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Abstract 

We present an experimental and computational study of solid solution formation between 

structurally highly similar active pharmaceutical ingredients droperidol and benperidol in 

nonsolvates, dihydrates, and several solvates formed by these compounds. We demonstrate that 

the formation of solid solutions strongly depends on the crystal structure of the phase. In part of 

the structures almost complete replacement of benperidol with droperidol can be achieved, 

whereas in other structures the replacement is possible only up to a limited molar ratio. However, 

only limited replacement of droperidol with benperidol can be achieved and only in part of the 

structures. The solid solution formation is primarily determined by the change of intermolecular 

interaction energy resulted by the molecule replacement. Experimentally only structures where 

molecule replacement allows formation of efficient intermolecular interactions can be obtained. 

The results indicate that energetic requirements of intermolecular interaction changes to obtain 

solid solutions in nonsolvated phase are less strict than that for solvates. 
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1. Introduction 

Crystal engineering includes developing approaches and tools allowing use of the already 

characterized crystals to predict formation of unknown crystal structures and their properties1. 

Approaches allowing prediction of formation of crystal structures of organic materials include 

evaluation of intermolecular interaction complementarity and preferences, with most specific 

being hydrogen bonds2,3 and halogen bonds4,5, and use of knowledge-based approaches. 

Knowledge-based approaches are often based on data in Cambridge Structure Database (CSD), 

such as hydrogen-bond propensity6–8 and non-bonded intermolecular interactions for a wide range 

of chemical groups available in IsoStar database9 or use mining the CSD for more specific 

information10–13. Also, computational tools have been developed for predicting formation of 

specific phases14–16 or crystal structures in general17–19. Crystal engineering approaches have been 

used to design and tune important physical properties of crystals, such as solubility20,21, optical22 

and mechanical properties23, melting point24 etc. 

Crystal engineering has been used to successfully design the strong intermolecular interactions 

in the solid state8,25,26, but a belief that crystal structures can now be easily designed is overly 

optimistic, as often only the dominant supramolecular synthons are designed and part of the 

success lie in exploitation of limited number of functional groups having notably different 

properties26–28. For example, it has been shown29,30 that in case of competing interactions, 

successful prediction is highly challenging or impossible. Moreover, weak intermolecular 

interactions, their contribution to the stability of the crystal structure and effect of slight alteration 

of such interactions is even harder to be predicted and estimated31–33. However, polymorph 

structures often are a result of an interplay of weak intermolecular interactions and conformation, 

while strong interactions could be unaltered34–36. The rationalization of interactions in multi-

component phases is often even more challenging, and the propensity of a compound to form 
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solvates and co-crystals in general cannot be reliably predicted. Nevertheless, factors responsible 

for solvate formation for specific compounds have been identified37–41, and there are strategies for 

prediction of formation of a multi-component phases for defined compounds42–44. 

Weak intermolecular interactions are very important in formation of molecular solid solutions. 

The main requirement for formation of solid solution clearly is the miscibility of the components 

in the solid state45. This depends on two related concepts – structural mimicry46,47 and crystal 

isomorphism48,49. It has long been demonstrated that primarily the size and shape of the entities 

have to be similar for a molecule replacement in the crystal lattice and formation of solid 

solution50–52, provided the replacement do not break the intermolecular hydrogen bonding network 

and limitations regarding the dipole moment are followed52. The weak intermolecular interactions, 

however, are often weak enough so that their alteration will not exclusively prevent formation of 

solid solutions, but important enough to determine the replacement possibilities53. Nevertheless, it 

is reported that solid solutions between similar molecules can be obtained if the exchanged atoms 

or groups are not involved in energetically notable directional or electrostatic interaction45,53–56. 

Overall, the studies of whether replacement of relatively similar functional groups of organic 

molecules would allow formation of either isostructural phases57 or solid solutions58 have gained 

increased attention as a tool to develop or test the rules of crystal engineering59,60. Moreover, solid 

solutions can be used to modify and fine tune various properties of crystals48,61, including 

solubility62,63, optical properties64,65 etc. 

In this study we explored the solid solution formation between two drug molecules: droperidol, 

1-{1-[4-(4-fluorophenyl)-4-oxobutyl]-1,2,3,6-tetrahydro-4-pyridyl}-1,3-dihydro-2H-

benzimidazol-2-one (Figure 1a), and benperidol, 1-{1-[4-(4-fluorophenyl)-4-oxobutyl]piperidin-

4-yl}-1,3-dihydro-2H-benzimidazol-2-one (Figure 1b). Molecular structures of both compounds 
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are very similar, and the difference is in the C8-C9 bond, which is saturated in benperidol and 

therefore is a part of a piperidine moiety, whereas unsaturated and a part of a 1,2,3,6-

tetrahydropyridine moiety in droperidol. 

  

Figure 1. Molecular structure of (a) droperidol and (b) benperidol with the numbering of 

nonhydrogen atoms and labelling of flexible torsion angles. 

The solid form landscapes of both compounds have been explored66,67. Droperidol forms four 

polymorphs (in ambient crystallization DII is obtained) and eleven solvates, including a set of 

isostructural solvates (among them methanol solvate DSMeOH, ethanol solvate DSEtOH, acetonitrile 

solvate DSACN and nonstoichiometric hydrate DNSH) and a dihydrate DDH. Benperidol forms five 

polymorphs (in ambient crystallization BI and BII are obtained) and eleven solvates, including two 

sets of isostructural solvates (among them type 1 solvates with methanol BSMeOH and ethanol 

BSEtOH and type 2 solvate with acetonitrile BSACN) and a dihydrate BDH. 

A possibility for formation of isostructural phases among these compounds has been studied by 

concluding that in conventional crystallization no isostructural phase between both compounds are 

obtained, but some are accessible via cross-seeding57. Unique structures for each of the compounds 

are attributed to differences of the weak intermolecular interactions introduced by the molecular 

differences. 

In this study the formation of solid solutions between droperidol and benperidol has been 

explored by comparing the formation of solid solutions in nonsolvated forms as well as in several 

solvates of these compounds. Computational calculations were performed to get an insight in the 
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factors responsible for the differences of droperidol and benperidol solubility limits in several 

different phases formed by the other molecule and to evaluate the effects of intermolecular 

interactions in leading to the observed solubility differences. 

2. Experimental section 

2.1. Materials 

Benperidol polymorph BI (purity >99%) and droperidol polymorph DII (purity >99%) were 

obtained from JSC Grindeks (Riga, Latvia). Organic solvents of analytical grade were purchased 

from commercial sources and used without further purification. 

2.2. Crystal phase preparation 

Solid solution (SS) formation was tested by recrystallization of benperidol and droperidol 

mixtures (in different ratios from 5 to 95 mol% benperidol). Nonsolvated droperidol and 

benperidol phases were prepared by dissolving a mixture of droperidol and benperidol in 

isopropanol at 70°C (obtaining nearly saturated solution) and rapidly cooling the solution to –5°C. 

Droperidol and benperidol dihydrate samples were obtained by dissolving a mixture of droperidol 

and benperidol in acetone at 50°C (obtaining nearly saturated solution), slowly adding a similar 

volume of water, and storing the resulting mixtures at 5°C. Droperidol and benperidol ethanol, 

methanol and acetonitrile solvates samples were obtained by dissolving a mixture of droperidol 

and benperidol in the respective solvent at 60-70°C (obtaining nearly saturated solution) and 

rapidly cooling the solution to –5°C. More details of the crystallization experiments can be found 

in Table S1, Supporting Information. 

The obtained solvated samples (containing either pure solid solution or a mixture of solid 

solutions in case of limited solubility) were desolvated by heating at 80°C (ethanol solvate and 
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dihydrate samples) or 120°C (methanol and acetonitrile solvate samples) to test the phase obtained 

after the desolvation. 

2.3. Powder x-ray diffraction (PXRD) 

All of the obtained crystallization products were characterized by PXRD. The PXRD patterns 

were measured at ambient temperature on a D8 Advance (Bruker) diffractometer using copper 

radiation (CuKα) at the wavelength of 1.54180 Å, equipped with a LynxEye position sensitive 

detector. The tube voltage and current were set to 40 kV and 40 mA. The divergence slit was set 

at 0.6 mm and the anti-scatter slit was set at 8.0 mm. The diffraction patterns were recorded using 

a 0.2 s/0.02° scanning speed from 3° to 35° on 2θ scale. 

2.4. Differential scanning calorimetry/thermogravimetry (DSC/TG) 

The differential scanning calorimetry/thermogravimetry (DSC/TG) analysis was performed with 

TGA/DSC 2 (Mettler Toledo). Open 100 µL aluminum pans were used. Heating of the samples 

from 25 to 240°C was performed at a 10°C min–1 heating rate. Samples of 5 to 10 mg mass were 

used, and the nitrogen flow rate was 100 ± 10 mL min–1. 

2.5. Nuclear magnetic resonance (NMR) spectroscopy 

1H NMR spectra of pure benperidol and droperidol and most of the crystallization products 

dissolved in DMSO-d6 were recorded at a nominal temperature of 300 K with a Fourier 300 MHz 

(Bruker) spectrometer. Chemical shifts (δ) were found in parts per million (ppm) using the residual 

solvent peak as an internal reference. For quantitative determination of each compound in the 

mixture 1H-NMR area of peaks at 10.82 (1H, s), 1.56 (2H, q) and 1.52 (2H, t) ppm were used for 

benperidol and at 10.90 (1H, s), 5.81 (1H, t) and 2.64 (2H, t) ppm for droperidol. 
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2.6. Theoretical calculations 

Theoretical calculations were performed for three sets of crystal structures as in our previous 

study68. The first set (Original) was experimental crystal structures of droperidol and benperidol 

polymorphs and solvates, and included droperidol polymorph DII GIXXOB69, dihydrate DDH 

DRPRDL70 and solvates DSEtOH XOKKEP, DSMeOH XOKLAM and DSACN XOKJUE66 as well as 

benperidol polymorph BII BENPRL02, dihydrate BDH DUJPAB and solvates BSEtOH DUJXAJ, 

BSMeOH UHIZAO and BSACN DUJXIR67. As the solvent molecules in DSEtOH and DSMeOH are 

disordered over two orientations related by inversion symmetry66, the starting geometries of 

DSEtOH and DSMeOH without disorder were prepared in P1 symmetry by discarding one of the 

solvent molecule’s orientation. The second set (Isostructural) was structures in which all the 

molecules of the original compound (e.g., benperidol) were replaced with molecules of the other 

compound (e.g., droperidol), see Figure 2. The third set (Substituted) was structures for which 

symmetry was removed, unit cell size was set to Z = 4 (Z = 6 for BII) and one molecule of the 

original compound out of 4 (or out of 6 for BII) was exchanged to the molecule of the other 

compound, see Figure 2. For droperidol DSEtOH, DSMeOH, and DSACN, as well as benperidol BSACN 

this meant doubling the unit cell volume, and for structures with Z’=2 or Z’=3 separate structures, 

designated with A, B and C, were obtained by substitution of each of the symmetrically unique 

molecule. In preparation of isostructural and substituted structures conversion of benperidol to 

droperidol always resulted in two sets of structures with different location of the double bound C8-

C9. Among these two alternatives only the structure with the lowest energy after the geometry 

optimization in Quantum ESPRESSO, see below, was considered and analyzed. 
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Figure 2. A schematic representation of construction of substituted and isostructural structures 

from the original structures used for the calculations. The upper part shows the construction of 

substituted and isostructural structures from an original benperidol structure, the lower part – 

construction of the two different possible substituted structures A and B involving doubling the 

unit cell size and the isostructural structure from an original droperidol structure with Z’=2. 

Calculation of total cell energy and total intermolecular interaction energy of all the structures 

was performed using Quantum ESPRESSO71 after relaxation of positions of all atoms and the unit 

cell parameters, with ultra-soft pseudopotentials from the original pseudopotential library and a 

44 Ry plane-wave cut-off energy using PBE functional with vdW interactions treated according to 

the D2 method of Grimme72. The parameters of convergence, pseudopotentials and the k-point 

grid were used as suggested for structure optimizations of pharmaceutical molecules73. Energy of 

isolated molecules for calculation of total intermolecular interaction was calculated by extracting 

a single molecule from the optimized crystal structure and placing it inside a cubic unit cell with 

dimensions 40 × 40 × 40 Å. Total intermolecular interaction energy was calculated as the 

difference between the total cell energy and sum of all the energies of isolated molecules present 

in the unit cell. 
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Pairwise intermolecular interaction energy calculations for all the structures were performed in 

CrystalExplorer 17.5 at the B3LYP/6-31G(d,p) level by calculating the pairwise interaction 

energies for molecules for which atoms are within 3.80 Å of the central molecule. Crystal 

structures were used after the geometry optimization in Quantum ESPRESSO. 

The calculations of intramolecular energy were performed in Gaussian 0974 at the M06-2X/6-

31++G(d,p) level of theory. The potential energy surface scans of the flexible torsion angles57 were 

used to determined the potential energy minimum conformations. These conformations were 

geometry optimized and energy of the global minimum was found for both molecules. Further 

benperidol and droperidol geometry was extracted from all the considered structures (after 

geometry optimization in Quantum ESPRESSO) and constrained geometry optimization was 

performed using Gaussian 09 by freezing the torsion angles τ1, τ2 and τ4 to the values as in the 

crystal structures. Intramolecular energy was calculated as the energy difference between the 

constrained and the global minimum geometry. 

2.7. Crystal Structure Comparison and Analysis 

Mercury 2020.2.0 software75 was used for crystal structure visualization and analysis, including 

analysis and overlay of conformers present in the experimental and the modified crystal structures. 

Crystal structures after geometry optimization in Quantum ESPRESSO were used. 

3. Results and discussion 

As reported previously57,66,67, the small differences of molecular structure of benperidol and 

droperidol alter the possibility of the central ring to form weak intermolecular interactions which 

is the reason why these two highly similar compounds form different crystal structures. 

Nevertheless, formation of a droperidol solvate D-iso-BSEtOH isostructural to the benperidol solvate 

as well as D-iso-BDH and D-iso-BII in mixture with the original droperidol phases DDH or DII was 
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observed in the performed cross-seeding experiments57. The formation of such phases confirms 

that droperidol can crystallize in structures originally observed for benperidol, which suggests that 

also formation of solid solutions between these two compounds can be expected. Additionally, 

these results also suggest that the likelihood of the exchange of these molecules in the solid state 

depends on the crystal structure (exchange of benperidol with droperidol in the structure of ethanol 

solvate BSEtOH is the easiest, and it is also possible in structures of BDH or BII, whereas exchange 

of droperidol with benperidol was not observed). 

In this study we explore the formation of solid solution as a tool to understand how easy one 

compound can replace the other one in the solid state and use computational calculations to identify 

the reasons for the different replacement capability in different crystal structures. 

3.1. Experimental characterization of solid solution formation in different phases 

Solid solutions obtained in crystallization 

To evaluate the formation of solid solution between droperidol and benperidol in different phases 

we initially crystallized mixtures of both compounds in different ratios from solution. We used 

several different crystallization conditions to obtain different solid phases - nonsolvated forms (in 

the selected conditions polymorphs BI or BII could be obtained for benperidol and polymorph DII 

for droperidol), dihydrates as well as ethanol, methanol and acetonitrile solvates. The 

crystallization conditions for preparation of these phases were chosen based on the already 

reported procedures for obtaining the respective single-component phases and solvates of these 

compounds57. 

The solid products obtained in the crystallization were characterized by PXRD and DSC/TG. 

The phases present in the samples were identified based on the agreement with the PXRD patterns 

of droperidol and benperidol polymorphs and solvates reported previously66,67 and are given in 
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Table 1. The employed crystallization procedure always resulted in formation of the phase or 

phases with the desired composition, as nonsolvated phase or phases (BI, BII and DII) were 

obtained from isopropanol, dihydrate or dihydrates (BDH and DDH) from acetone/water and the 

respective solvate or solvates from the organic solvents (BSEtOH and DSEtOH from ethanol, BSMeOH 

and DSMeOH from methanol and BSACN and DSACN from acetonitrile). In most of the cases 

crystallization of a mixture of droperidol and benperidol produced only a single phase, meaning 

that a solid solution (designated by SS) containing both components in the respective crystal 

structure formed, see Table 1. The benperidol : droperidol ratio in the obtained products was 

confirmed by recording 1H NMR spectra of selected samples and always was close to the weighed 

ratio (see Supporting Information). 

Table 1. Phases obtained in crystallization of a mixture of benperidol and droperidol for several 

selected molar ratios under conditions producing nonsolvates or the selected solvates. SS 

designates solid solution with crystal structure of the respective phase. Pure phases are in bold, 

phase mixtures are in italic. 

Benperidol 

/ mol% 

Obtained phase 

Nonsolvate Ethanol solvate Methanol solvate Acetonitrile solvate Dihydrate 

0 DII DSEtOH DSMeOH DSACN DDH 

5 DII+SSBII DSEtOH+SSBSEtOH SSDSMeOH SSDSACN SSDDH 

10 SSBII SSBSEtOH SSDSMeOH SSDSACN SSDDH 

20 SSBII SSBSEtOH SSDSMe+SSBSMe SSDSACN SSDDH+SSBDH 

30 SSBII SSBSEtOH SSDSMe+SSBSMe SSDSACN+SSBSACN SSDDH+SSBDH 

40 SSBII SSBSEtOH SSDSMe+SSBSMe SSDSACN+SSBSACN SSDDH+SSBDH 

50 SSBII SSBSEtOH SSBSMeOH SSDSACN+SSBSACN SSDDH+SSBDH 

60 SSBII SSBSEtOH SSBSMeOH SSDSACN+SSBSACN SSDDH+SSBDH 

70 SSBII SSBSEtOH SSBSMeOH SSDSACN+SSBSACN SSBDH 

80 SSBII SSBSEtOH SSBSMeOH SSBSACN SSBDH 

90 SSBII SSBSEtOH SSBSMeOH SSBSACN SSBDH 

100 BI BSEtOH BSMeOH BSACN BDH 
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The results presented in Table 1 clearly show that the ability of replacing one molecule with the 

other strongly depends on the crystal structure, including even different capability to accommodate 

the other molecules by the isostructural solvate series DSEtOH, DSMeOH and DSACN and by BSEtOH 

and BSMeOH. This appears both as different limit up to which the replacement is possible as well as 

even completely different ability of one molecule to replace the other. For example, no ability of 

benperidol to replace droperidol was detected in the nonsolvated phase DII and the ethanol solvate 

DSEtOH, whereas the replacement of benperidol with droperidol in ethanol solvate BSEtOH and 

nonsolvated phase BII was achieved even up to a state close to a complete substitution, as solid 

solutions where 90% of the benperidol molecules were replaced were obtained, see PXRD patterns 

in Figure 3. These solid solutions are designated as SSBSEtOH and SSBII, respectively. These 

observations well match the results of the cross-seeding experiments performed previously57, 

where a droperidol ethanol solvate D-iso-BSEtOH isostructural to the benperidol ethanol solvate was 

obtained in a pure form and formation of D-iso-BII was also clearly observed. Therefore, it can be 

concluded that either fully isostructural structure D-iso-BSEtOH in which all of the benperidol 

molecules are replaced with droperidol exists and just was not obtained in the experimental 

conditions using 5 mol% benperidol, or instead of just seeding, a solid solution containing a small 

amount of benperidol was actually obtained in the previously performed experiments57. 

Crystallization of pure benperidol from isopropanol in our performed experiments produced 

pure benperidol polymorph BI, even though very similar approach has been used67 to prepare 

polymorph BII. Although when a small quantity of droperidol (5 mol%) was added BI was still 

detected as the only crystallization product, 1H NMR measurements (see Supporting Information) 

indicated that droperidol was present only in trace amount likely corresponding to impurity of 

droperidol phase not detectable by the PXRD method (Figure S13). This suggests that droperidol 
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apparently do not replace benperidol molecules in the structure of BI in contrast to structure of BII 

where almost complete replacement was achieved. 

     

Figure 3. PXRD patterns of crystallization products when different ratio of benperidol and 

droperidol was crystallized from a) ethanol by obtaining ethanol solvate phase or phases and b) 

isopropanol by obtaining nonsolvated phase or phases. Labels show the weighted molar fraction 

of benperidol used in the crystallization. PXRD patterns for additional compositions are given in 

the Supporting Information. Solid solutions are in orange, phase mixtures in red, pure benperidol 

and droperidol phases in blue and patterns simulated from crystal structures in magenta. 

Different outcome was observed for methanol and acetonitrile solvates and dihydrates. For these 

phases droperidol was able to replace benperidol molecules in the original benperidol phases 

BSMeOH, BSACN and BDH in a limited range up to 50 mol% or 70 mol% of benperidol depending 

on the particular solvated phase. Moreover, in contrast to the ethanol solvate and nonsolvated 
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phases, in this case benperidol was able to replace droperidol molecules in the original droperidol 

phases DSMeOH, DSACN and DDH although only for relatively small benperidol contents up to 10 

mol% for DSMeOH and DDH and 20 mol% for DSACN. 

Characterization of the obtained solid solutions 

All of the samples obtained in the crystallization were additionally characterized by DSC/TG 

analysis and solvated phases were desolvated, the obtained desolvation products were 

characterized using PXRD for phase identification and DSC/TG analysis for thermal 

characterization. More details on the characterization of the crystallization products are provided 

in the Supporting Information. 

In all the DSC curves of nonsolvated solid solution SSBII samples the melting endotherm is 

consistent with an essentially monophasic sample (see Figure 4). Across the composition range 

from 90 mol% down to 10 mol% benperidol, the onset and the peak temperature decrease 

monotonically as the amount of droperidol in the solid solution increase, consistent with the 

presence of a single solid solution phase in these samples, with the melting point between that of 

benperidol polymorph BII (Tmelt. = 165°C) and droperidol polymorph DII (Tmelt. = 151°C), see the 

phase diagram constructed from these data in Figure 4. A discontinuity in the melting behavior is 

observed for 5 mol% benperidol, as the sample contain a mixture of solid solution SSBII and 

droperidol phase DII. 
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Figure 4. DSC curves for a) the solvated solid solution SSBSEtOH obtained in the crystallization 

from ethanol along with DSC curves of droperidol ethanol solvate DSEtOH and benperidol ethanol 

solvate BSEtOH and b) the nonsolvated solid solution SSBII obtained in the crystallization from 

isopropanol, along with DSC curves of droperidol DII and benperidol BII. The labels represent the 

benperidol content used in the crystallization. Solid solutions are in orange, phase mixtures in red 

and pure benperidol and droperidol phases in blue. 
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Figure 5. Part of a melt phase diagram of benperidol-droperidol binary system obtained from the 

DSC measurements. The circles correspond to data from samples obtained in the crystallization 

from isopropanol and were used to construct the phase diagram, in which the lines are guides for 

the eyes. The triangles correspond to the data measured for samples obtained in the desolvation of 

ethanol solvate samples and illustrate the agreement with the thermal characteristics of samples 

obtained in the crystallization. 

The DSC curves of the solvated solid solution SSBSEtOH showed that a single desolvation peak 

is present across the composition range starting from pure benperidol to 10 mol% benperidol, and 

the desolvation temperature decreases monotonically as the amount of droperidol in the solid 

solution increases, consistent with the presence of a single solid solution phase in these samples. 

In contrast, two desolvation peaks are present for sample with 5 mol% benperidol, which agrees 

with the presence of two solvated phases. Similar monotonic decrease of the desolvation 

temperature by increasing the amount of droperidol in the solid solution was observed also for the 

solvated solid solution SSBSMeOH, and a tendency for the desolvation temperature to decrease by 

increasing the amount of the compound replacing the original compound was observed also for 

other solvated solid solutions. Besides, the melting peak of the obtained desolvation product of 

SSBSEtOH and in most cases also that obtained from the other solvated samples decreased 
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monotonically over the whole composition range by increasing the amount of droperidol in the 

sample. To fully understand this monotonic decrease over the whole composition range, solvated 

samples obtained in the crystallization were desolvated and characterized. 

By heating the solvated samples obtained in the crystallization experiments a desolvated product 

always formed prior to the physical melting of the sample. Interestingly, we observed that the 

desolvation product is not dependent on the phase composition of the solvated sample being 

desolvated. The desolvation product of the only solvated solid solution existing in nearly the whole 

composition range, SSBSEtOH, always was the nonsolvated solid solution SSBII. This is consistent 

with the main desolvation product of pure benperidol ethanol solvate BSEtOH being polymorph 

BII67. Moreover, the nonsolvated solid solution SSBII was obtained as the only desolvation product 

also by desolvating almost all the samples obtained from methanol, acetonitrile, and acetone/water 

regardless of whether the sample contained solid solution having structure of the original 

benperidol solvate, solid solution having structure of the original droperidol solvate or even the 

mixture thereof. This was confirmed both by the PXRD patterns (see Figure 6 for PXRD patterns 

recorded for the desolvation products of dihydrate samples and Supporting Information) of the 

desolvated samples as well as by their DSC curves in which the melting endotherm was consistent 

with an essentially monophasic sample with the melting onset and peak temperatures matching 

that of SSBII having identical component composition (see Supporting Information). The 

formation of SSBII in the desolvation of phase mixture is also consistent with already reported 

formation of phase isostructural to BII in desolvation of a mixture of DDH and D‑iso‑BDH obtained 

in the cross seeding experiments57 and suggest that in those experiments D‑iso‑BDH must have 

actually been SSBDH containing some benperidol from the used seed material. 
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Figure 6. PXRD patterns of desolvation products of dihydrate samples obtained using different 

ratio of benperidol and droperidol in the crystallization. Labels show the weighted molar fraction 

of benperidol used in the crystallization. Solid solutions are in orange, pure benperidol and 

droperidol phases in blue and patterns simulated from crystal structures in magenta. 

Considering the desolvation process, this means that the desolvation of all of the solvates should 

be associated with a recrystallization of the sample and is not a simple structure rearrangement 

after the solvent loss76,77, which could not lead to a formation of a single solid solution phase SSBII 

regardless of the phase or phases present in the solvated sample. 

In general, the formation of solid solution SSBII both in crystallization and desolvation 

experiments as the only nonsolvated crystal structure in cases when both benperidol and droperidol 

are present indicates on its superior stability compared to any other nonsolvated binary phase or 

even a mixture of benperidol and droperidol single component phases. 



20/38 

3.2. Structural and computational characterization of solid solutions 

Detailed comparison of the crystal structures of benperidol and droperidol by focusing on the 

reasons for formation of different crystal structures and comparison of the experimental structures 

with those of mostly hypothetical isostructural phases is already available57. In this study, however, 

we focus on evaluation of structural and energy related aspects for formation of solid solutions by 

replacing part of the original molecules in the crystal structure with the molecules of the second 

compound. BI was not considered, as the solid solution formed in benperidol structure BII, and part 

of the computational calculations were not possible for BI because of the large size (Z=18) of its 

unit cell. 

Comparison of molecular conformation 

A comparison of the crystal structures of benperidol and droperidol nonsolvates and solvates 

show that only for a pair of nonsolvates BII - DII and acetonitrile solvates the same hydrogen 

bonding motif is present, whereas in all the other cases (most pairs of identical solvates, including 

dihydrates, where chains are formed by different hydrogen bonds) it is different (see Table 2). 

Comparison of droperidol and benperidol conformation showed that conformation in nonsolvates 

are notably different (with benperidol BII having the most distinct conformation), whereas the 

conformation in the studied solvates is similar. Even though this analysis shows that the 

replacement of molecules in nonsolvates would require notable adaptation of conformation, the 

resulting conformation still would correspond to low energy region of the PES57. 
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Table 2. The basic crystal structure information of selected benperidol and droperidol phases, by 

comparing structures of benperidol and droperidol nonsolvates and solvates containing the same 

solvent in pairs. The values of torsion angles τ1 and τ2 introducing the largest structure diversity 

are given after geometry optimization in Quantum ESPRESSO. 

Structure Space group Z / Z’ Hydrogen bonding τ1 / ° τ2 / ° RMSD / Å 

BII P-1 6 / 3 𝑅2
2(8) dimers 

48.6 

31.1 

59.5 

–78.7 

–168.5 

–80.2 

0.936/ 

1.061/ 

0.846a 
DII P21/c 4 / 1 𝑅2

2(8) dimers –130.8 –165.2 

BDH P21/n 4 / 1 Chains with waterb –109.3 –58.5 
0.614 

DDH P21/n 4 / 1 Chains with waterb –129.3 –54.1 

BSEtOH P21/c 4 / 1 𝐶2
2(10) w/s –109.9 –70.4 

0.655/ 

0.672d DSEtOH
 P-1 2 / 1 𝑅2

2(8) dimers + D w/sc 
–125.3 

126.7d 

–65.1 

64.9d 

BSMeOH
 P21/c 4 / 1 𝐶2

2(10) w/s –108.5 –71.4 
0.658/ 

0.662d DSMeOH
 P-1 2 / 1 𝑅2

2(8) dimers + D w/sc 
–123.3 

125.2d 

–65.9 

67.0d 

BSACN
 P-1 2 / 1 𝑅2

2(8) dimers –113.9 –71.9 
0.831/ 

0.829 DSACN
 P1 2 / 2 𝑅2

2(8) dimers 
–126.9 

126.0 

–63.6 

64.1 

a – RMSD value for non-hydrogen atom positions for each symmetry independent benperidol 

molecule; 

b – Chains are formed by different hydrogen bonds, see Figure S19; 

c – w/s = with solvent;  

d – the value for the second symmetry independent molecule in P1 space group as modelled in 

Quantum ESPRESSO is given in italic. 

As the overall shape of the molecule is affected not only by the torsion angles τ1 and τ2 

characterizing the arrangement of benzimidazol-2-one ring and 4-fluorophenyl-4-oxobutyl chain 

with respect to the central piperidine / 1,2,3,6-tetrahydropyridine ring but also by the different 

geometry of the central ring and differences in other torsion angles, whole molecules were overlaid 
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(see Table S12) and RMSD of non-hydrogen atoms were calculated, see Table 2. Although this 

comparison confirmed the nonsolvate pair BII - DII to be the most different, also the solvate pairs 

were notably different, with dihydrates being the most similar pair. 

To obtain more quantitative information on the energy penalty associated with the adaption of 

the conformation by the replaced molecule, conformation energy with respect to the global energy 

minimum was calculated using Gaussian 09 for molecules in the original structures, for the 

replaced molecule in the substituted structures as well as for the molecule in the isostructural 

structures (see Figure 2). These calculations showed that in all of the original structures except for 

the BII the conformation energy is close to that of the global energy minimum. In contrast, in most 

cases replacement of one or all of the molecules resulted in adoption of energetically inefficient 

conformation by the replaced molecule, as could be predicted by the large RMSD values between 

molecules in all the structure pairs. The smallest energy penalty was observed for replacement of 

benperidol with droperidol in BII because the original structure already has high conformation 

energy, and replacement of one of the molecules was even associated with energy lowering. 

Overall, the energy penalty for replacement of droperidol with benperidol is close to 10 kJ mol–1 

in all of the structures, whereas replacement of benperidol with droperidol in general is associated 

with lower energy increase. We also observed that in some of the structures (BDH, DDH and DII) 

there is a notable energy penalty for replacement of 1 of the 4 molecules in the unit cell, whereas 

a structure where all of the molecules are replaced could adopt and only a minor increase in the 

conformation energy is present. 
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Table 3. Intramolecular energy of benperidol and droperidol in original structures and energy 

penalty (in kJ mol–1) associated with replacement of one and all molecules in the unit cell. 

Structure BII (A) BII (B) BII (C) BSEtOH BSMeOH BSACN BDH 

 Conformation energy of benperidol / kJ mol-1 

Original +9.8 +8.3 +7.1 +1.6 +1.9 +1.6 +2.1 

 Energy penalty for replacement of benperidol with droperidol / kJ mol-1 

Substituted –5.0 +4.2 +3.8 +7.1 +6.7 +6.8 +5.9 

Isostructural –0.4 +5.6 +5.4 +6.5 +6.1 +6.6 +0.8 

Structure DII DSEtOH (A) 
DSEtOH (B) 

DSMeOH (A) 
DSMeOH (B) DSACN (A) DSACN (B) DDH 

 Conformation energy of droperidol / kJ mol-1 

Original +2.3 +0.3 +0.3 +0.6 +0.6 +0.2 +0.2 +1.0 

 Energy penalty for replacement of droperidol with benperidol / kJ mol-1 

Substituted +9.6 +9.7 +9.8 +9.6 +8.9 +10.0 +9.9 +8.7 

Isostructural +2.4 +8.9 +8.9 +9.0 +8.9 +9.0 +8.6 +1.7 

 

Comparison of intermolecular interaction energy 

We also evaluated the changes in the intermolecular interaction energy introduced by the 

replacement of the molecules. Intermolecular interaction energy for all the three sets of structures 

were calculated using Quantum ESPRESSO. The obtained data are presented in Table 4. Overall, 

replacement of one of the molecules is always associated with energy increase, which is the 

smallest for BII, BSMeOH, and BSEtOH. However, full replacement of all the benperidol molecules 

with droperidol results in more efficient interactions in most of the structures, with the highest 

decrease of interaction energy calculated for BSEtOH. In contrast, replacement of droperidol 

molecules with benperidol always results in less efficient interactions. These results confirm that 

the interaction energy is important factor in determining the molecule replacement capability in 

different structures and predict the existence of solid solution in BSEtOH structure, although the 

facile formation of BII and the relatively narrow concentration range for BSACN is not predicted by 

these results. 
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Table 4. Intermolecular interaction energy in original benperidol and droperidol crystal structures 

(in kJ per mole of benperidol or droperidol) and energy change when one or all molecules in the 

unit cell are replaced. For structures with Z’>1 the change of Einter in substituted structures is the 

average value from structures where the symmetry different molecules were replaced. 

Structure BII BSEtOH BSMeOH BSACN BDH 

 Einter of benperidol structures / kJ mol-1 

Original –244.7 –331.6 –318.2 –288.4 –404.7 

 Change of Einter by insertion of droperidol / kJ mol-1 

Substituted +2.9 +3.6 +3.0 +5.2 +7.8 

Isostructural –0.7 –5.4 –1.8 –3.6 +5.4 

Structure DII DSEtOH DSMeOH DSACN DDH 

 Einter of droperidol structures / kJ mol-1 

Original –237.3 –284.4 –281.0 –275.3 –403.5 

 Change of Einter by insertion of benperidol / kJ mol-1 

Substituted +5.4 +5.5 +6.3 +4.4 +4.2 

Isostructural +5.3 +7.4 +8.0 +7.6 +9.6 

To identify the cause of the observed change of intermolecular interaction energy by molecule 

replacement we also calculated pairwise intermolecular interaction energies for the closest 

molecules for all three sets of structures in CrystalExplorer. Firstly, we evaluated the effect of 

molecule replacement on the hydrogen bond interaction strength, see Table S23. Overall, we see 

that the hydrogen bond interactions do not restrict the formation of solid solutions, as for the 

nonsolvate and solvate structures with 𝑅2
2(8) dimers mostly no noticeable changes are introduced 

by the molecule replacement. The largest changes for dimers (+2 - +3 kJ mol-1) were introduced 

by inserting benperidol molecule in DII, which nevertheless agrees with solid solution never 

observed in this structure. Generally, larger changes were introduced for hydrogen bonds formed 

with solvent molecules, with changes up to +3 - +5 kJ mol-1 for DSEtOH, DSMeOH, and DDH, and up 
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to +2 - +3 kJ mol-1 for benperidol solvates. In benperidol solvates, however, no correlation with 

the ability of structure to form solid solution was observed. 

Secondly, we evaluated the effect of molecule replacement on the interaction energy for 

molecule pairs forming the strongest dispersion interactions (for molecule pairs with Edisp < –45 

kJ mol-1, corresponding to 3 – 6 interactions for each benperidol / droperidol molecule depending 

on the structure), see Table 5 and Table S24. Although, overall, no critical differences in such 

interactions were introduced by molecule replacement, average interaction energy for such pairs 

became less efficient by ~2 kJ mol-1 for droperidol solvates DSEtOH, DSMeOH, and DSACN and by 3 - 

4 kJ mol-1 for DII and BDH. In contrast, the average interaction energy for such pairs almost did 

not change for DDH, BII and BSMeOH, and became more efficient by ~1 kJ mol-1 for benperidol 

solvates BSEtOH and BSACN. We note that for more than half of the analyzed structures the energy 

change appearing in the substituted structure was magnified in the isostructural structure. In 

contrast, the total intermolecular interaction energy values (Table 4) in the substituted structures 

were always calculated to be less efficient than in the original structures. 

Table 5. The relative average intermolecular interaction energy (in kJ mol-1) with respect to that 

in the original structures for molecule pairs forming the strongest dispersion interactions. 

Structure BII BSEtOH BSMeOH BSACN BDH 

Substituted +0.6 –0.7 +0.6 +0.4 +2.1 

Isostructural –0.2 –1.0 –0.1 –0.6 +3.6 

Structure DII DSEtOH DSMeOH DSACN DDH 

Substituted +1.5 +0.5 +0.8 +0.4 –0.1 

Isostructural +2.6 +1.9 +1.8 +2.0 0.0 

We see that overall, there is a correlation between the ability of a structure to form a solid 

solution and the total interaction energy of structure as well as the interaction energy for molecule 

pairs forming the strongest dispersion interactions. In contrast, analysis of just hydrogen bond 
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interactions do not provide information on the ability of structures to form solid solutions. The 

interaction energy analysis, however, do not explain the rather poor solid solution formation in 

BSACN structures, the average solid solution formation in BDH structure, and the very good solid 

solution formation of BII.  

Thirdly, we present more comprehensive view on the energy differences by analyzing the 

interaction energy for all molecule pairs formed by molecules for which atoms within 3.80 Å 

radius from the central molecule are present (Tables S13 – S22). Using these values, we calculated 

cumulative interaction energy from the molecule pairs with increasing distance between molecular 

centroids and plotted the difference between this energy in substituted and isostructural structures 

and that in the original structure. Selected plots are given in Figure 7, and the remaining plots in 

Figure S23. 

From these plots it can clearly be seen that the only structure with more efficient cumulative 

interaction energy from all such molecule pairs in both substituted and isostructural structures is 

BSEtOH easily forming solid solution. Although the cumulative energy for isostructural structures 

were also favorable for BSMeOH and BSACN, the limited solid solution formation by these structures 

could be explained by the inefficient energy for substituted structures. Likewise, similar trends for 

the cumulative energy were present also for BII, confirming that overall formation of solid 

solutions in this structure is highly likely. Generally, molecule replacement reduced efficiency of 

interactions in droperidol solvates DSEtOH, DSMeOH, and DSACN, whereas no significant effect on 

DDH was introduced. Clearly in DII the interactions experience the most notable efficiency loss, 

which is consistent with this structure never being experimentally observed. Molecule replacement 

also significantly reduced the efficiency of interactions in BDH, with notable energy loss observed 

for two identical molecule pairs where oppositely oriented piperidin-dihydrobenzimidazolone 
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rings interacted (also being the main contribution in increasing the average interaction energy for 

molecule pairs forming the strongest dispersion interactions, Table 5). Nevertheless, we believe 

that this could as well be caused by some problems in modelling structures of BDH, as 

experimentally solid solution in this structure formed as good as in BSACN and better than in DDH. 

 

Figure 7. Difference of cumulative interaction energy from the molecule pairs with increasing 

distance between molecular centroids between substituted and isostructural structures and that of 

the original structure plotted by increasing distance (N = molecule number). 

This analysis also clearly shows that interactions with the closest molecules are not the ones 

determining the molecule replacement ability. For example, contrary to the observed formation of 

solid solutions, considering only the closest 4 molecules the replacement is inefficient in BSEtOH, 

but efficient for the isostructural structure of DSEtOH. Note, however, that the closest molecules do 

not necessarily correspond to efficient intermolecular interactions, and the hydrogen bonded 

molecules for hydrogen bonded dimers are among the most distant molecules considered in this 

analysis. 
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Taking into account the differences in phase composition between the considered structures, the 

analysis of the intermolecular interaction energies suggest that in this system solid solutions are 

more easily formed in single component phases, as solid solution over wide composition range 

can experimentally be obtained if the molecule replacement maintains the same interaction 

efficiency as in the original structure, whereas for solvated phases formation of solid solution over 

wide composition range requires notably favorable interactions if compared to the original 

structure. Although this is contrary to the observation that a third component can allow the 

miscibility of two immiscible components in the solid state78, in the case of solvates the solvent 

could complicate the miscibility in the structure if it increases the number or importance of 

spatially oriented interactions. Another explanation for the observed different solid solution 

formation behavior of the structures having similar low change of intermolecular interaction 

energy by molecule replacement, however, could be the different penalty associated with the 

adaption of the conformation, which was lower for BII structure (only +1 kJ mol-1 for substituted 

and +3.5 kJ mol-1 for isostructural) if compared to that for BSMeOH and BSACN (+7 kJ mol-1 for 

substituted and +6.5 kJ mol-1 for isostructural). 

4. Conclusions 

We show that in benperidol-droperidol system solid solutions in different crystal structures form 

notably differently, and the extent up to which a structure can accommodate the other molecule 

strongly depends on the crystal structure. There are structure pairs in which droperidol can dissolve 

in a benperidol crystal structure almost up to complete replacement (90% replacement was reached 

for BSEtOH and BII structures) of benperidol molecules with droperidol molecules, whereas 

replacement of droperidol with benperidol in the corresponding droperidol phases was not 

observed. In contrast, in the other studied structure pairs (dihydrates and methanol and acetonitrile 
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solvates) we observe notably lower ability of droperidol to replace benperidol in benperidol 

structures, but in these pairs benperidol can replace droperidol in droperidol structures. 

Nevertheless, benperidol still cannot replace droperidol in droperidol structures up to such an 

extent as observed for the reverse replacement direction. 

We also show that desolvation of all the solvated crystallization products obtained by 

crystallizing benperidol and droperidol in any ratio results in formation of pure solid solution in 

BII structure regardless of the initial solvated phase composition of the sample. This means that 

the solid solution in this structure has a superior stability over other potential nonsolvated phases 

and the desolvation of all solvates occur via recrystallization of the sample and is not a simple 

structure rearrangement after the solvent loss. 

We demonstrate that considered analysis of the interaction energy changes introduced by the 

replacement of molecules in each crystal structure in general allow rationalization of the solid 

solution formation ability by each structure. This analysis demonstrates that there is no one 

interaction defining whether the molecule replacement in the structure will be possible, but 

consideration of all the interaction energies of nearby molecules, particularly the dispersion-type 

interactions, allow prediction of the solid solution formation likelihood. This clearly allowed 

identification of BSEtOH as structure in which molecule replacement is the most energetically 

favored. Additionally, the results suggest that the formation of solid solutions in wide 

concentration range in nonsolvated structures require maintaining the interaction efficiency, 

whereas formation of solid solutions in wide concentration range in the studied solvates are more 

difficult and require increase of the interaction efficiency. 
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Synopsis  

We explored solid solution formation between structurally highly similar active pharmaceutical 

ingredients droperidol and benperidol in different crystal phases and demonstrate that the 

formation of solid solutions strongly depends on the crystal structure. We used computational 

calculations to investigate the energy changes introduced by the molecule replacement and show 

that analysis of intermolecular interactions allows prediction of solid solution formation. 
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