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ABSTRACT 

Organic(porous) and metal-organic cages are promising biomimetic platforms with diverse 

applications spanning recognition, sensing and catalysis. The key to the emergence of these 

functions is the presence of well-defined inner cavities capable of binding a wide range of guest 

molecules and modulating their properties. However, despite the myriad cage architectures 

currently available, the rational design of structurally diverse and functional cages with specific 

host–guest properties remain challenging. Efficiently predicting such properties is critical for 

accelerating the discovery of novel functional cages.  

Herein, we introduce CageCavityCalc (C3), a Python-based tool for calculating the cavity size of 

molecular cages. The code is available on GitHub at 

https://github.com/VicenteMartiCentelles/CageCavityCalc. C3 utilizes a novel algorithm that 

enables the rapid calculation of cavity sizes for a wide range of molecular structures and porous 

systems. Moreover, C3 facilitates easy visualization of the computed cavity size alongside 

hydrophobic and electrostatic potentials, providing insights into host-guest interactions within the 

cage.  Furthermore, the calculated cavity can be visualized using widely available visualization 

software, such as PyMol, VMD, or Chimera. To enhance user accessibility, a PyMol plugin has 

been created, allowing non-specialists to use this tool without requiring computer programming 

expertise. We anticipate that the deployment of this computational tool will significantly 

streamline cage cavity calculations, thereby accelerating the discovery of functional cages.  
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1 Introduction 

Discrete three-dimensional (3D) organic and metal-organic (porous) cages have emerged as 

promising biomimetic systems.[1,2,3] They offer synthetic modularity and tunability, enabling 

chemists to efficiently create structures with customized sizes and shapes from simple building 

blocks.[4,5,6,7] A critical factor contributing to their functional properties is the presence of a well-

defined inner cavity capable of binding and even catalyzing chemical reactions, prompting 

chemists to draw parallels between these systems and enzymes.[8,9,10,11]  

In molecular cages, the affinity of the host towards a particular guest depends on various structural 

and electronic parameters.[12] A key structural parameter used to assess the ability of a cage to act 

as a host is the relative cavity size of the cage and guest molecules. For instance, Rebek determined 

that ‘closed’ organic capsules exhibit binding when the guest occupies around 55% of the host 

cavity volume.[13] Since then, this rule has been extended to other supramolecular structures with 

varying success,[14,15,16] and also to enzymes.[17]  

Several tools have been developed for the identification and characterization of protein binding 

pockets based on grid, rolling probe, or tessellation algorithms, including VOIDOO,[18] McVol,[19] 

Volarea,[20] GRASP,[21] CAVER,[22] CAST,[23] HOLLOW,[24] MDpocket,[25] ProteinVolume,[26] 

3V,[27] Voronoia,[28] PoreBlazer,[29] Zeo++,[30] and CavVis.[31] However, most of these cannot be 

easily adapted for supramolecular cages, and software exclusively dedicated to cage architectures 

is scarce,[32] with PyWindow,[33] and MoloVol[34] being the only notable examples. 

Most of these programs designed for proteins and cages utilize a rolling probe algorithm, typically 

using one or two probes.[35,36] The one-probe algorithm is best suited for cavities with small 

windows, which are the apertures within a cage structure connecting its enclosed cavity with the 
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external environment. This algorithm defines the cavity as the volume enclosed by a probe 

“rolling” around the entire cage structure without escaping (Figure 1a).[35,35] However, a limitation 

of the rolling one-probe algorithm is its failure when the probe’s radius is smaller than the cage’s 

windows, causing the probe to escape and leading to an overestimation of the volume. This 

problem can be solved by increasing the probe size to prevent it from escaping, but this 

underestimates the cavity volume as the gaps between the probe and the atoms of the cage are 

larger.  

On the other hand, the rolling two-probe algorithm is suitable for cavities with larger windows, 

solving the probing escaping from the cavity issue encountered in the one-probe method. In this 

approach, the cavity is defined as the volume enclosed by a small probe, which cannot escape, 

when a second, larger probe blocks the cage’s windows (Figure 1b). However, the two-probe 

rolling method can fail if the radius of the larger probe is too small, allowing it to move inside the 

cavity through the cage windows, and resulting in inaccurate volume calculations. In contrast, if 

the larger probe is too big, the calculated volume is overestimated by an “artificial volume” 

generated by the gap between the larger probe and the cage atoms. Indeed, this is a significant 

limitation of the rolling probe algorithm, as the success of the cavity volume calculation depends 

on the user-defined probe(s) radii, which must be carefully chosen and may not be universally 

applicable to all systems. Therefore, the results can be improved by a delicate fine-tuning of 

probe(s) radii in systems with large windows. This process is laborious and difficult to generalize 

across different systems or when analyzing molecular dynamics (MD) trajectories, where the 

window sizes dynamically change along the simulation time. Alternatively, one can calculate the 

largest sphere that fits into the cavity, as done in PyWindow, but this compromises the accuracy 

of the computed volume as cavities in cages often deviate from a perfect spherical shape.  

https://doi.org/10.26434/chemrxiv-2024-fmlx0 ORCID: https://orcid.org/0000-0002-9142-9392 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-fmlx0
https://orcid.org/0000-0002-9142-9392
https://creativecommons.org/licenses/by/4.0/


 

 

 

 

6 

To address the limitations of the rolling one- and two-probe methods for cavity calculation, we 

have developed an approach that uses an angle measurement technique (Figure 1c). This method 

relies on determining the angle θ formed by the center of mass (COM) of the cage, the probe, and 

the atom of the cage. For probes that do not overlap with cage atoms, one calculates the average 

of all angles θ for each cage atom within the threshold distance (automatically calculated as the 

diameter of the maximum escape sphere from the cavity). If the average angle is greater than 90º 

the probe is considered to be inside the cage; otherwise, it is considered to be outside of the cavity. 

The angle-based method offers a practical, easy-to-implement, and computationally efficient 

method that eliminates the need for manual parameter optimization, facilitating automated 

analyses across cages of different sizes, shapes, and window dimensions. 
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Figure 1. Schematic representation of cavity calculation algorithms using rolling probes (R, denoted by blue 

spheres: (a) Rolling one-probe algorithm: The probe moves within the cavity identifying accessible areas as cavity 

(green points) and, if the probe collides with cage atoms, these grid points are designated as non-cavity (blue). The 

calculation fails if the probe exits the cavity. (b) Rolling two-probe algorithm: it employs an inner small probe, R1, 
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and a larger outer probe, R2, which roll from the outside, blocking the cage windows to prevent the inner probe from 

exiting the cavity. However, if the radius of R2 is small relative to the cage windows, it may enter the cavity. (c) C3 

angle-based algorithm developed herein: it uses the cavity’s angle θ between the two vectors COM-GPk and GPk-

CAi. Grid point size is automatically determined by the grid resolution. (d) Illustrative examples that highlight the 

advantages of the angle-based algorithm over rolling probe methods. 

 

In addition to host-guest size complementarity, guest binding is significantly influenced by 

electrostatic,[37,38] hydrogen bonding,[39] and Van der Waals interactions[37,40] with the host, which 

can be significantly affected by the solvent.[41] For example, in water, the hydrophobic effect plays 

a key role in driving guest binding.[42,43,44] Ward and coworkers demonstrated that hydrophobic 

guests exhibit 2−3 orders of magnitude higher association constants compared to polar guests,[45,46] 

Similarly, Ballester and coworkers established a linear relationship between binding free energies 

and the surface area of the non-polar guests’ fragments, indicating a hydrophobic effect of 33–38 

cal mol−1 Å−2.[47] 

Electrostatic complementarity is often visualized through electrostatic potential (ESP) 

surfaces.[48,49] Molecular ESP can be calculated using ab initio methods or from charge 

distributions obtained by numerically solving the Poisson–Boltzmann equation or its approximate 

form, the generalized Born model.[50,51] Additionally, hydrophobic interactions can be indirectly 

estimated using methods based on hydrophobic-lipophilic interactions (HLI), which quantify the 

tendency of nonpolar molecules to avoid contact with polar solvents, inducing aggregation and 

self-coiling.[52,53] Another parameter, molecular hydrophobicity potential (MHP), derived from 1-

octanol/water partition coefficient (logP),[54,55] has proven useful in describing hydrophobicity in 

proteins,[56] analyzing protein pockets in docking engines, and predicting protein-ligand binding 

affinities.[57,58,59,60] However, despite its utility in ligand-protein binding analysis, the MHP 
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descriptor has not been commonly used to analyze cage cavities, likely due to the lack of user-

friendly tools for their generation.  

In this work, we introduce C3, a tool that calculates the cavity size electrostatic and hydrophobic 

potentials of molecular cages. The developed Python module can be used from the command line, 

python script, or as a plugin to the molecular visualization program PyMol.[33,34] Overall, the 

developed module enables the efficient characterization of cavity and host-guest properties.  

Herein, we outline the methodology and demonstrate the ability of C3 to determine the cavity 

volume of molecular cages with diverse sizes and shapes. We illustrate the utility of C3 and 

highlight its advantages in terms of accuracy compared to rolling probe methods when assessing 

cavities of varying cages. Furthermore, we employ C3 to compute the MHP and ESP surfaces in 

the calculated cavities aiding the determination of host-guest properties. 

2 Results and Discussion 

2.1 Software Outline 

C3 is a stand-alone Python module designed for the characterization of organic and metallocage 

cavities. It employs scientific programming libraries, including NumPy,[61] SciPy,[62] and scikit-

learn.[63] Optional functionalities can be enabled using the chemical programming libraries 

RDKit,[64] MDAnalysis,[65] OpenBabel,[66] and cgbind,[67] which facilitate the handling of chemical 

structures, including the identification of functional group and the calculation of molecular 

properties.  

The core of the code is based on the Cavity class, featuring several functions: file reading, center 

of mass calculation, 3D grid setup, identification of grid points within the cage calculation. Of 

MHP and ESP, and the subsequent saving of results in PDB and/or PyMol formats. Additionally, 
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the GridPoint and CageGrid classes define attributes associated with each grid point in the 3D 

grid. The code also includes different functions for assigning hydrophobic values to the cage 

atoms, computing partial charges of the cage atoms, and calculating the maximum radius escape 

sphere, among other functions (See SI §S1 for a full description). Additionally, it offers a PyMol 

plugin with the corresponding C3 graphical user interface to set up all calculation parameters of 

C3 (see details in SI). Figure 2 illustrates a simplified schematic diagram of C3 functionality. 

Upon loading the 3D cage structure into C3, a 3D grid filled with grid points is generated, with 

customizable size and grid spacing (default parameters are described in SI §S2). The cavity size is 

then calculated by iteratively examining all grid points to determine whether they form part of the 

cage cavity.  

Once the cavity size is calculated, several properties can be computed using the molecular 

properties of each cage atom. These properties include aromatic contacts, solvent-accessible 

surface area (SASA), hydrophobicity (MHP), and/or electrostatic potential (ESP). The calculated 

values are stored as the B-factor in the generated cavity PDB file, facilitating their visualization in 

any standard molecular visualization software. Subsequent sections detail each of these steps.  
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Figure 2. C3 workflow to determine the cage cavity and the properties of each cavity grid point. 

 

2.2 Overview of the software 

2.2.1 Loading of the cage structure 

The first step in C3 involves loading the cartesian coordinates of the cage structure obtained by 

the user from either a crystal structure (CIF files) or via molecular modeling, employing software 

such as Stk[68] or cgbind.[67] C3 supports various molecular file formats such as .xyz, .pdb, .mol, 

.mol2, and others handled by MDAnalysis.[65] The plugin stores the atom types and the cartesian 

coordinates in NumPy arrays.  

2.2.2 Cavity volume calculation 

In C3, the cavity volume calculation is performed without requiring user-defined parameters, as 

the default settings yield satisfactory results across a wide range of cages. The algorithm starts by 

generating a box around the cage structure with dimensions to fit all cage atoms followed by the 

generation of a 3D grid. By default, the grid spacing is set to 1 Å, but users can modify it. For 
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example, for cavity volumes exceeding 5000 Å3 a grid size of 2 Å will be equally accurate and 

reduce computation time. The calculation of the cavity volume involves iterating over grid points 

and classifying them as either part of the cavity or outside of it. This selection involves two steps:  

(a) Locate all cage atoms within a threshold distance from the selected grid point. By default, the 

threshold is set to the diameter of the maximum escape sphere from the cavity,[67] ensuring that 

cages with large windows are correctly processed without manual adjustments. 

(b) For each grid point the cavity angle θ is calculated as the angle between two vectors: the vector 

defined by the center of mass of the cage (COM) and the selected grid point k (COM-GPk), and 

the vector defined by the selected grid point k and the atom of the cage i (GPk-CAi)(see description 

of the angle in Figure 1c). The θ angle is calculated for each cage atom i in the threshold distance. 

Then all θ cavity angles are averaged to obtain θaverage; if the average cavity angle θaverage is larger 

than 90º, the atom is considered inside the cage, otherwise, it is considered outside the cavity.  

The process of iterating over all cage atoms within the threshold distance is sped up by using the 

SciPy Spatial KDTree algorithm, which partitions multidimensional data into a binary tree 

structure, enabling efficient nearest-neighbor searches and spatial queries.[62] To achieve this, the 

cartesian positions of all cage atoms are stored in a KDTree dictionary by atom types, significantly 

reducing the time required for obtaining atoms within a threshold distance compared to brute-force 

iteration. Once the iteration over all grid points in the grid is completed, and all grid points are 

assigned as within or outside the cavity, C3 uses a DBSCAN clustering algorithm to identify the 

main cavity region, disregarding isolated grid points that do not correspond to the cavity.[69] In 

cases where more than one cavity is identified, the main cavity is selected based on the largest 

cluster, or alternatively, the cluster closest to the cage center of mass.  
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After extensive testing, we developed an algorithm that effectively addresses challenges 

encountered in dealing with large cavities, where the rolling probe method fails due to the inner 

probe escaping from the cavity. This is demonstrated when considering Cage 1, an organic cage 

that features eight large windows, originally reported by Yuan and coworkers (Figure 3a–c).[70] 

In this system, the rolling two-probe method implemented in MoloVol struggles as the smaller 

probe escapes through the windows, thus requiring the use of a large radius for the outside probe 

(Figure 3a). This causes an overestimation of the volume due to the gap generated between the 

cage and the probe. For Cage 1, the rolling two-probe method in MoloVol, using a probe radius of 

11 Å and 1.4 Å for the large and small probe and a grid resolution of 0.5 Å, results in a volume of 

8,934 Å3 [34] (Figure 3b). However, this value represents an upper limit, as an “artificial volume” 

is generated by the gap between the cage and the probe. Attempts to minimize this “artificial 

volume” by reducing the large probe radius to 10 Å resulted in the large probe entering the cavity. 

To overcome this limitation, Yuan et al. manually blocked the cage windows using a “virtual 

plane”, obtaining a volume of 7,026 Å3 using the one-probe rolling probe method (probe radius of 

1.4 Å) using VOIDOO[18] (Figure 3c).[70] Utilizing C3, with a 2.0 Å grid spacing, we obtained a 

volume of 6,800 Å3, which is comparable to the volume obtained by Yuan and coworkers (Figure 

3b). 

We also tested C3 on cages with small windows, where the rolling probe algorithm is expected to 

perform better. We analyzed Cage 2, reported by Mastalerz and coworkers (Figure 3d-f).[71] In 

this case, the different tested algorithms gave a similar cavity volume, in the range 226–253 Å3. 

The volume reported in reference 71 was 253 Å3 using a probe radius of 1.4 Å in SwissPDBViewer 

(Figure 3f).[72] Using C3 we obtained a volume of 237 Å3 using a 0.5 Å grid spacing (Figure 3d). 

These results are comparable with those obtained with the rolling two-probe method in 
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MoloVol,[34] obtaining a volume of 226 Å3 using a large probe radius of 3 Å, a small probe radius 

of 1.0 Å, and a grid resolution of 0.5 Å (Figure 3e). These results are therefore in line with the 

expected good performance of rolling probe methods when considering cages with small window 

sizes.  

To demonstrate the utility of the C3 algorithm, we tested it in 23 cage structures, successfully 

calculating cavity volumes ranging from 18 Å3 to 66,022 Å3 (see SI §S3 for details of cavity 

calculation of all tested examples). These examples illustrate how C3 can accurately calculate 

cavity volumes for cages with varying cavity and window sizes. 

 

Figure 3. Comparison of the cavity calculated with different software. Cage 1 (CCDC 2014846)[70]: (a) C3 using a 

resolution 2 Å, (b) Rolling two-probe algorithm using MoloVol with a large probe radius of 14 Å, a small probe 

radius of 3 Å, and grid resolution of 3 Å, (c) Calculation reported in Ref. 70 using VOIDOO and a virtual plane to 

block the cage’s windows. Cage 2 (CCDC 1970309). (d) C3 using a resolution of 0.5 Å, (e) Rolling two-probe 
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algorithm using MoloVol with a large probe radius of 3 Å, a small probe radius of 1.0 Å, and grid resolution of 0.5 

Å, (f) Calculation reported in Ref. 71 using SwissPDBViewer with a probe radius of 1.4 Å. [72] Figure 3c adapted 

with permission from Ref. 70. Copyright 2020 American Chemical Society. Figure 3f adapted with permission from 

Ref. 71. Copyright 2020 John Wiley and Sons. 

An important feature of our algorithm is its compatibility with MD simulations, enabling the 

assessment of dynamic changes in volume over time. To illustrate this, we analyzed the MD 

trajectory of the [Pd4L6]
12+, Cage 3,[73] using VOIDOO software that employs the rolling probe 

algorithm and our C3 software. This comparison highlighted the advantages of the C3 angle-based 

algorithm over the rolling one-probe algorithm (Figure 4). The calculation of the cavity volume 

with VOIDOO with a standard probe size of radius 1.4 Å exhibited significant variations in the 

calculated volume over time of ca. 30% (Vcavity = 307 ± 97 Å3), primarily due to over-/under-

estimating the cavity volume in several frames, giving 0 values in some instances (see Figure 4 

blue line). While increasing the probe size (radius = 2.4 Å) mitigated this issue by preventing the 

probe from escaping from the cavity, it led to a much smaller cavity size with a ca. 60% variation 

over time (Vcavity = 57 ± 35 Å3, see Figure 4 green line). In contrast, our C3 algorithm with default 

parameters provided a more robust and well-defined cavity with a volume variation over time of 

ca. 10% (Vcavity = 323 ± 31 Å3, see Figure 4 orange line). These results highlight the robustness 

of the angle-base algorithm of C3 for analyzing MD trajectories.  
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Figure 4. Analysis of the volume change during a 100 ns molecular dynamics trajectory of [Pd6L4]12+ cage (CCDC 

794242) using the rolling probe algorithm in VOIDOO with two different sizes of the probe (1.4 Å and 2.4 Å) and 

the angle-based method in C3 (grid spacing = 1.0 Å). 

We showed that the C3 algorithm is efficient in calculating cavity volumes on cages with all types 

of shapes, cavity sizes, and window sizes. The angle-based algorithm of C3 is especially efficient 

with cages with large windows, where the rolling probe algorithm fails due to the probe escaping 

from the cavity. Once the cavity calculation is completed, various properties of the cavity are 

computed for a more comprehensive understanding of the cavity's characteristics and the 

interaction with potential guest molecules, thereby aiding in enhancing and designing novel host-

guest complexes. These properties include aromatic contacts, solvent accessible surface area 

(SASA), hydrophobicity (MHP) and/or electrostatic potential (ESP) described below. 

 

2.2.3 Hydrophobic potential of the cavity 

The hydrophobicity of the cage cavity serves to identify favorable interactions with nonpolar 

guests in aqueous media. This is achieved by assigning hydrophobic contributions (Fi) to each 

atom in the cage, which was tabulated by Ghose and coworkers for various atom types based on 

their contributions to the 1-octanol/water partition coefficient.[74]  
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Subsequently, the molecular hydrophobicity potential (MHP) is computed for each grid point 

within the cavity. MHP represents the cumulative hydrophobic contributions (Fi) from all 

neighboring N atoms, weighted by a distance function f(dik)  

MHP𝑘  = ∑ 𝐹𝑖 ⋅  𝑓(𝑑𝑖𝑘)𝑁
𝑖=1      Eqn 1  

The commonly used distance functions are: 

𝑓(𝑑𝑖𝑘) =  
1

1+𝑑
  Audry’s distance function   Eqn 2 

𝑓(𝑑𝑖𝑘) =  𝑒−𝑑𝑖𝑘  Fauchère’s distance function   Eqn 3 

𝑓(𝑑𝑖𝑘) =  𝑒
−𝑑𝑖𝑘

2   Modified Fauchère’s distance function  Eqn 4 

These functions exhibit maxima at zero followed by decay as distance increases, reflecting the 

diminishing hydrophobic influence from distant atoms. Audrey's function attempts to simulate the 

decay mimicking Coulomb interaction (Eqn 2). Despite lacking a physical foundation, it has 

proven useful for generating informative visualizations. Fauchère proposed an alternative 

exponential decay function based on observed proximity effects during octanol/water partition 

calculations (Eqn 3). Both Audry’s and Fauchère’s distance functions do not appear to be adequate 

beyond the Solvent-Accessible Surface (SAS) and the slightly modified Fauchère’s distance 

function (Eqn 4) overcomes this limitation.[75,76,77]  

The Hydrophobic Index (HI) is defined based on the distinction between negative MHP values 

(MHP–) associated with polar regions and positive MHP values (MHP+) corresponding to 

hydrophobic regions, as shown in Eqn 5.[57,58]  

𝐻𝐼 =
𝑀𝐻𝑃+

𝑀𝐻𝑃++|𝑀𝐻𝑃−|
   Eqn 5 
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The calculated hydrophobic potential information is then stored as B-factor data for each cavity 

grid point alongside the original cage coordinates in a PDB format. This format enables users to 

visualize these values easily using standard visualization software such as Chimera, VMD, or 

PyMol (Figure 5). 

To illustrate the use of C3 for calculating cavity properties, we computed the MHP for Cages 1 

and 2. The average cavity hydrophobicity, 0.01 for Cage 1 and 0.09, for Cage 2, indicates that the 

cavity of Cage 2 is 9 times more hydrophobic than Cage 1 (Figure 5). This illustrates that small 

cavities efficiently isolated by the cage walls are much more hydrophobic than large cages 

containing large windows. However, the algorithm is unsuitable for calculating the hydrophobicity 

of metallocages due to the lack of tabulated hydrophobic contributions for metals. 

 
Figure 5. Calculation of the hydrophobicity of cages with the hydrophobic potential mapped on the cavity: (a) Cage 

1 (CCDC 2014846 from Ref. 70) using 2.0 Å grid spacing; and (b) Cage 2 (CCDC 1970309 from Ref. 71) using 0.5 

Å grid spacing. 
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2.2.4 Electrostatic potential of the cavity 

The electrostatic potential (ESP) is a key parameter to understand the nature of the interactions 

within a molecular cage and predict the interaction with potential guests, particularly polar guests. 

We have implemented the calculation of the ESP in C3 by mapping the partial charge contributions 

from the cage atoms onto a grid representing the cavity: 

𝑉𝑔𝑟𝑖𝑑 = 𝑘 ∑
𝑞𝑖

𝑑(𝑔𝑟𝑖𝑑,𝑖)

𝑁𝑐𝑎𝑔𝑒

𝑖=0

 

Where k is the Coulomb constant, qi is a partial charge of a cage atom, and d(grid,i) is the distance 

between the cage atom and the cavity grid point. The partial charges are determined using the 

electronegativity equalization method (EEM) implemented in Open Babel,[66] a widely accepted 

and efficient procedure for deriving charge-based descriptors in QSAR studies.[78,79,80] 

The cavity ESP is a valuable tool for identifying favorable interactions between hosts and polar 

guests. For example, by computing the ESP for a [Pd2L4]
4+ cage and 1,4-dicyanobenzene as a 

potential guest, one can easily visualize the complementarity of their ESPs, suggesting the 

formation of a strongly bound host-guest complex (Figure 6a-c).[81] Negatively charged cages are 

relatively less common than positively charged ones. Nevertheless, we present an example of a 

purely organic cage, containing carboxylic groups, which results in a cavity with a negative ESP. 

This feature suggests that the cage can potentially encapsulate and stabilize positively charged 

guest molecules (Figure 6d).[82]  

https://doi.org/10.26434/chemrxiv-2024-fmlx0 ORCID: https://orcid.org/0000-0002-9142-9392 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-fmlx0
https://orcid.org/0000-0002-9142-9392
https://creativecommons.org/licenses/by/4.0/


 

 

 

 

20 

 

Figure 6. (a) Crystal structure of the host-guest complex [Pd2L4]4+ (CCDC 2157968), (b) electrostatic potential 

mapped on a cavity of the empty cage [Pd2L4]4+ (CCDC 2157967), (c) partial charge mapped on van der Waals 

sphere of 1,4-dicyanobenzene calculated using EEM implemented in OpenBabel (d) Example of the ESP of the 

negatively charged cage (CCDC 2053043). The ester groups of the original crystal structure have been replaced by 

carboxylic groups to show the negative charge effect on the cavity. 

 

2.3 PyMol Plugin 

In addition to the Python module and the command line interface, we have developed a graphical 

user interface (GUI) as a PyMol plugin that requires no programming skills. This GUI enables 

users to select a molecule and perform calculations with just a few clicks. To use it, the user simply 

needs to load the molecule in PyMol, open the C3 plugin, select the molecule from the drop-down 

list, and then press the “Calculate volume” button. Optionally, the user can adjust the grid size, 

select the properties to calculate (and adjust their parameters, such as the hydrophobicity method, 

the distance function, etc.), or choose a clustering algorithm to remove noisy cavity points, i.e. to 

remove isolated cavity points that do not belong to the main cavity. As an example, we provide 

the output obtained for the calculation of a [Pd2L4]
4+ cage providing in the same PyMol session 

the output obtained for the cavity, with an individual output for each selected property (Figure 7).  
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Figure 7. Screenshot of the results after running the C3 PyMol plugin. 

 

3 Conclusions 

We have reported an automated cavity calculation software, C3, deployed as a Python module, for 

the calculation of the cavity of cages, as well as aromatic contacts, solvent accessible surface area 

(SASA), hydrophobicity (MHP), and/or electrostatic potential (ESP) contributions. The main 

advantage of our method is its easy use and general applicability to a wide range of porous 

structures without the need for parameter adjustment. Users can select the grid spacing to achieve 

the desired cavity resolution and reduce calculation time by using larger grid spacing. The method 

was benchmarked on a wide range of cage structures. 
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The cavity can be visualized with any chemical visualization software as the cavity output is stored 

in a PDB file containing the cavity grid points. To facilitate the use of the algorithm for non-

specialized users, a plugin for molecular viewer PyMol was developed, enabling its use without 

requiring computer programming knowledge. We anticipate that the developed software will 

streamline the characterization of molecular cages and speed up the development of novel 

functional designs.  
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