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Thermodynamic, Energetic, and Topological Properties of Crystal 

Packing of Pyrazolo[1,5-a]pyrimidines Governed by Weak 

Electrostatic Intermolecular Interactions   

Clarissa P. Frizzoa*, Aniele Z. Tiera, Izabelle M. Gindrib, Alexandre R. Meyera, Gabrielle Blacka, 
Andrei L. Belladonaa, Marcos A. P. Martinsa  

A series of pyrazolo[1,5-a]pyrimidines were used as a molecular model in order to understand the crystal packing of 

compounds with weak electrostatic intermolecular interactions. Additionally, the relationship between the energetic 

content of intermolecular interactions, the contact surfaces of molecules, and the thermodynamic properties of crystal 

was established. The approach, which is based on the supramolecular cluster, shows that for compounds with weak 

electrostatic intermolecular interactions, the energetic content of the interactions is associated with a large contact 

surface. The crystal packing of the studied compounds is mainly governed by interactions that involve high interaction 

energy over a large contact surface. These results show that the π⋅⋅⋅π interaction may be as responsible as other strong 

interactions for driving the crystal packing of compounds with weak electrostatic intermolecular interactions. 

Furthermore, the correlation between sublimation enthalpy and cluster energy showed that the theoretical calculation of 

cluster energy provided the real energetic content of crystal lattice energy and confirmed that the first coordination 

sphere (supramolecular cluster) is the smallest portion of the crystal that represents all the information necessary for 

understanding the intermolecular interaction over the entire crystal. 

Introduction 

The rational development of functional molecular solids is 

currently the main focus of crystal engineering and it has both 

practical and scientific relevance in relation to understanding 

which parts in a molecule can provide a solid material with 

specific characteristics. The major challenge of crystal 

engineering is to establish the relationship between molecular 

structure and crystal packing and physical properties, to then 

be able to control the development of new solids with the 

desired physical and chemical properties. Currently, the most 

used tool by crystallographers is the study of the nature of 

inter- and intramolecular interactions in terms of directionality 

and distance between atoms. From this point of view, it has 

been proposed that crystals are constructed of supramolecular 

synthons, which are composed of molecules interacting 

through non-covalent intermolecular interactions such as 

hydrogen bonds, π-stacking, and halogen bonds. These 

interactions form robust supramolecular synthons that drive 

the crystallization process and the crystal packing.1 In other 

words, these intermolecular interactions are molecular 

fragments that contain reasonable approximations of the 

entire crystal organization.1–3 This theory is sometimes 

efficient when a specific and limited number of strong 

interactions is observed. The existence of such contacts is 

usually established on the basis of interatomic distances 

between interacting fragments (distance between parallel 

aromatic rings, hydrogen atoms, and heteroatoms). However, 

in the case of the presence of numerous weak electrostatic 

interactions, it is difficult to explain the main crystal packing 

pattern based only on geometric parameters of intermolecular 

interactions. Therefore, this strategy has proven to be limited 

and sometimes controversial.4 A second approach to 

understanding the forces involved directing the crystal packing 

was introduced by Blatov et al. 5 This approach assumes that 

the interactions between molecules are weak and non-linear, 

and that the arrangement of molecules to form crystal mainly 

depends on the crystal packing efficiency. Hence, better 

organization will be achieved if the space is occupied more 

efficiently, with reduced gaps between each molecule. 

Therefore, this hypothesis considers that the strength of 

intermolecular interactions is directly related to the contact 

surface between the molecules in the crystal.5 The 

aforementioned tools bring approaches that take into account 

the thermodynamics of the crystallization process. The total 

lattice energy can be assessed experimentally by measuring 

the sublimation enthalpy6 or by using theoretical tools, such as 

computational calculation.7,8 An approach that considers the 
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energetic aspects as well as electrostatic and contact surface 

complementarity is highly desirable and can promote better 

understanding of the relationships between molecular 

structure and crystal packing and physical properties. Recently, 

we proposed an approach for the characterization of 

crystallization which considers the topological and energetic 

properties of crystal.9,10 According to this approach, the crystal 

should be analyzed as a lattice that grows from a 

supramolecular cluster. Considering a molecule (M1), the 

cluster is formed by Mn molecules in the first coordination 

sphere.  

In this context, the aim of this paper is to understand the 

crystal packing characteristics of compounds with weak 

electrostatic intermolecular interactions, using the 

supramolecular cluster approach. Additionally, we are 

proposing establishing the relationship between the 

topological and energetic properties of crystal and their 

thermodynamic and thermophysical characteristics. In order to 

conduct this investigation, a series of twelve pyrazolo[1,5-

a]pyrimidines was selected, due to the crystal packing of these 

molecule being governed by weak electrostatic interactions. 

Furthermore, to evaluate this relationship, experimental 

measurements such as sublimation enthalpy will be used in 

combination with surface parameters including topological, 

geometrical, and energetic data. 

Results and Discussion 

Compounds 1–12 are fused heterocycles, better known as 2,7-

disubstituted pyrazolo[1,5-a]pyrimidines. The numbering of 

the pyrazolo[1,5-a]pyrimidines studied in this work was 

established according to the variations in R3, R5, and R7, as 

shown in Figure 1. The compounds were grouped depending 

on the substituent in R7: for compounds 1–4, R7 = CCl3; for 

compounds 5–8, R7 = CF3; and for compounds 9–12, R7 = aryl / 

heteroaryl. All the pyrazolo[1,5-a]pyrimidines have one methyl 

group bound to a C2, as well as a trihalomethyl or an aryl 

group bound to a C7. Pyrimidine and pyrazole rings are almost 

in the same plane (gap of 3.6° and they are topologically 

planar). The fused system is aromatic and contains ten π-

electrons. An interesting characteristic of a π-electron system 

is that it contains a π-excessive ring (pyrazole) and a π-

deficient ring (pyrimidine). This complementarity of pyrazole 

and pyrimidine rings contributes to the promotion of π⋅⋅⋅π-

interactions. Additionally, some compounds contain halogen 

atoms in their structures; therefore, crystal packing is subject 

to halogen interactions. Finally, it is important to note that 

pyrazolo[1,5-a]pyrimidine compounds do not possess any 

other polar group that would be able to participate in classical 

hydrogen bonds.   

 

Supramolecular Cluster Approach  

In considering the supramolecular cluster approach, it is worth 

remembering that the supramolecular cluster of a crystal is formed 

by a given central molecule (M1) that is in contact with other Mn 

molecules and forms the first coordination sphere. In this manner, a 

molecular coordination number (MCN) can be determined. The 

MCN has already been proposed by Kitaigorodskii 11 as being the 

number of molecules having at least one point of contact with a 

given central molecule, which is achieved by applying the principle 

of close-packing organic crystals.11 The Voronoi-Dirichlet polyhedral 

(VDP) may be used to find the MCN. The VDP molecular concept 

was introduced by Fischer and Koch12 in order to find the number of 

neighboring molecules that are in contact with a given central 

molecule. A Russian research group has exploited this concept and 

has worked systematically to determine the MCN of the first 

molecular coordination sphere for a large number of organic 

molecules.5,13–17 In the same way, here we used VDP analyses to 

determine the number of neighboring molecules (MCN) in contact 

with the M1, as well as the contact area between the M1 and Mn 

molecules (CM1∙∙∙Mn). The VDP of the central M1 molecule was built 

for each of the compounds 1–12. Figure 2 shows the VDP18 

obtained for compound 1, as well as the Mn molecules in contact 

with M1, which form the supramolecular cluster. The first 

coordination sphere of the supramolecular cluster of compounds 1–

12 was obtained using the VDP analyses. The MCN values were: 14 

molecules for compounds 1–3, 5, and 8–12; 16 molecules for 

compound 4; and 18 molecules for compounds 6 and 7 (Table 2). 

 

Cmp. R3 R5 R7 Cmp. R3 R5 R7 
1 H Me CCl3 7 H C6H4-4-

Br 
CF3 

2 H Pr CCl3 8 H  Naphth-
2-yl 

CF3 

3 Br H CCl3 9 H H Ph  
4 Br Me CCl3 10 H  H C6H4-4-F 
5 H C6H4-4-

Me 
CF3 11 H H C6H4-4-

Br 
6 H C6H4-4-Cl CF3 12 H H Pyrid-2-

yl 

Figure 1. Structure of the pyrazolo[1,5-a]pyrimidines studied in this 

work. 

In accordance with supramolecular cluster approach, the 

conception of crystal stability necessarily passes through the 

determination of the amount of energy for M1 and each Mn 

molecule in the first coordination sphere of the cluster. 

Subsequently, the intermolecular interaction energies for the 

M1⋅⋅⋅Mn dimers were calculated from the difference between 

double the M1 (by itself) energy and the total energy of each of the 

M1⋅⋅⋅Mn dimers (i.e., M1⋅⋅⋅M2, M1⋅⋅⋅M3, …, M1⋅⋅⋅Mn). Thus, the energy 

resulting from the interaction between M1 and each Mn molecule of 

the cluster (GM1⋅⋅⋅Mn) was determined for all dimers [9]. The energy 

of M1⋅⋅⋅Mn (GM1∙∙∙Mn) and the contact surface of M1⋅⋅⋅Mn (CM1∙∙∙Mn) 

were calculated for each dimer of the clusters of compounds 1–12 

using quantum mechanical calculations. The results for compound 1 

are given in Table 1, and the results for compounds 2-12 are given 
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in the Supplementary Information. From the CM1⋅⋅⋅Mn and GM1⋅⋅⋅Mn 

data (Table 1) it was possible to establish a relationship between: 

the contact area of each Mn molecule (that is part of the first 

coordination sphere) and the central molecule M1, and the 

interaction energy of the corresponding M1⋅⋅⋅Mn dimer that is part 

of the cluster in the first coordination sphere. The data for 

compounds 1–12 were used and the correlation is shown in Figure 

3. The plot shows that the larger the contact surface, the larger the 

dimer stabilization energy (more negative energy). The correlation 

between CM1⋅⋅⋅Mn and GM1⋅⋅⋅Mn for each compound resulted in 

correlation coefficients ranging from 0.95 to 0.99 — the overall 

correlation observed for all the dimers of compounds 1–12 was 

0.92. Therefore, it can be seen that the hypothesis proposed by 

Blatov et al. 5 was confirmed — it considers that the strength of 

intermolecular interactions is directly related to the contact surface 

between the molecules in the crystal. Considering the linear 

behavior of the compounds evaluated in this study, the linear 

equation obtained from the plot of all compounds (shown in Figure 

3) can be used to predict the energy content in dimers of other 

similar compounds. 

The total energy (Gcluster) and contact surface (Ccluster) of the 

supramolecular cluster is obtained from the sum of the energies 

and the sum of the contact surfaces of all dimers, respectively. 9 

 

  

 

 
 

 

Figure 2. (a) VDP of M1 and supramolecular cluster for compound 1; (b) Detail of contact surface (CM1∙∙∙M4) for the M1∙∙∙M4 of compound 1. 

 

Table 1. Energy and the contact surface of M1∙∙∙Mn (CM1∙∙∙Mn) for 

compound 1. 

Dimer GM1∙∙∙Mn
 (kcal⋅mol-1) a CM1∙∙∙Mn

  (Å2) b 

M1∙∙∙M2 -0.60 10.29 

M1∙∙∙M3 -0.84 10.69 

M1∙∙∙M4 -2.13 14.15 

M1∙∙∙M5 -0.60 10.29 

M1∙∙∙M6 -2.13 14.15 

M1∙∙∙M7 -0.84 10.69 

M1∙∙∙M8 -0.79 4.16 

M1∙∙∙M9 -0.74 8.63 

M1∙∙∙M10 -3.34 31.76 

M1∙∙∙M11 -3.48 34.65 

M1∙∙∙M12 -0.59 2.76 

M1∙∙∙M13 -0.61 2.76 

M1∙∙∙M14 -8.82 62.25 

M1∙∙∙M15 -8.82 62.25 
aDetermined using the equation G��∙∙∙�� � �2 ∙ E��	 � E��∙∙∙���

 9. 
bDetermined using TOPOS®15. 
 

 

 

The Gcluster/Ccluster ratio provides the average stabilization energy 

distributed over the molecule in a homogeneous manner, which 

shows how the M1 molecule would appear if it had its interaction 

energy homogeneously distributed over its surface. The 

Gcluster/Ccluster values for compounds 1–12 are given in Table 2 and 

they range from -0.10 to -0.16 kcal mol-1 Å-2. Similar Gcluster/Ccluster 

values were found for compounds 1–7 which contain trihalomethyl 

groups at the 7-position of the pyrazolo[1,5-a]pyrimidines, as well 

as hydrogen, alkyl, or aryl substituents at the 5-position of the fused 

ring. Higher values were found for compounds 9–12 which have aryl 

groups at the 7-position and no substituents at the 5-position of the 

pyrazolo[1,5-a]pyrimidine. It was observed that compounds 1–4 

have little Gcluster stabilization energy and small Ccluster values, while 

for compounds 5–8 the Gcluster stabilization energy and Ccluster 

increase. The balance between these two parameters in both 

groups resulted in similar Gcluster/Ccluster values. Different behavior 

was verified for compounds 9–12, in which Gcluster stabilization 

energy increases and the Ccluster value decreases, leading to higher 

Gcluster/Ccluster values. Compound 8 is structurally similar to 

compounds 1–7, but its Gcluster/Ccluster value is similar to compounds 

9–12. The Gcluster and Ccluster values for compound 8 are the highest 

in comparison with the other compounds; however, the Gcluster 

increment was more expressive than for the Ccluster. The high 

increment in the energy value of compound 8 is probably due to the 

M1 
M2 

M3 

M4 

M5 

M6 

M7 

M8 M9 

M10 

M11 

M12 

M14 M15 

M1 

M4 
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presence of the naphth-2-yl group at the 5-position of the fused 

ring. The naphth-2-yl group introduces a π⋅⋅⋅π interaction with 14.5 

kcal mol-1 (dimer M1⋅⋅⋅M14 and M1⋅⋅⋅M15), which is about twice the 

energy of the same dimers in the other compounds with a π⋅⋅⋅π 

interaction. 

 

Figure 3. Correlation between interaction energy and contact area 

for the molecules that are part of the cluster in the first 

coordination sphere of compounds 1–12.  

 

Table 2. MCNa, cluster energy (Gcluster)
b, and cluster contact 

surface (Ccluster)
c for the supramolecular clusters. 

Compd MCN 

Gcluster 

(kcal∙mol-1) 

Ccluster
 

(Å2) 

Gcluster /Ccluster 

(kcal∙mol-1∙Å-2) 

1 14 -34.32 279.48 -0.12 

2 14 -33.51 337.30 -0.10 

3 14 -34.88 288.08 -0.12 

4 16 -35.08 314.48 -0.11 

5 14 -40.26 350.75 -0.11 

6 18 -40.34 347.00 -0.12 

7 18 -43.16 350.41 -0.12 

8 14 -53.12 378.54 -0.14 

9 14 -41.86 282.37 -0.15 

10 14 -42.60 283.50 -0.15 

11 14 -42.76 295.24 -0.14 

12 14 -41.72 264.38 -0.16 
 a The molecular coordination number (MCN) is the number of 
molecules in the supramolecular cluster formed by the first molecular 
coordination sphere. b Determined using the equation G
������ 	�

∑ �G��∙∙∙���.�
9 cDetermined using the equation	C
������ 	�

∑ �C��∙∙∙���� .
9 

 

In order to ascertain the energetic contribution of each dimer for 

cluster stabilization, the normalized energy (NGM1⋅⋅⋅Mn) and the 

normalized contact surface (NCM1⋅⋅⋅Mn) have to be determined. 9. The 

strength of the interaction between M1 and any Mn molecule can 

be estimated based on the NGM1⋅⋅⋅Mn and NCM1⋅⋅⋅Mn. From the NGM1∙∙∙Mn 

and NCM1∙∙∙Mn parameters, the intermolecular interactions were 

divided into four types:9 (I) represents a molecular dimer with high 

interaction energy on a small contact surface (e.g., hydrogen 

bonds); (II) involves high interaction energy on a large contact 

surface (e.g., π⋅⋅⋅π-interactions); (III) involves little interaction 

energy and contact surfaces with a maximum difference of ±0.5 

between the two parameters; and (IV) is a contribution based on 

contact surfaces with little interaction energy. From this point of 

view, compounds 1–12 were analyzed. The NGM1∙∙∙Mn and NCM1∙∙∙Mn 

parameters for each dimer of compound 1 are shown in Table 3. 

The same data for compounds 2–12 are given in the Supplementary 

Information. 

 

Table 3. The normalized interaction energy (NGM1∙∙∙Mn), the 
normalized contact surface (NCM1∙∙∙Mn), and the interaction 
type for the supramolecular cluster of compound 1. 

Dimer NGa
 NCb

 Interaction type 

M1∙∙∙M2 0.24 0.52 III 

M1∙∙∙M3 0.34 0.54 III 

M1∙∙∙M4 0.87 0.71 III 

M1∙∙∙M5 0.24 0.52 III 

M1∙∙∙M6 0.87 0.71 III 

M1∙∙∙M7 0.34 0.54 III 

M1∙∙∙M8 0.32 0.21 III 

M1∙∙∙M9 0.30 0.43 III 

M1∙∙∙M10 1.36 1.59 III 

M1∙∙∙M11 1.42 1.74 III 

M1∙∙∙M12 0.24 0.14 III 

M1∙∙∙M13 0.25 0.14 III 

M1∙∙∙M14 3.60 3.12 II 

M1∙∙∙M15 3.60 3.12 II 
aDetermined using the equation NGM1∙∙∙Mn = MCN �

��������

���� !"#
. 

bDetermined using the equation NCM1∙∙∙Mn = MCN �
$�������

$��� !"#
. 

 

Interaction type II has the highest stabilization energy in the 

supramolecular cluster for these compounds. These 

interactions represent dimers that have direct contact with 

molecules above and below the M1 plane (Figure 4a). These 

results, combined with the contact surface data, suggest that 

crystallization is driven by the type II interaction, and they also 

demonstrate the importance of π-stacking interactions in the 

crystal packing of pyrazolo[1,5-a]pyrimidines. Furthermore, it 

can be assumed that the π⋅⋅⋅π interaction may be as 

responsible as other interactions for driving the crystal packing 

of compounds with weak electrostatic intermolecular 

interactions. In other words, in terms of energy, π⋅⋅⋅π 

interaction can be as strong as hydrogen bonds. Type III 

interactions are predominant in the crystal packing of 

compounds 1–12 but are lees important because they mainly 

occur due to the complementarity of surfaces (Figures 4b and 

4c). 
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(a)  

 

 (b)  

 

 

 (c)  

Figure 4. (a) Type II interactions in dimer M1⋅⋅⋅M14 (1); (b) Type III interactions in dimer M1⋅⋅⋅M3 (1); and (c) Type IV interactions in 

dimer M1⋅⋅⋅M12 (7). 

 

Sublimation enthalpy (ΔHsub) is a thermochemical quantity that 

represents a macroscopic measure of the magnitude of 

intermolecular interaction energy in a solid and, therefore, the 

stability of the crystal structure. In other words, it represents the 

energy required to break up the solid state and convert the system 

into the gaseous phase. Thus, from experimental determination, it 

is possible to quantify the energy contained in the intermolecular 

interactions in the crystal structure, which is essential for a suitable 

characterization of crystalline materials.19 The main goal of 

determining sublimation enthalpy is to correlate this value with the 

energetic content of the supramolecular cluster and show that the 

microrepresentation of molecular crystal (supramolecular cluster) 

reflects the macro properties (i.e., sublimation enthalpy). 

Experimentally, ΔHsub can be obtained from the sum of vaporization 

enthalpy ΔHvap(298 K) and fusion enthalpy ΔHfus(298K) (Equation 1). 

  
∆H��'�298	K� � 	∆H+,-�298	K�	.	∆H/���298	K�                      (1)                                                   

 

In this work, gas chromatography was used to measure 

vaporization enthalpy (ΔHvap(298 K)) in accordance with the 

method that was proposed by Peacock and Fuchs 20–25 and 

modified by Chickos et al. 26–28. The pyrazolo[1,5-a]pyrimidines 1, 5, 

6, 7, 9, 12, and 13 were chosen for this study and there were at 

least two compounds in each of the groups formed according to 

the substituent in R7: compounds 1 and 13 with R7 = CCl3; 

compounds 5, 6, and 7 with R7 = CF3; and compounds 9 and 12 with 

R7 = aryl / heteroaryl. The experimental fusion enthalpy was 

determined by differential scanning calorimetry (DSC) and the 

results were adjusted as a function of a temperature of 298 K 

(ΔHfus(298K)), according to the protocol developed by Chickos et al.  

 
26–28 . The results of ΔHfus(298K), ΔHvap(298K), and ΔHsub (298K) for 

pyrazolo[1,5-a]pyrimidines are shown in Table 4. 

 

Table 4. Thermodynamic and thermophysic data for compounds 1, 

5-7, 9, 12, and 13. 

Comp. 
ΔHfus (298K) 

(kcal∙mol-1)a 

ΔHvap (298K) 

(kcal∙mol-1)b 

ΔHsub(298K) 

(kcal∙mol-1)c 

ΔSsub (298K) 

(kcal∙mol-1) 

1 3.71 23.23 26.94 0.09 

5 5.22 26.68 31.89 0.11 

6 5.58 27.16 32.75 0.11 

7 5.42 28.09 33.51 0.11 

9 4.36 25.33 29.69 0.10 

12 3.98 25.39 29.38 0.10 

13
d
 1.94 21.77 23.70 0.08 

aDetermined from DSC and adjusted according to the protocol developed 
by Chickos et al. 26–28; bDetermined using correlation gas chromatography; 
cDetermined using Equation 1; dCompound 13 was included only here, 
because other data for it (excluding fusion enthalpy) has already been 
published. 9 

 

Considering that sublimation enthalpy represents the energy of 

crystal lattice, it is reasonable to expect a good correlation with the 

Gcluster energy. In 1999, Osborn and York 29 used force fields to 

perform a correlation between sublimation enthalpy and lattice 

energy, and they determined that the Gavezzotti force field 

presents a better level of agreement. The authors were interested 

in predicting polymorphism and did not provide the correlation 

coefficient and linear equation resulting from the correlation. 

 

 

M1 

M14 

M1 

M3 

M1 

M12 
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Figure 5. Correlation between sublimation enthalpy and Gcluster for 

compounds 1, 5, 6, 7, 9, 12, and 13.  
 

In this study, the cluster energy (determined using quantum 

mechanical calculations) gave a good correlation (r = 0.91) with 

sublimation enthalpy (Figure 5). These results indicate that the 

Gcluster determined using quantum mechanical calculations provides 

a good estimation of the real energetic content. The angular 

coefficient of the linear equation is negative because the 

sublimation enthalpy has positive energy values (it is an 

endothermic process) and the cluster energy has a negative value 

(it represents the difference in the molecule’s energetic content in 

the cluster in relation to the isolated molecule). Thus, the inversely 

proportional relationship is expected because the more negative 

values of the stabilization energy (GCluster), the more positive the 

sublimation enthalpy values, so that the energy in the crystal lattice 

is correctly represented by the amount of sublimation enthalpy. 

The high correlation coefficient found for compounds 1, 5, 6, 7, 9, 

12, and 13 confirms the hypothesis that the first coordination 

sphere is the smallest portion of the crystal that presents all the 

necessary information (energetic content and contact surfaces) for 

understanding the intermolecular interactions of the entire crystal 

system. It is necessary to cite here the important work performed 

by Perlovich et al.30–35 in which the determination of sublimation 

thermodynamics and its correlation with certain crystal properties, 

such as van der Waals volume (VvdW) and calculated density (Dcalc), 

was performed. The authors state that in order to reveal the effect 

of molecular topology on crystal package architecture and 

thermodynamic characteristics, it is necessary to analyze the Dcalc. 

Moreover, the authors argue that Dcalc is an entropic characteristic 

of a crystal, thus it should be correlated with the sublimation 

entropy terms. They established correlations between crystal lattice 

energy (Gavezzotti’s field 36) and the ratio of the free volume per 

molecule (Vfree) and VvdW (Vfree/VvdW), and fusion enthalpy and the 

melting point of organic compounds. The Vfree was better 

investigated by Perlovich et al. 30–35 because the authors believed 

that this parameter may be involved in the sublimation mechanism 

of molecular crystals, and they considered the Vfree/VvdW ratio to be 

the molecular packing density. Perlovich et al. 30–35 obtained more 

success for some correlations and less success for others. 

Therefore, in this paper, we propose other correlations to assist the 

understanding of crystal packing, by exploring the interrelations 

between thermodynamic (sublimation) and thermophysical (fusion) 

characteristics, and crystal architecture parameters. For this, we 

focus on the existence of “voids” in the molecular crystals. “Voids” 

refer to the existence of void spaces between the molecules. From 

this, the “packing coefficient” can be defined as the ratio of 

molecular volume to cell volume.37 Turner et al.38 proposed a 

simple approach for mapping void space, using the procrystal 

isosurface in Crystal Explorer software.39 They showed how to 

obtain the cell volume (Vc) and void volume (Vv). Through use of 

these data we proposed the determination of crystal packing 

efficiency (CPE), using Equation 2. 

 

012 �
3�456

5�
	             (2) 

The CPE represents an estimation of molecules that are occupying 

the unity cell, as well as giving an idea of how close the molecules 

are in the unity cell — the closer they are, the more efficient the 

packing. The CPE values determined for compounds 1–12 ranged 

between 0.87 and 0.93. Compounds 1–8 had very similar CPE 

values, ranging between 0.87 and 0.89, while the values for 

compounds 9–12 were between 0.92 and 0.93. Considering that 

more efficient crystal packing will result in more energy per contact 

surface, it is reasonable to expect a relationship between CPE and 

Gcluster/Ccluster energy. When these two parameters were plotted, the 

correlation expected for the twelve pyrazolo[1,5-a]pyrimidines 

studied could be seen (Figure 6a). Another geometric parameter 

that may be related to CPE is the surface area per unit volume. This 

measurement is an important factor for molecular approximation in 

a crystallization process. Compounds with a large surface to volume 

ratio are much more likely to have good packing. Considering the 

importance of topological parameters driving the crystal packing, 

molecules will be forced to increase their contact areas in order to 

reduce voids between other molecules. The plot for this correlation 

is shown in Figure 6b. For compounds 1–13 there is a good 

coefficient correlation of R = 0.91 for the correlation between the 

CPE and the surface to volume ratio. This correlation is evidence 

that topology (contact surface) is an important factor driving the 

crystal growth of organic compounds, in which strong electrostatic 

interactions are absent. Other relationships for the topology 

properties and thermodynamic characteristics of crystal were 

investigated (e.g., sublimation entropy terms versus CPE and void 

volume), but no correlations were detected. However, when we 

look at some structural aspects of compounds, some interesting 

relationships can be observed after plotting the sublimation 

entropy terms versus CPE. The substitution of an H with an Me 

group at the 5-position of the fused ring results in a decrease in CPE 

and an increase in the sublimation entropy terms. Similar behavior 

was observed when the chlorine atom was substituted with a 

bromine in the aryl group attached at the 5-position of the fused 

ring, and when pyridin-2-yl was substituted with phenyl. However, 

it is difficult to attribute the increase in entropy solely to the 
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increase in CPE. Additionally, the molecular mass effect may also be 

associated with these relationships. The correlation between Dcalc 

and the sublimation entropy terms for some compounds was 

determined by Perlovich et al.30–35 However, the 

pyrazolopyrimidines investigated here did not display this 

correlation. This result is reasonable, because Dcalc takes into 

account the molecular weight and its variations and does not 

represent the properties of crystal packing. Furthermore, a 

correlation between Dcalc and CPE was not found, thus confirming 

that these measurements represent different properties of crystal 

packing and are not correlated. The relationships of the packing 

features and molecular structure, as well as the strength and the 

nature of intermolecular interactions with melting point, were 

determined and, in general, correlation was observed. These 

relationships were determined by considering that the variation in 

the melting point between organic molecules with very similar 

structure (and molecular weight) is due to the different crystal 

packing of molecules.40–47 Recently, the Hirschfield surface has been 

used to extend this correlation, because it is considered to be a 

quantitative measurement of intermolecular interactions and 

correlates these data with melting points.48,49 

Conclusions  

In summary, the results show that for compounds with weak 

electrostatic intermolecular interactions, the energetic content of 

the interaction is associated with the contact surface. The crystal 

packing of the studied compounds is mainly governed by 

interactions involving high interaction energy over a large contact 

surface. These results show that the π⋅⋅⋅π interaction can drive the 

crystal packing of compounds with weak electrostatic 

intermolecular interactions. The energy of this interaction showed 

that, it is as strong as hydrogen bonds. This interaction has been 

shown to be essential to stabilize and drive the crystal packing of 

organic molecules50 as well as more complex systems such as 

polymers51 and proteins.52 The supramolecular approach also led to 

the observation that crystallization can be governed by the 

complementarity of surfaces. Thus, the results described here 

corroborate with the hypothesis that the contact surface between 

the molecules leads to the approximation of molecules during 

crystallization and it may be the driving force for the crystalline 

arrangement of pyrazolo[1,5-a]pyrimidines. Furthermore, the 

correlation between sublimation enthalpy and cluster energy 

revealed that the theoretical calculation of cluster energy provides 

a real estimation of the energetic content of crystal lattice energy 

and confirmed that the first coordination sphere (supramolecular 

cluster) is the smallest portion of the crystal that represents all 

necessary information for understanding the intermolecular 

interaction in the entire crystal. This hypothesis was suggested in 

our recent work 9 and has been used and improved in this paper. 

Experimental  

Synthesis 

The synthesis and complete 1H and 13C NMR data, mass 

spectrometric data, and elemental analysis of compounds 1–13 are 

available in the literature.52,53 The crystals of 7 and 9 were obtained 

by solubilization in 5 mL of a mixture of ethanol and dimethyl 

sulfoxide, at a ratio of 6:4, followed by slow evaporation at 25 °C.  

 

X-ray diffraction data 

The diffraction measurements were done using graphite 

monochromatized Mo Ka radiation with k = 0.71073 Å, on a Bruker 

SMART CCD diffractometer.54 The structures were solved with 

direct methods using the SHELXS program, and refined on F2 by full-

matrix least-squares with the SHELXL package.55 Absorption 

correction was performed by the Gaussian method.56 Anisotropic 

displacement parameters for non-hydrogen atoms were applied. 

The hydrogen atoms were placed at calculated positions with 0.96 

(methyl CH3), 0.97 (methylene CH2), 0.98 (methyne CH), 0.93 

(aromatic CH), and 0.82 Å (OH), using a riding model. Hydrogen 

isotropic thermal parameters were kept equal to Uiso(H) = xUeq 

(carrier C atom), with x = 1.5 for methyl groups and x = 1.2 for all 

others. The valence angles C–C–H and H–C–H of the methyl groups 

were set to 109.5°, and H atoms were allowed to rotate around the 

C–C bond.  

 

Computational calculations 

The intermolecular interaction energies in the supramolecular 

clusters of compounds 1–13 were determined by single point 

calculations (without optimization of molecular geometry) 

performed with geometries obtained from X-ray diffraction. All 

quantum mechanical calculations were performed with the aid of 

the Gaussian© 09 software package.57 To obtain the interaction 

energy between each M1⋅⋅⋅Mn dimer, second-order Moller-Plesset 

(MP2) perturbation theory was used with a level of theory of 

MP2/cc-PVDZ. The counterpoise method of Boys and Bernardi 58 

was employed to minimize the basis set superposition error (BSSE). 

 

Voronoi-Dirichlet polyhedron (VDP) 

The molecular Voronoi-Dirichlet Polyhedron (VDP) concept was 

introduced in order to find the number of neighboring molecules 

that have contact with a given central molecule. This introduced the 

idea that the face of the molecular VDP is a set of atomic VDP faces 

corresponding to the adjacent contacts between the atoms of two 

molecules. From this it was established that the area of the face of 

a VDP corresponds to a molecular M1⋅⋅⋅Mn, and its contact area is 

determined by the strength of molecular interactions. This concept 

was proposed by Blatov et al. 13–18 

 

 

 

Page 7 of 10 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

 

(a) (b) 

Figure 6. (a) Correlation between Gcluster/Ccluster and CPE for compounds 1–12.; (b) Correlation between CPE and surface-to-volume ratio for 

compounds 1–12.  

 

Differential scanning calorimetry (DSC) 

The DSC experiments were performed using a MDSC Q2000 (T-

zeroTM DSC technology, TA Instruments Inc., USA). Dry, high purity 

(99.999 %) nitrogen gas was used as the purge gas (50 mL min-1). 

The heating rate used for all the samples was 10 °C min-1. Samples 

were crimped in hermetic aluminum pans with lids. The sample 

mass was weighed on a Sartorius M 500 P to an accuracy of ± 0.001 

mg.  

 

Gas chromatographic studies 

All compounds used in the study were obtained from Aldrich 

Chemical Co. and used as purchased. CGC experiments were 

performed on a HP 5890 Gas Chromatograph equipped with a flame 

ionization detector and run at a split ratio of approximately 100/1. 

Retention times were recorded on a HP Chemstation. The 

compounds were run isothermally, either on a J&W 0.25 mm, 30 m 

DB5MS column, or a Restek 0.5 mm, 30 m RTX-5 column. While 

transfer enthalpies do depend on the nature of the column used, 

the results following the correlation remain independent of the 

nature of the column within the reproducibility of the results. 

Column temperatures were controlled by the gas chromatograph 

and were monitored independently by using a Fluke digital 

thermometer. The temperature of the gas chromatograph was kept 

constant, to an accuracy of 0.1 K. Helium was used as the carrier 

gas. 
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Graphical Abstract 

 

 

Relationship between energetic and topological properties of crystal with weak 

electrostatic intermolecular interactions and thermodynamic date are presented. 
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