (isopropyl alcohol, IPA) and benzyl alcohol (BnOH) solvates reported here for the first 

time. FUR has eleven reported solvated phases – seven solvates and four solvate-hydrates 

(heterosolvates containing organic solvent and water molecules). Three solvents (DMF, 1,4-

dioxane and formic acid) form both a simple solvate and a solvate-hydrate. Crystal structures were 

determined for ten DAN solvates and one solvate-hydrate, with those of nine solvates and the 

solvate-hydrate reported here for the first time. All the solvated phases of NF and FUR are formed 

by solvents able to form strong hydrogen bonds, while DAN also forms solvates with other 

solvents. In Table 6, the packing index, conformation, strong hydrogen bonds and the interaction 

energy between the respective molecule pairs are given for all the analysed NF, FUR and DAN 

solvates and solvate-hydrates. 

 In crystal structures of the NF and FUR solvates with polar aprotic solvents (DMA, DMF and 

DMSO) there is only one strong hydrogen bond between the solvent and host molecules – 

N1-H1
…

Osolv (see Figure 7 a, e). FUR 1,4-dioxane solvate also contain N1-H1
…

Osolv bond but 

because of the symmetry, 1,4-dioxane in SDXN bonds to two FUR molecules by forming two 

identical hydrogen bonds. In NF solvates with alcohols (IPA, MeOH and BnOH) solvent 

molecules act as a linkers and NF molecules and solvent molecules form hydrogen bond chains 

C
2

2(6) via two strong hydrogen bonds N1-H1
…

Osolv and Osolv-Hsolv

…

O2 (see Figure 7 b). This is true 

also for three of four FUR solvate-hydrates (FUR SDMFMH, FUR SDXNMH and FUR STHFMH), 

which are structurally highly similar
59

 and water molecule links FUR molecules forming N1-

H1
…

Ow-Hw

…

O2 chains C
2

2(6) (see Figure 7 f). In these solvate-hydrates FUR molecule is not 

directly bonded to the organic solvent molecule but acts as a linker providing additional Ow-

Hw
…Osolv bond. 

Notably different from NF solvates and other FUR solvates are FUR formic acid solvated phases. 

In SHCOOH FUR molecules do not form any hydrogen bonds with the solvent molecules. Instead, 

FUR molecules form C(4) chain formed by N1-H1
…

O2 hydrogen bonds as observed in 

polymorphs NF β and DAN V, and formic acid molecules form a parallel C(4) chain form 

hydrogen bonds OHCOOH–HHCOOH

…

OHCOOH=CHCOOH. Unlike other solvate-hydrates of FUR, in 

SHCOOH MH, there is a direct strong hydrogen bond between FUR and the organic solvent 

N1-H1
…

OHCOOH=C, and the water molecule bonds to two host units (employing hydrogen bonds 

Ow-Hw

…

N3 and Ow-Hw

…

O1) and formic acid molecule (OHCOOH–HHCOOH

…

Ow), see Figure 7 f. 

In contrast to NF and almost all FUR solvates, only part of the DAN solvates (DAN SEtOH, DAN 

SDXL, DAN SDMF, and DAN SDMSO) contain N1-H1
…

Osolv hydrogen bond. Moreover, arrangement of 

solvent molecules with respect to the host molecules differs from that in NF and FUR solvates 

even in part of these solvates – although the solvent molecule in DAN SEtOH, DAN SDXL is positioned 

directly toward the hydantoin ring, due to the curvature of the DAN molecule, another DAN 

molecule is wrapped around the solvent molecule in a perpendicular direction to the N1-H1
…

Osolv 

hydrogen bond. Such positioning leads to differences in the spatial arrangement of the second 

hydrogen bond formed by the solvents as in DAN SEtOH (see Figure 7 c). Similar spatial 
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arrangement of hydrogen bonding as in DAN SEtOH is also present in DAN STHF MH where the 

water molecule connects two DAN molecules by hydrogen bonds Ow-Hw

…

O1 and Ow-Hw

…

N3 and 

acts as a linker for the solvent via the hydrogen bond Ow-Hw
…Osolv, similar as in FUR solvate-

hydrates, see Figure 7 g. 

Majority of DAN solvates, however, contain hydrogen bonds N1-H1
…

O1/O2 linking DAN 

molecules as in polymorphs – five of the solvates contain R
2

2(8) hydrogen bond motif (DAN SDXN 

and DAN SDMC contain N1-H1
…

O1 bond as in DAN I and DAN III, whereas DAN SNM, DAN SMeOH 

and DAN SHCOOH contain N1-H1
…

O2 bond as in DAN II and DAN VI) and the solvent molecule 

is located in the cavity created by the curved DAN molecules and linked to the DAN by weak 

hydrogen bonds. DAN SACN, however, contain C(4) motif formed by hydrogen bonds N1-H1
…

O1 

as in NF β (DAN V contains similar C(4) supramolecular chain formed by N1-H1
…

O2 interaction). 

Therefore, a strong hydrogen bond between DAN and solvent molecules is not essential in any of 

these solvates (see Figure 7 h). We note that the appearance frequency of the ring motif R
2

2(8) and 

chain motif C(4) in solvate structures agree with the occurrence of these motifs in experimental 

and also computationally generated structures of DAN polymorphs. 

 

 

Figure 7. Graphic representation of characteristic strong hydrogen bonds and other host – guest 

interactions in solvates and solvate-hydrates of NF (a and b), DAN (c, g and h) and FUR (d-f). 
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Table 6. Packing index, molecule conformation and information of the strong hydrogen bonds and 

the pairwise interaction energy for the respective molecule pairs for all known NF, FUR and DAN 

solvated phase crystal structures. Electrostatic, polarization, dispersion, and exchange-repulsion 

energy components for each molecule pair are given in Table S6-S8, Supporting Information. 

Phase Packing index, % Conformer Interaction Einter, kJ∙mol
–1

 

NF SDMA I 70.1 A N1-H1
…

Osolv -56.8 

NF SDMA II 73.5 A N1-H1
…

Osolv -53.3 

NF SDMA III 72.9 A N1-H1
…

Osolv -52.7 

NF SDMF 69.8  A N1-H1
…

Osolv -52.3 

NF SDMSO 71.7 A N1-H1
…

Osolv -52.0 

NF S0.5 DMSO – * B N1-H1
…

Osolv – * 

NF SIPA 66.9 A 

N1-H1
…

Osolv 

Osolv-Hsolv

…

O2 

-47.5 

-25.0 

NF SMeOH 75.2 A 

N1-H1
…

Osolv 

Osolv-Hsolv

…

O2 

-45.2 

-26.3 

NF SBnOH 69.0 A 

N1-H1
…

Osolv 

Osolv-Hsolv

…

O2 

-35.7 

-25.6 

FUR SDMSO I 69.9 A N1-H1…Osolv -45.0 

FUR SDMSO II 70.2 

A 

N1A-H1A…OsolvA  

N1B-H1B…OsolvB 

N1C-H1C…OsolvC 

-39.6 

-45.1 

-46.0 

FUR SDMSO III 70.2 B N1-H1…Osolv -46.5 

FUR SDMA 68.7 B N1-H1…Osolv -52.9 

FUR SDMF 

70.0 

B 

N1A-H1A…OsolvA 

N1B-H1B…OsolvB 

N1C-H1C…OsolvC 

N1D-H1D…OsolvD 

-49.9 

-49.9 

-42.5 

-43.0 

FUR SDMF MH 70.2 A 

N1-H1…Ow 

Ow-Hw
…O2  

Ow-Hw
…Osolv 

-43.8 

-27.6 

-33.5 

FUR SDXN 70.8 B N1-H1…Osolv -40.3 

FUR SDXN MH 71.0 A 

N1-H1…Ow 

Ow-Hw
…O2 

Osolv-Hsolv
… Ow 

-44.4 

-25.7 

-27.4 

FUR STHF MH 69.4 A 

N1-H1…Ow 

Ow-Hw
…O2 

Ow-Hw
…Osolv 

-45.0 

-26.7 

-28.4 

FUR SHCOOH 72.8 A 

N1-H1…O2 C(4) 

Osolv-Hsolv.
.. Osolv  

-25.4 

-46.4 

FUR SHCOOH MH 70.6 B 

N1-H1…Osolv 

Ow-Hw
…O1 

Ow-Hw
…N3 

Osolv-Hsolv
… Ow 

-31.2 

-24.2 

-37.0 

-49.5 

DAN SDXL 73.5 A N1-H1…Osolv -39.3 
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DAN SDMF 72.5 A N1-H1…Osolv -46.6 

DAN SDMSO 71.7 A N1-H1…Osolv -45.5 

DAN SEtOH 
73.5 

A 

N1-H1…Osolv 

Osolv-Hsolv
…O1 

-40.5 

-34.1 

DAN SACN 69.7 A N1-H1…O1 C(4) -29.3 

DAN SDXN 73.4 A N1-H1…O1 R2
2(8) -62.6 

DAN SDMC 73.6 A N1-H1…O1 R2
2(8) -63.3 

DAN SNM 73.6 A N1-H1…O2 R2
2(8) -85.3 

DAN SMeOH 71.8 A 

N1-H1…O2 R2
2(8) 

Osolv-Hsolv
…O1 

-53.8 

-26.2 

DAN SHCOOH 72.9 A 

N1-H1…O2 R2
2(8) 

Osolv-Hsolv
…O5 

-56.0 

-10.2 

DAN STHF MH 70.6 A 

N1-H1…Ow 

Ow-Hw
…O1/N3  

Ow-Hw
…Osolv 

-41.9 

-29.3 
-30.8 

* - Calculations are not possible due to the disorder present in the structure 

 

For solvate structures, additional insight into crystal structure formation was achieved by 

analysing molecule packing and energy-framework diagrams constructed using pairwise 

interaction energies calculated with CrystalExplorer. 

From the energy-framework complemented packing diagrams (diagrams for NF SIPA, NF SBnOH 

and NF SDMF are shown in Figure 8, and those for all NF solvates in Figure S3 and S4, Supporting 

Information) it can be seen that a characteristic feature of NF solvate crystal structures are 

molecular layers. On the horizontal direction, as represented in Figure 8 a-c, NF and solvent 

molecules form strong hydrogen bonds N1-H1
…

Osolv (dominated by electrostatic energy) whereas 

on the vertical direction the molecules are stacked, forming layered structure from NF molecule 

planes in alternating directions as in NF SIPA, NF SDMA I, NF SDMA III, NF SDMF, Figure 8 a,c or in a 

regular zig zag pattern as in NF SMeOH, NF SBnOH, NF SDMSO, Figure 8 b. This stacking is dominated 

by the dispersion energy. In nearly all solvate structures the packing motif is identical also in the 

perpendicular direction to the plane of the picture, and solvent molecules reside in channels or 2D 

layers of the resulting layered structure. Only NF SDMA II in the perpendicular direction is 

constructed by two alternating orientations of the layered arrangement, and solvent molecules 

reside within pockets (similar packing is also present for FUR SDMF, Figure 9 b). 
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Figure 8. Energy-framework complemented packing diagrams showing Eele, Edis and Etot for a) NF 

SIPA, b) NF SBnOH, c) NF DMF.  All diagrams use the same cylinder scale of 40 for energies. 

 

The energy-framework complemented packing diagrams of FUR solvated phases (for FUR SDMF, 

FUR SDMFMH shown in Figure 9, and other FUR solvates in Figure S5 and S6, Supporting 

Information) show similarities to packing in NF solvates– planar molecule arrangement in the FUR 

solvates and solvate-hydrates results in stacking of FUR molecules dominated by the dispersion 

energy to be a notable feature of the structures. Within the layers the molecules are bonded by the 

strong hydrogen bonds N1-H1
…

Osolv for which the electrostatic energy is the dominant component. 

Furthermore, packing in FUR SDMSO I is almost identical to that in NF SIPA (given in Figure 8 a), 

whereas FUR SDMSO III resemble NF SDMA and NF SDMF solvates (Figure 8 c). The differences in 

the packing between these FUR and NF solvates are caused by the steric differences of the solvent 

molecules. Alternating criss-crossed packing molecule layers as in NF SDMA II are found in FUR 

SDXN and FUR SDMF (Figure 9 a). Introduction of water molecules (as 1,4-dioxane and DMF are 

solvents that form both solvates and solvate-hydrates), however, allows the formation of planes as 

in FUR SDXNMH, FUR SDMFMH, and FUR STHF MH (see Figure 9 b). Interestingly, FUR adopts 

different conformations in solvates and solvate-hydrates formed by the same solvent.  
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Figure 9. Energy-framework complemented packing diagrams showing Eele, Edis and Etot for a) FUR 

SDMF, b) FUR SDMFMH. All diagrams use the same cylinder scale of 40 for energies. 

 

Unlike FUR and NF solvates, the energy-framework complemented packing diagrams of DAN 

(DAN SDMSO and DAN SACN shown in Figure 10, all DAN solvates shown in Figures S7 – S9, 

Supporting Information) show that the packing of the N1-H1
…

Osolv hydrogen bond containing DAN 

solvates is based on the electrostatic energy of N1-H1
…

Osolv hydrogen bonds and supplemented by 

dispersion interactions between the hydrogen-bonded molecular layers (Figure 10 a). The 

contribution of the dispersion energy between the hydrogen bonded molecular layers and the 

electrostatic energy of the N1-H1
…

Osolv hydrogen bonds to the total energy is highly similar. 

Although layers are a characteristic feature of DAN solvate structures (as it was for NF and FUR 

solvates), due to the steric differences of the DAN molecules as described above, the layers are 

notably more complex and more structure specific than in NF and FUR solvates (see Figure 10 b), 

thus description of the formation of these structures from the perspective of formation of layers is 

ambiguous and therefore not attempted. 
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Figure 10. Energy-framework complemented packing diagrams showing Eele, Edis and Etot for a) 

DAN SDMSO and b) DAN SACN. All diagrams use the same cylinder scale of 40 for energies. 

 

3.6 Discussion 

Overall, based on the solid forms obtainable in the conventional crystallization experiments 

using cooling and evaporation crystallization from numerous commonly used solvents, as well as 

phase stability experiments, we see that NF has the lowest propensity to form different solid forms 

– despite the performed extensive crystallizations 
62–64

 (including mechanochemical synthesis
26

 and 

crystallization from the melt of co-crystals
65

) only two polymorphs were observed. Furthermore, 

the extensive crystallizations of NF from water containing solvents
66–70

 produced only two 

hydrates, whereas solvate formation was observed only with very strong hydrogen bond acceptors 

(DMF, DMA and DMSO), and part of the alcohols that are hydrogen bond donors and acceptors
64

.  

In contrast, three polymorphs were obtained for FUR, with preliminary results suggesting the 

existence of other FUR polymorphs not yet fully explored. However, no hydrate for FUR was 

obtained, meaning there is no stable hydrate for this compound. Nevertheless, FUR showed higher 

propensity to form solvates, as, if compared to NF, FUR also forms solvates with weaker hydrogen 

bond acceptor 1,4-dioxane, formic acid as well as several solvate-hydrates
59

. Conversely, DAN 

had the highest propensity to form different solid forms, as six polymorphs, four hydrates, ten 

solvates formed by solvents with notably different properties as well as a solvate-hydrate was 
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characterized structurally, and formation of several other solvates, solvate-hydrates and hydrates 

was observed, with these phases not fully or just structurally characterized
53

. 

Generally, the number of polymorphs which could be obtained for a compound is in no way 

straightforward to be predicted or rationalized, as this is determined not only by the stability of the 

theoretical structures, but also by factors such as effect of potential structure disorder on the 

thermodynamic stability, nucleation and growth rate and mechanisms of these phases and relative 

stability with respect to the multicomponent phases under the conditions of formation
71

. Therefore, 

even though the accuracy of the crystal structure prediction methods is increasing
72

 and approaches 

for obtaining free energy landscapes of structures are being searched, e.g., incorporation of the 

effects from the structure disorder by correcting the polymorph energy landscapes
73

, by 

approaching ability to answer whether additional polymorphs can be expected to be obtained for 

well-studied polymorphic compounds
74

, prediction of nucleation and growth rates and limitations 

associated with these factors in obtaining polymorphs are still unreliable or even impossible
75,76

.  

Therefore, we do not intend to rationalize the differences in the number of polymorphs formed 

by each compound. Clearly, all three compounds can form highly similar intermolecular 

interactions, as shown by the ESP analysis, and the obtained experimental and computationally 

generated structures demonstrate that this is mostly confirmed by the crystal structures. Similarly, 

all compounds have and employ similar conformational variability in the crystal structures. 

Nevertheless, we noted two differences among the compounds that correlate with the number of 

polymorphs obtained. First, overall, both NF polymorphs showed a very high packing efficiency, 

which could correlate with the low propensity to crystallize in other crystal structures. Second, NF 

is the smallest of the molecules allowing the least potential modes for packing, whereas DAN is 

the largest, and has a curved molecular shape, which potentially allows more packing possibilities 

that could result in more energetically competitive differently packed structures. Additionally, 

different DAN polymorphs obtained in the desolvation of solvates
53

 could be formed because of 

larger energy barrier associated with the structural reorganization to one of the stable polymorphs 

by these relatively larger molecules. Nevertheless, the computationally generated structure 

landscapes show equal number of hypothetical structures accessible for all the studied compounds, 

and it is unlikely that better energy model would significantly affect this. 

Altogether, on the basis of the structural features present in most of the hydrates, there are no 

visible factors that could result in clear differences in tendency to form hydrates by the studied 

molecules. The only clearly exclusive interaction type is present in the stable NF hydrate H II, 

which could not be formed by FUR because of the notably larger separation of hydantoin and furan 

rings. In addition, the ESP properties of the molecules did not reveal factors preventing formation 

of a stable FUR hydrate. Similarly, the comparison of several potential host-water dimers showed 

no difference in the interaction energy between such dimers formed by NF easily forming a stable 

hydrate and FUR (see Table S9, Supporting information). Nevertheless, crystallization in the 

presence of water (e.g. solvent/water mixtures) and even suspending in water never resulted in 

formation of a FUR hydrate. Meanwhile, under identical conditions usually NF H II or, depending 

on the conditions, DAN H I, H II and H III are easily formed, while NF H I nucleates only under 

specific conditions. Therefore, the differences in hydrate formation could be associated with the 
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packing efficiency differences for structures with and without water, and it is likely that the 

structures in which FUR is packed with water are not energetically competitive to alternative FUR 

polymorphs or other solvated phases. Alternatively, the nucleation rate of the most stable FUR 

hydrate structures could be uncompetitive under the conditions where this phase would be 

thermodynamically feasible. 

The cause of the different propensities in solvate formation among the studied molecules likely 

is different possibilities and efficiency of packing together with solvent. First, we note that the 

packing efficiency of NF solvates is lower or even notably lower than that of NF polymorphs (note 

that structure of SMeOH is determined at 110 K). Therefore, the highly efficient packing of neat NF 

and the inability to form as efficiently packed structures together with solvent would explain the 

rather low propensity to form solvates, with solvates being obtained only in case of highly efficient 

intermolecular interactions as formed by strong hydrogen bond donors and alcohols could 

compensate for the mostly less efficient packing.  

Also, FUR is not particularly keen to form solvates with different solvent molecules as, if 

compared to NF, additional solvates are obtained only with still very good hydrogen bond acceptor 

1,4-dioxane and efficient hydrogen bonding forming formic acid. This could be because in FUR 

solvates, solvent molecules are also located in-between the planar FUR molecule layers, as in the 

case of NF solvates. Such arrangement still does not provide more efficient packing compared to 

the solvates, although the difference in the packing efficiency compared to FUR polymorphs is 

minor, which overall allows formation of solvates with additional solvent molecules, which is 

additionally supported by preliminary results suggesting existence of solvates with few other 

solvents.  

The most notable difference in FUR solvate formation compared to NF is the propensity to form 

solvate-hydrates. The formation of such structures can be rationalized in terms of highly efficient 

hydrogen bonding in these structures, making these structures energetically feasible. As based on 

the performed analysis there is no clear reason why such structures could not be formed also by 

NF, the most likely reason is the very high stability of NF hydrate H II, which is obtained in 

crystallization experiments from solvent mixtures containing water. This is supported by its 

exclusive crystallization from water containing solvent mixtures
68,70

 and also very high thermal 

stability (see Figure S11, Supporting information). 

As described above, DAN has the highest propensity to form solvates, which is explained by the 

grater variability in the molecular packing resulting from the curved shape of this molecule. 

Therefore, the solvent can be arranged in the same way as in NF and FUR solvates or also by 

positioning the solvent in the cavities created by the curved DAN molecules, which allow 

formation of solvates with solvent linked by just weak intermolecular interactions. This explains 

both the formation of the largest number of solvates as well as the solvate formation with solvents 

having notably different properties. Additionally, the larger packing variability probably also 

explain the ability of DAN to form several different hydrate structures. Moreover, the formation 

of solvates of DAN is also facilitated by the packing efficiency, as in most of the solvates it is 

slightly improved if compared to that in the most stable polymorphs.  
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Furthermore, DAN rather easily forms solvate-hydrates, as, even though only STHF MH is 

structurally characterized, solvate-hydrates containing acetone and 2-butanone (methyl ethyl 

ketone) have also been obtained
53

. This could be explained by the fact that small amounts of water 

in the solvent of crystallization does not exclusively result in formation of one of the hydrates, as 

observed for NF, as well as by the lower stability of DAN hydrates obtained in crystallization 

experiments in presence of water
53

 if compared to NF H II (see Figure S11, Supporting 

information). 

4 CONCLUSIONS 

All three analysed marketed drugs, nitrofurantoin, furazidin and dantrolene, share similar 

conformational variability in the crystal structures and can form highly similar intermolecular 

interactions, as demonstrated by the ESP analysis and the experimentally obtained and 

computationally generated structures of polymorphs. The molecule size, molecular shape and 

packing efficiency in neat polymorphs correlate with the propensity to crystallize in other crystal 

forms, particularly, solvates, which increases in a row NF-FUR-DAN. The highly efficient packing 

of neat polymorphs and inability to form as efficiently packed structures with solvent molecules 

explain the rather low propensity of NF to form solvates. In contrast, the ability of DAN to pack 

in several different ways resulted by the curved shape of this molecule could explain the notably 

higher diversity and larger number of DAN solvates. The easy formation of solvate-hydrates by 

FUR and DAN can be explained by highly efficient hydrogen bonding in such phases, whereas the 

very stable NF H II prevents the obtaining any NF solvate-hydrate. However, clearly detectable 

factors resulting differences in tendency to form hydrates by the studied compounds and factors 

preventing formation of a stable FUR hydrate could not be identified by the performed analysis. 

Hopefully, the results described herein will pave the way toward systematic investigations of 

crystalline forms of pharmacologically relevant compounds prepared in academic settings, in view 

of their potential use and further development for drug manufacturing. 
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