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Abstract:  The co-crystal of succinic acid with imidazolidin-2-one 
was mechanochemically prepared and its structure was studied by powder 
and single-crystal X-ray diffraction. This compound crystallizes in the 
triclinic system with space group P-1. The molecular structure and crystal 
packing are stabilized mainly by intermolecular O--H···O and N--H···O 
hydrogen bonds interactions, forming a supramolecular assembly with bi-
dimensional hydrogen bond networks along the [110] diagonal joined by 
C4

4(22) chains and R2
2(8) amide-acid dimers which running along the ba 

plane. These hydrogen bonds contribute to the stabilization of the crystal 
structure that packs with an efficiency of 69.1 % in a planar sheet structure 
similarly to the even diacid co-crystals containing imidazolidin-2-one. 
Hirshfeld surface analysis was used for visually analyzing intermolecular 
interactions in the crystal structure. 
 
Keywords:  co-crystals, hydrogen bonding patterns, X-ray diffraction, 

Hirshfeld surface analysis 
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INTRODUCTION 
 
Co-crystals can be described as multicomponent crystals which formed by interactions 
through molecular-recognition-driven assembly processes between different molecular 
components that exist in single-component crystalline states [1]. The design of co-
crystal based on crystal engineering offers a means for preparing new forms of Active 
Pharmaceutical Ingredients (API) with improved physicochemical properties (e.g. 
mechanical properties, melting point, hygroscopic properties, photosensitivity, 
solubility or bioavailability) [1 – 3]. 
Two good candidates for formation of supramolecular pharmaceutical co-crystals, due 
to their interesting noncovalent interactions such as hydrogen bonds, are dicarboxylic 
acids and cyclic amide compounds. Both types of compounds are used as crystal 
coformer in pharmaceutical field for enhancing bioavailability and stability of active 
pharmaceutical ingredients [4 – 7]. In this paper we consider the succinic acid (Succ) 
and the cyclic amide imidazilidin-2-one (Imdz). The structural formulas of both 
molecules are presented in Figure 1. Succinic acid is a diprotic, dicarboxylic acid, which 
is widely used along with its functional derivatives in food technology, pharmaceuticals 
and cosmetic industry [7 – 8]. Imidazolidin-2-ones and their analogues are widely found 
in pharmaceuticals, natural alkaloids, and other biologically active compounds [9 – 11]. 
For the other hand, salt or co-crystal formations can be predicted from the so-called pKa 
rule [ΔpKa= (pKa(acid)-pKa(base)]. When ΔpKa  4, ionized acid-base complexes 
(salts) are observed exclusively and when ΔpKa < -1 non-ionized acid-base complexes 
(co-crystal) are observed exclusively. For acid-base complexes whose ΔpKa values lie 
between -1 and 4, the behaviour of “salt-cocrystal continuum” is observed [12]. The 
pKa value of succinic acid and imidazolidin-2-one are 4.2 and 10.1, respectively. For 
the Succ-Imdz complex, ΔpKa has been calculated as -5.9, which means that the 
formation of a co-crystal is expected. 
In continuation of our ongoing study on the synthesis and structural characterization of 
multicomponent crystals [13 – 20], we report the crystal structure and hydrogen bond 
pattern analysis of the co-crystal formed between a dicarboxylic acid, succinic acid, and 
a cyclic amide, imidazolidin-2-one. The intermolecular hydrogen bonds in this co-
crystal were also studied by means of Hirshfeld surface analysis [21] which is a new 
tool to study such interactions. 
 
 
MATERIALS AND METHODS  
 
All the reagents used were obtained from Sigma-Aldrich (USA) and were used without 
any further purification.  
 
Synthesis 
 
The co-crystal Succ-Imdz (I) was prepared by mixing equimolar amounts, 1.0 mmol, of 
succinic acid and 2-imidazolidinone in 10 mL of ethanol. The mixture was placed in a 
reflux system for 1 hour at constant temperature of 343 K. The resultant solution was 
then left to evaporate slowly at room temperature. Colorless crystals of (I) suitable for 
X-ray diffraction analysis were grown by slow evaporation mp 398 K. 
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Figure 1. a) Succinic acid (Succ), b) Imidazolidin-2-one (Imdz) 
 
X-ray powder diffraction 
 
The X-ray powder diffraction patterns for succinic acid (Succ), imidazolidin-2-one 
(Imdz) and co-crystal (I) were collected at room temperature in a Phillips PW-1250 
goniometer using monocromatized CuKα radiation. The samples were scanned from 5-
55° 2, with a step size of 0.02° and counting time of 10s. Silicon was used as an 
external standard. 
 
X-ray single-crystal crystallography 
 
Colourless needle crystal of the title compound with dimensions 0.52 × 0.21 × 0.12 mm 
was used for data collection. Diffraction data were collected at 296 (2) K by ω-scan 
technique on a Rigaku Pilates 200K diffractometer (Rigaku, Japan) equipped with 
MoKα radiation (λ = 0.71073 Å). The data were corrected for Lorentz-polarization and 
absorption effects. The crystal structure was solved by direct methods and refined by a 
full-matrix least-squares calculation on F2 using the programs SHELXS (version 
2018/1) and SHELXL (version 2018/6), respectively. The Cambridge Structural 
Database (CSD, version 5.40, Aug. 2019) was used for structure analysis. 
 
Hirshfeld surfaces analysis 
 
Hirshfeld surface defines the contour of shape occupied by a molecule in the crystal 
structure and is constructed basing on the electron distribution calculated as the sum of 
spherical atom electron densities [21]. Some properties can be plotted on Hirshfeld 
surface: (i) de is the distance from the Hirshfeld surface to the nearest nucleus outside 
the surface, (ii) di is the corresponding distance to the nearest nucleus inside the surface, 
and (iii) dnorm is a normalized contact distance and is the sum of these two (di and de) 
normalized by the van der Waals radii quantities. Where atoms make intermolecular 
contacts closer than the sum of their van der Waals radii, these contacts will be 
highlighted in red on the dnorm surface. Longer contacts are blue, and contacts around 
the sum of van der Waals radii are white [22]. 2D fingerprint plots [23] clearly identify 
each type of intermolecular interactions. They not only indicate which intermolecular 
interactions are present, but also the relative area of the surface corresponding to each 
kind of interaction. The most obvious characteristics of these plots are their pseudo-
mirror symmetry about the diagonal where di = de. The pseudo-mirror symmetry of the 
2D plots is a direct consequence of the molecule having both donor and acceptor roles 
in the same intermolecular interaction. Hirshfeld 3D surfaces and the associated 2D 
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fingerprint information were generated using the program Crystal Explorer (version 
2013). All bond lengths to hydrogen were automatically modified to typical standard 
neutron values (C-H = 1.083 Å, N-H = 1.009 Å and O-H = 0.983 Å). The electrostatic 
potentials were mapped on the Hirshfeld surfaces using the STO-3G basis set at the 
level of Hartree-Fock theory over a range of ±0.075 au. 
 
 
RESULTS AND DISCUSSION 
 
X-ray powder diffraction analysis of (I) 
 
Figure 2 shows the X-ray powder patterns of succinic acid (Succ), 2-imidazolidinone 
(Imdz) and formed co-crystal (I). The difference in X-ray powder patterns showed in 
Figure indicates the formation of a new compound. 
 

 
Figure 2. X-ray powder diffraction patterns for succinic acid, imidazolidin-2-one and 

co-crystal (I) 
 
The 20 first measured reflections, of the powder pattern (I), were completely indexed 
using the program DICVOL (version 2004), which gave a solution in a triclinic cell 
with parameters a= 5.51 Å, b= 9.65 Å, c= 13.30 Å, = 106.0°, = 90.8°, = 96.0° in a 
P-type cell. In order to confirm the unit cell parameters, a Le Bail refinement of the 
whole diffraction pattern without structural was carried out using the Fullprof program 
(version 2018/12). Figure 3 shows a very good fit between the observed and calculated 
patterns. 
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Figure 3. Le Bail refinement plot for the co-crystal (I) 

 
Single-crystal X-ray diffraction study of (I) 
 
All H atoms were placed at calculated positions and treated using the riding model, with 
C-H distances of 0.97-0.98 Å, N-H distances of 0.86 Å, and O-H distances of 0.82 Å. 
The Uiso (H) parameters were fixed at 1.2 Ueq (C, N, and O). Figure 4 shows the 
molecular structure and the atom-labeling scheme of (I). 
 

 
 

Figure 4. The molecular structure of (I), showing the atomic numbering scheme 
(displacement ellipsoids are drawn at 25 % probability level; H atoms are shown as 

spheres of arbitrary radii) 
 
Table 1 shows the crystallographic data and structure refinement parameters and  
Table 2 shows selected geometrical parameters for (I). Crystallographic data for the 
structure have been deposited with the Cambridge Crystallographic Data Centre 
(CCDC-1554342). 
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Table 1. Crystal data, data collection and structure refinement of (I) 
Chemical formula C4H6O4, 2(C3H6N2O) CCDC 1554342 
Formula weight 290.28 Radiation (MoKα) λ = 0.71073 Å 
Crystal system Triclinic θ range [°] 3.1-25.3 
Space group P-1 (No. 2) hkl range -6 ≤h≤ 6 
a [Å] 5.5556(4)  -10 ≤k≤ 11 
b [Å] 9.6621(7)  -16 ≤ l≤ 16 
c [Å] 13.3406(9) Reflections  

 [°] 106.09(1)    Collected 9822 

β [°] 90.823(9)    Unique (Rint) 2487 (0.053) 
 [°] 95.981(1)    With I > 2σ(I) 1420 

V [Å3] 683.62(9) Refinement method Full-matrix on F2 
Z 2 Number of parameters 183 
dx [g·cm-3] 1.410 R(F2) [I > 2σ(I)] 0.0621 
F [000] 308 wR(F2) [I > 2σ(I)] 0.1735 
µ [mm-1] 0.117 Goodness of fit on F2 1.00 
Crystal size [mm] 0.52 x 0.21 x 0.12 Max/min Δρ [e·Å-3] 0.42/-0.26 

 
Table 2. Selected geometrical parameters (Å, º) for (I) 

C1-O1 1.302(4) C1-O2 1.200(4) 
C3-O3 1.290(4) C3-O4 1.202(4) 
C5-O5 1.254(4) C8-O6 1.241(3) 
N1-C5 1.333(4) N2-C5 1.339(4) 
N3-C8 1.349(4) N4-C8 1.320(4) 
O1-C1-O2 123.5(3) O3-C3-O4 123.5(3) 
N1-C5-N2 109.5(2) N3-C8-N4 108.3(3) 

 
A search in the Cambridge Structural Database (CSD, version 5.40, Aug. 2019) shows 
10 adducts containing imidazolidin-2-one with carboxylic acids; all co-crystals. In this 
work, the multicomponent compound imidazolidin-2-one succinate (I) can be classified 
as a co-crystal as predicted by the pKa rule [12]. The co-crystal (I) crystallizes in the 
triclinic space group P-1. The asymmetric unit consists of two half molecules of 
succinic, where the other half of each molecules are generated by inversion symmetry, 
and two molecules of imidazolidin-2-one. The C-O distances indicated the no-ionized 
character of the acid groups, which show the neutrality of both molecules in the crystal. 
The molecular structure and crystal packing are stabilized mainly by six intermolecular 
hydrogen bonds, two of type O--H···O and 4 of type N--H···O (Table 3). The 
intermolecular hydrogen bonds act as follows: O1---H1···O6 and N4---H4···O2 connect 
one succinic with a imidazolidin-2-one molecule forming a cycle with a typical R2

2(8) 
acid-amide heterosynthon [23]. Similarly, the hydrogen bonds O3---H3A···O6 and N1--
-H1···O4 form a new heterosynthon of the type R2

2(8). These rings are connected by 
chains C4

4(22) along the ba plane forming planar sheets. The two interactions N2---
H2···O2 and N3---H3···O4 connect these heterosynthons with new acid molecules 
forming a macrocycle between 4 molecules of acid and amides, described by the graph-
set motif R6

8(34). All these interactions are shows in Figure 5. Figure 6 shows as 
discrete sheets of molecules extend in layers along the [110] direction. These hydrogen 
bonds contribute to the stabilization of the crystal structure that packs with an efficiency 
of 69.1 %. 
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Table 3. Hydrogen bonds geometry (Å, º) 
D--H···A D--H H···A D···A D--H···A Symmetry codes 
O1---H1···O6 0.82 1.740 2.547 (3) 167 - 
N4---H4···O2 0.86 2.320 3.099 (4) 150 - 
O3---H3A···O5 0.82 1.740 2.546 (3) 166 - 
N1---H1···O4 0.86 2.300 2.912 (5) 145 - 
N2---H2···O2 0.86 2.130 2.909 (3) 150 - 
N3---H3···O4 0.86 2.140 2.947 (4) 156 1+x, 1+y, z 

 

 
 

Figure 5. A portion of the crystal packing shows all intermolecular (O--H···O) and 
intramolecular (N--H···O) hydrogen bonds formed in (I) 

 

 
Figure 6. A portion of the crystal packing along the [110] direction showing the 

dicrete sheets forming a bi-dimiensional network in the structure of (I) 
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Regarding similar structures, a search in the Cambridge Structural Database (CSD, 
version 5.40, Aug. 2019) shows 6 adducts containing succinic acid with imidazole 
derivatives (Table 4). Both charged (salts) and neutral (co-crystals) structures are 
presented with different types of structure without following a pattern of hydrogen 
bonds. 
 
Table 4. Hydrogen bond patterns in multicomponent crystals formed between succinic 

acid and imidazole derivatives retrieved from the CSD-database 
CSD 
refcode 

Acid 
Crystal 

type 
Supramolecular 

synthons 
Structure 

type 
Ref. 

VURCUH dimethyl-H-imidazol salt C1
1(7)D2

3(10) 2D chain [4] 
BOTTEK01 2-methylimidazol salt C2

2(8) 2D sheet [5] 
HOLNIG 4-methylimidazol co-crystal C2

2(8)C2
2(14) 2D sheet [25] 

MEQPON imidazole salt C2
2(11) 2D sheet [26] 

VARHUS benzimidazole co-crystal  3D sheet [27] 
VORCOV 2,2'-bi(H-imidazole) co-crystal C2

2(11) 3D sheet [28] 
this work imidazolidin-2-one co-crystal R2

2(8)C4
4(22)R6

8(38) 2D sheet (I) 
 
A new CSD search revealed five organic compounds in which both imidazolidin-2-one 
and aliphatic dicarboxylic acid moieties are present. These results are listed in Table 5. 
In this case it can be seen how all these structures crystallize in neutral form as co-
crystals, what was expected because the ΔpKa values. In all structures heterosynthons 
of the type R2

2(8) are formed. 
 

Table 5. Hydrogen bond patterns in imidazolidin-2-one with aliphatic dicarboxylic 
acids (HOO-(CH2)n-COOH m(n+2)=2-7, retrieved from the CSD-database. 

CSD 
refcode 

m= 
(n+2) 

Acid: 
amide 

Acid ΔpKa 
Supramolecular 

synthons 
Structure 

type 
Ref. 

UHADAJ 2 1:2 oxalic -8.8 R2
2(8)C2

2(8)R6
8(30) planar sheet [4] 

UHADOX 3 1:1 malonic -7.3 R2
2(8)C4

4(18) chain [4] 
this work  4 1:2 succinic -5.9 R2

2(8)C4
4(22)R6

8(34) planar sheet (I) 
UHADUD 5 1:3 glutaric -5.8 R2

2(8)C2
2(12) chain [5] 

UHADIR 6 1:2 adipic -5.7 R2
2(8)C2

2(13)R6
8(38) planar sheet [5] 

UHAFAL 7 1:1 pimelic -5.6 R2
2(8)C4

4(28) chain [5] 
 
The even adducts with dicarboxylic acids (m= 2, 4, 6) crystallized in an amide (1:2) 
acid ratio. For these compounds amide-acid-amide interactions produce rings which are 
connected by chains forming planar sheet structures. Also they form, macrocycles 
between acid and amide molecules, described by the graph-set motif R6

8(30), R6
8(34) 

and R6
8(38) for m= 2, 4, 6, respectively. Figure 7 shows these trends. 

The odd adducts with dicarboxylic acids (m= 3, 5, 7) crystallized in an amide: acid ratio 
of 1:1 and 1:3 with chains of alternate acid and amide molecules, forming in all cases 
chain structures. 
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a) oxalic (m=2) b) succinic (I) (m=4) c) adipic (m=6) 

 

 

 

 

 

d) malonic (m=3) e) glutaric (m=5) f) pimelic (m=7) 
 
Figure 7. Planar sheet structures (even aliphatic dicarboxylic acids) vs chain structures 

(odd aliphatic dicarboxylic acids) 
 
Hirshfeld surfaces analysis 
 
In order to visualize the intercontacts in the molecular structure, the Hirshfeld surface 
analysis was carried out for the title molecule. The Hirshfeld surface of (I) mapped over 
a dnorm range of -0.5 to 1.5 Å is illustrated in Figure 8. The dominant interaction 
between the amino hydrogen and carboxylic oxygen atoms in (I) can be seen as bright 
red spots. The dnorm surfaces plot of (I) is consistent with the analysis of the packing 
patterns as discussed in the X-ray crystal structure analysis. 
The combination of de and di in the form of two-dimensional fingerprint plot gives the 
summary of intermolecular contacts in the crystal lattice. The fingerprint plots of the co-
crystal imidazolidin-2-one succinate (I) are shown in Figure 9. It is evident from the 
fingerprint plots of this compound that O···H (43.1 %) and H···H (40.2 %) intercontacts 
play a central crucial role in the stabilization of molecules in the crystal structure. 
 

 
 

Figure 8. Hirshfeld surface mapped with dnorm for (I) visualizing the intercontacts of 
both molecules in co-crystal 
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Figure 9. 2D fingerprints for (I) 
 
 
CONCLUSIONS 
 
The co-crystal formed between succinic acid and imidazolidin-2-one was synthesised 
mechanochemically and its structure was solved based on the single-crystal X-ray data. 
The crystal belongs to triclinic system. Crystal structure results and Hirshfeld surface 
analysis shows how the supramolecular structure of (I) is built up from self-assembly of 
molecules via O---H···O and N---H···O interactions, which contribute to the 
stabilization of the crystal structure that packs with an efficiency of 69.1 % in a planar 
sheet structure fashion. 
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