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 CrystalExplorer programı teorik kimya alanında son yıllarda sıklıkla kullanılan ve 
popülaritesi artan bir programıdır. Öncelikli olarak bu programda moleküllerin Hirshfeld 
yüzey analizi yapılabilmektedir.  Hirshfeld yüzey analizi sayesinde moleküller arası 
etkileşimler ve bu etkileşimlerin kristal yüzeye katkıları belirlenebilmektedir. Bu 
çalışmada Co(II), Cu(II), Ni(II) ve Zn(II) 4-formilbenzoatın nikotinamid  komplekslerinin 
Hirshfeld yüzey analizleri ve enerji çerçeveleri incelenmiştir. Tüm kompleksler için 
dnorm indeksi, şekil indeksi kavislilik indeksi ve 2B parmak izi grafikleri incelenmiştir. 
Bunun yanında CE-B3LYP/6-31G (d,p) ve CEHF/3-21G  enerji modelleri kullanılarak 
komplekslerin moleküller arası etkileşim enerjileri hesaplanmıştır. Tüm bunların 
neticesinde isoyapılı olan dört komplekste en önemli etkileşimin H...H etkileşimleri 
olduğu görüldü. Hirshfeld yüzey analizi ve enerji çerçevelerine göre O-H...O ve N-H...O 
hidrojen bağları ve π···π istifleme ve C−H···π etkileşim enerjileri kristal yapıdaki en 
önemli etkileşim türleri olarak görülmektedir. 
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 CrystalExplorer program is a program that has been used frequently in the field of 
theoretical chemistry in recent years and its popularity has increased. First of all, 
Hirshfeld surface analysis of molecules can be done in this program. Thanks to Hirshfeld 
surface analysis, intermolecular interactions and their contributions to the crystal 
surface can be determined. In this study, Hirshfeld surface analyzes and energy 
frameworks of nicotinamide complexes of Co(II), Cu(II), Ni(II) and Zn(II) 4-
formylbenzoate were investigated. Dnorm index, shape index, curvature index and 2D 
fingerprint graphs were examined for all complexes. In addition, the intermolecular 
interaction energies of the complexes were calculated using the CE-B3LYP/6-31G (d,p) 
and CEHF/3-21G energy models. As a result of all these, it was seen that the most 
important interaction in the four isostructured complexes was H...H interactions. 
According to Hirshfeld surface analysis and energy frameworks, O-H...O and N-H...O 
hydrogen bonds and π···π stacking and C−H··π interaction energies are seen as the most 
important interaction types in the crystal structure. 
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INTRODUCTION  

The structural, physical and biological properties of materials produced in materials 

science are extremely important in terms of the usage area of that material(Sertçelik et al., 

2012; Huseynova et al., 2019; Sertçelik̇ et al., 2018; Huseynova et al., 2020; Sertcelik & 
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Durman, 2020; Sugeçti & Büyükgüzel, 2022). Experimental research on these is a very costly 

and time-consuming task. Therefore, the importance of theoretical chemistry is increasing day 

by day. Thanks to theoretical chemistry, we can obtain theoretical information before carrying 

out the studies experimentally (Irak & Beytur, 2019; Kotan et al., 2020; Koç et al., 2020). 

Making the theoretical calculations before the experiments is a great gain for the scientists 

because both the raw material consumption is reduced and there is no loss of time. 

CrystalExplorer program is a frequently used program among theoretical calculation programs 

(Huseynova, 2021; Kirste, 2016; Omoregie et al., 2022; Sertçelik, 2021). With this program, 

the Hirshfeld surface analysis of a molecule can be determined. Hirshfeld surface analysis 

allows us to see the interactions of intermolecular contact types in a crystal structure. It allows 

us to have information about the interactions between molecules in the crystal structure. 

With this method, we can determine the similarities and differences between crystal 

structures and the percentage of interaction between all atoms of molecules. 

In this study, the intermolecular interactions of nicotinamide liganded complexes of 

Co(II), Cu(II), Ni(II) and Zn(II) 4-formylbenzoate were calculated. Separately, dnorm map, shape 

index, curvature map, 2D fingerprint plots and crystalline fragment patches were determined. 

For the energy framework analysis of the complex, electrostatic energy, polarization energy, 

dispersion energy, exchange-repulsion energy and total intermolecular energy were 

calculated using the model CE-HF/3-21G and CE-B3LYP/6-31G (d,p) as energy. 

 

MATERIALS AND METHOD 

Hirshfeld surface analysis was used to investigate the visualization of the 

intermolecular interactions of complexes Diaquabis (4-formylbenzoato-κO1) bis 

(nicotinamide-κN1) cobalt(II)(Sertçelik et al., 2012c), Diaquabis (4-formylbenzoato-κO1) bis 

(nicotinamide-κN1) copper(II)(Sertçelik et al., 2012a), Diaquabis (4-formylbenzoato-κO1) bis 

(nicotinamide-κN1) nickel(II)(Sertçelik et al., 2012b) and Diaquabis (4-formylbenzoato-κO1) bis 

(nicotinamide-κN1) zinc(II)(Sertçelik et al., 2012d) which we have previously synthesized and 

characterized. 

Intermolecular interactions of the complex were analyzed using the crystallographic 

information file (CIF) of the compounds with the help of CrystalExplorer 17.5 program(Turner 

et al., 2017). As a result of these analyzes, Hirshfeld surface, dnorm and curvature maps and 

shape index and 2D fingerprint graphs were obtained. To gain greater accuracy about 
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molecular interactions, the Tonto quantum chemistry package was utilized for energy 

framework analysis(Jayatilaka et al., 2005; McKinnon et al., 2007; Spackman et al., 2008; 

Spackman & Jayatilaka, 2009). Intermolecular interaction energies of the complexes were 

calculated using the CE-HF/3-21G and CE-B3LYP/6-31G (d,p) energy models in CrystalExplorer 

program. 

 

Figure 1. Crystal structure of complexes 

 

 

RESULTS AND DISCUSSION 

Hirshfeld Surface Analysis 

Hirshfeld surface (HS) analysis was performed using Crystal Explorer 17.5 to visualize 

the intermolecular interactions of the complexes. The white surface in the HS plotted over 

dnorm (Figure 2a-5a) denotes contacts with distances equal to the sum of van der Waals radii, 

whereas the red and blue colors denote connections with distances that are closer together 

or farther apart (distinct contact), respectively(Venkatesan et al., 2016). Their respective 

functions as donors and/or acceptors are indicated by the vivid red patches that appear. It 

shows π . . π interactions with the presence of adjacent red and blue triangles in the shape 
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index of the HS. If there is no adjacent red and/or blue triangle, there is no π . . π interaction. 

Figure 2b-5b clearly shows the red blue triangles, which are evidence of π . . π interactions. 

The benzene and pyridine ring ligands are positioned in rather large green planes. A crystal 

system's curvedness mapping provides insight into the planarity of complexes that give rise to 

the π . . π interactions between the benzene and pyridine rings (Figure 2c-5c) (Spackman et al., 

2008). 

 

Figure 2. Dnorm map, shape index and curvature map of Complex I.

 

Figure 3. Dnorm map, shape index and curvature map of Complex II. 

 

Figure 4. Dnorm map, shape index and curvature map of Complex III. 
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Figure 5. Dnorm map, shape index and curvature map of Complex IV. 

 

2D fingerprint plots for all examined complexes are given in Figure 6-9. All complexes 

are isostructure. The intermolecular interactions that contribute to the crystal packing of 

these four complexes are nearly identical (Table 6-9 ). In the 2D fingerprint graphs of all 

complexes, the most dominant interaction is the H…H interaction (Fig. 6b-9b). Their 

contribution to the crystal surface is 31.10%, 30.80%, 31.30% and 31.20%, respectively (Figure 

10). The H…H interactions dominate because of the abundance of hydrogen on the molecular 

surface. The second dominant interaction is the O...H/H...O interaction (Figure 6c-9c). Here, the 

interaction percentages were calculated as 29.80, 30.00, 29.60 and 29.80, respectively (Figure 

10). It is seen that the third highest interaction is the interactions originating from C...H/C...H 

bonds (Figure 6d-9d). The interaction percentages are 25.80, 26.80, 25.90 and 25.80, 

respectively (Figure 10). The presence of high rates of H...H, H...O/O...H and H...C/C...H 

interactions in all of the complexes indicates that van der Waals interactions and hydrogen 

bonding play a major role in crystal packing. The percentages of all interactions in the 

complexes are given in Table 10. 
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Şekil 6. The full two-dimensional fingerprint plots for the complex I, showing (a) all atoms 

interactions and delineated into (b) H…H, (c) H…O/O…H, (d) H…C/C…H, (e) C…C and (f) C…O/O…C 

interactions. 

 

Şekil 7. The full two-dimensional fingerprint plots for the complex I, showing (a) all atoms 

interactions and delineated into (b) H…H, (c) H…O/O…H, (d) H…C/C…H, (e) C…C and (f) C…O/O…C 

interactions. 
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Şekil 8. The full two-dimensional fingerprint plots for the complex I, showing (a) all atoms 

interactions and delineated into (b) H…H, (c) H…O/O…H, (d) H…C/C…H, (e) C…C and (f) C…O/O…C 

interactions. 

 

Şekil 9. The full two-dimensional fingerprint plots for the complex I, showing (a) all atoms 

interactions and delineated into (b) H…H, (c) H…O/O…H, (d) H…C/C…H, (e) C…C and (f) C…O/O…C 

interactions. 
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Figure 10. Molecular interaction percentages of all complex. 

 

Interactions Energy Analysis 

The interaction energies of the complex were calculated using CE-B3LYP/6-31G (d, p) 

and HF/3-21G in the Crystal Explorer program. In Figure 11-14, it is seen that the coulomb 

energy (a), dispersion energies (b) and total energy (c) are represented by energy frames. The 

computation of energy frames was developed to better understand the topology of the overall 

interaction energies between the components of a crystal. Total intermolecular interaction 

energy (E tot) using scale factors of 1.057, 0.740, 0.871 and 0.618, respectively, using four 

energy terms (electrostatic (E ele ), polarization (E pol ), dispersion (E disp ) and exchange-

repulsion (E rep ) ) are added together(Etse et al., 2020; Mackenzie et al., 2017; Madan Kumar, 

2019). The closeness of the total energy values calculated in all four isostructural complexes 

is shown in Table 2. The very small differences that occur are not thought to be due to 

differences in the electronic configuration of metal atoms. 

It has been determined that the energy values in different Cartesian coordinates are 

very close to each other. It has been determined that the electrostatic energy (E_ele) values 

significantly affect the total energy values. Studies have reported that hydrogen bond 

interactions contribute to electrostatic energy. In this structure, electrostatic energy is 

affected by the N-H…O and O-H…O hydrogen bonds and weak C-H…π interactions in the 

structure. 
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Table 1. Scale factors for benchmarked energy models (Mackenzie et al., 2017). 

Energy Model k_ele k_pol k_disp k_rep 

CE-HF ... HF/3-21G electron densities 1.019 0.651 0.901 0.811 

CE-B3LYP ... B3LYP/6-31G(d,p) electron densities 1.057 0.740 0.871 0.618 

 

Table 2. Interactions energy analysis results 

 N Symop R Electron Density E_ele E_pol E_dis E_rep E_tot 

I 

2 x, y, z 7.78 B3LYP/6-31G(d,p) -76.1 -20.5 -60.5 103.3 -84.6 

2 x, y, z 9.80 B3LYP/6-31G(d,p) -6.7 -9.3 -59.7 37.2 -42.9 

2 x, y, z 14.41 B3LYP/6-31G(d,p) -69.1 -19.3 -23.3 75.3 -61.1 

2 x, y, z 12.86 B3LYP/6-31G(d,p) -34.8 -8.7 -53.1 48.3 -59.6 

2 x, y, z 9.90 B3LYP/6-31G(d,p) -81.7 -34.0 -91.5 112.6 -121.7 

    -268.4 -91.8 -288.1 -376.7 -369.9 

2 x, y, z 7.78 HF/3-21G -92.9 -30.0 -60.5 76.1 -107.0 

2 x, y, z 9.80 HF/3-21G -1.6 -10.4 -59.7 27.1 -40.2 

2 x, y, z 14.41 HF/3-21G -62.8 -22.7 -23.3 54.8 -55.3 

2 x, y, z 12.86 HF/3-21G -39.9 -12.0 -53.1 37.2 -66.1 

2 x, y, z 9.90 HF/3-21G -87.2 -43.6 -91.5 88.7 -127.8 

    -284.4 -118.7 -288.1 -283.9 -369.4 

II 

2 x, y, z 7.82 B3LYP/6-31G(d,p) -66.6 -18.5 -59.4 91.9 -79.0 

2 x, y, z 9.65 B3LYP/6-31G(d,p) -4.7 -9.2 -62.1 36.7 -43.3 

2 x, y, z 14.15 B3LYP/6-31G(d,p) -74.3 -20.0 -23.6 81.3 -63.6 

2 x, y, z 12.71 B3LYP/6-31G(d,p) -34.0 -8.1 -50.6 42.9 -59.5 
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2 x, y, z 9.84 B3LYP/6-31G(d,p) -80.8 -32.7 -89.6 109.2 -120.3 

    260.4 -88.5 -285,3 -362 -365.7 

2 x, y, z 7.82 HF/3-21G -82.0 -27.1 -59.4 65.9 -101.3 

2 x, y, z 9.65 HF/3-21G -1.5 -10.1 -62.1 26.9 -39.1 

2 x, y, z 14.15 HF/3-21G -69.0 -24.0 -23.6 59.4 -59.0 

2 x, y, z 12.71 HF/3-21G -39.0 -11.2 -50.6 32.6 -66.2 

2 x, y, z 9.84 HF/3-21G -82.0 -41.1 -89.6 80.3 -125.9 

    -273.5 -113.5 -285.3 -261.1 -391.5 

III 

2 x, y, z 7.76 B3LYP/6-31G(d,p) -72.6 -19.9 -61.5 105.0 -80.2 

2 x, y, z 9.82 B3LYP/6-31G(d,p) -7.0 -9.6 -58.6 36.5 -43.0 

2 x, y, z 14.32 B3LYP/6-31G(d,p) -68.4 -19.2 -23.6 74.4 -61.2 

2 x, y, z 12.87 B3LYP/6-31G(d,p) -34.5 -8.8 -53.2 47.2 -60.1 

2 x, y, z 9.82 B3LYP/6-31G(d,p) -84.9 -35.5 -91.4 113.2 -125.7 

    -267.4 -93 -288.3 -376.3 -370.2 

2 x, y, z 7.76 HF/3-21G -90.9 -29.6 -61.5 76.6 -105.2 

2 x, y, z 9.82 HF/3-21G -1.4 -10.4 -58.6 26.5 -39.6 

2 x, y, z 14.32 HF/3-21G -61.9 -22.5 -23.6 54.1 -55.1 

2 x, y, z 12.87 HF/3-21G -39.2 -11.8 -53.2 36.4 -66.0 

2 x, y, z 9.82 HF/3-21G -87.9 -43.9 -91.4 89.1 -128.2 

    -281.3 -118.2 -288.3 -282.7 -394.1 

IV 

2 x, y, z 7.79 B3LYP/6-31G(d,p) -75.5 -20.7 -60.3 98.6 -86.7 

2 x, y, z 9.79 B3LYP/6-31G(d,p) -7.3 -9.5 -59.6 37.1 -43.7 

2 x, y, z 14.42 B3LYP/6-31G(d,p) -69.5 -19.3 -23.4 75.2 -61.7 
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2 x, y, z 12.85 B3LYP/6-31G(d,p) -35.9 -8.9 -53.2 48.2 -61.1 

2 x, y, z 9.91 B3LYP/6-31G(d,p) -82.1 -34.0 -91.4 112.2 -122.3 

    -270.3 -92.4 -287.9 -371.3 375.5 

2 x, y, z 7.79 HF/3-21G -91.8 -29.6 -60.3 72.6 -108.2 

2 x, y, z 9.79 HF/3-21G -1.9 -10.4 -59.6 26.9 -40.6 

2 x, y, z 14.42 HF/3-21G -62.7 -22.7 -23.4 54.6 -55.5 

2 x, y, z 12.85 HF/3-21G -39.9 -12.0 -53.2 37.1 -66.3 

2 x, y, z 9.91 HF/3-21G -87.0 -42.6 -91.4 88.1 -127.3 

     -283.3 -117.3 -287.9 -279.3 397.9 

E:interaction energies components, Symop: rotational symmetry operations with respect to 

the reference molecule, R: the centroid-to-centroid distance between the reference molecule 

N: interacting molecules as well as the number of pair(s) of interacting molecules with respect 

to the reference molecule (Mackenzie et al., 2017). 

 

 

Figure 11. The energy framework  showing coulomb energy (a) ,  dispersion energy (b) and 

total energy (c) diagrams. 
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Figure 12. The energy framework  showing coulomb energy (a) ,  dispersion energy (b) and 

total energy (c) diagrams. 

 

Figure 13. The energy framework  showing coulomb energy (a) ,  dispersion energy (b) and 

total energy (c) diagrams. 

 

Figure 14. The energy framework  showing coulomb energy (a) ,  dispersion energy (b) and 

total energy (c) diagrams. 

 

CONCLUSION 

In this study, the relationship between Hirshfeld surfaces of four complexes, metal(II) 

4-formylbenzoate nicotinamide, 2D fingerprint plots and Interactions Energy Analysis was 

investigated. According to the results of hirshfield surface analysis in four isostructural 

complexes, the most dominant interactions in all complexes are H…H, O…H/H…O, C…H/H…C, 
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C…C, C…O/O…C, N…H/ H…N, O…N/N…O, C…N/N…C and O…O. Due to the presence of hydrogen 

bonds, the H...H, H...O/O...H and H...N/N...H interactions in the complex make an important 

contribution to the crystal packing of the complexes. The presence of adjacent red and blue 

triangles appearing in the shape index of the complexes supports the weak C-H…π and π-π 

stacking interactions between the benzene and pyridine rings in the crystal structures. Using 

two different models of CrystalExplorer (CE) software, polarization (E pol), dispersion (E dis) 

and change-repulsion (E rep) energies were calculated. The E_tot values calculated for 

isostructural complexes with the B3LYP/6-31G(d,p) energy model were found to be -369.9, -

365.7, -370.2 and -375.5 kJ/mol, respectively. These values were also calculated for complexes 

by using the HF/3-21G energy model, and they were also found to be -369.4, -391.5, -394.1 

and 397.9 kJ/mol, respectively. As a result, it is seen that the E_tot values of all complexes are 

very close to each other. Similar energy values were obtained due to the isostructure of the 

complexes. 
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