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Volumetric pixel (voxel) resolution

The electrostatic potential tensors are extracted from the Gaussian09 optimization calculations. The 
dimension of the tensor (number of elements per side) and the length (in Euclidian space) of each side is 
variable; the resolution is best represented as the real space volume that each element in the tensor 
represents (holding the total length of the computational box constant). At large voxel volume (> 0.02 A3), 
the volume approaches notable fractions of bond lengths (i.e. too low resolution), resulting in artificially 
large calculated volumes.

To identify the optimal resolution (maximizing the voxel volume, while minimizing the time to solution) 
the time to solution and calculated volumes were calculated for four representative models (N2, O2, N, and 
O), Figure S2.

Figure S1. Decreasing the voxel increases the time to solution (dashed curves) exponentially 
yet maximizes the accuracy of the calculated volume (solid curves). CCSD-full/aug-cc-pvTZ.
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Figure S2. Calculated STREUSEL volumes of H2 and CH4 optimized 
with each basis set (x-axis), normalized to the volume obtained from the 
aug-cc-pVTZ (y-axis). The normalized volumes represent the precision 
of each basis set, a metric of how close the returned electronic structure 
is to that obtained using aug-cc-pVTZ. aug-cc-pVTZ is considered 
sufficiently large – as demonstrated by the convergence of normalized 
volumes with larger basis sets (i.e. cc-pVQZ and aug-cc-pVQZ).
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Mg Atomic and Ionic Radii Comparisons

Table S1. Comparison of radii (Å) for Mg in three oxidation states (Mg, Mg+, and Mg2+). STREUSEL data 
obtained using CCSD-full/aug-cc-pVTZ.

Radii (Å)
Radii 

Type/Method
Coordination 

Number Mg Mg+ Mg2+

Single Covalent 1.39
Double Covalent 1.32
Triple Covalent 1.27Pyykkö1,2

Tetrahedral 1.41
Non-bonded 2.51Alvarez3,4
Covalent 1.41

Bragg5 1.42
Slater6 1.50
Bondi7,8 1.73
Rahm9 Electron Density Ia 2.40 2.01

8 2.20 0.89Batsanov10
12 1.60 1.23

Effective ionic 6 0.72Shannon-
Prewitt11,12 Crystal 6 0.86
Ouyang13 12 1.15
Agmon14 0.69
Pauling15 0.65
STREUSEL Electric Field Ia 2.15 2.83 3.74

a Independent of coordination number
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Figure S3. Radii (y-axis) of Mg in two oxidation states (x-axis) for a series of experimental 
size methods (CN = coordination number). All conventional volumetric approaches predict 
cations to be smaller than their neutral counterparts, because other approaches are based on 
electron density. STREUSEL data obtained using CCSD-full/aug-cc-pVTZ. 
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Figure S4 Atomic radii for elements 1-96 of the periodic table calculated using STREUSEL are presented. Neutral atoms were modeled 
using functional CCSD-full with the def2-TZVP basis set. The radii are calculated from the STREUSEL-obtained volumes under the 
spherical approximation.
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Table S2. Atomic radius from STREUSEL as a function of basis set.  CCSD-full was used in both cases. 
The radii vary by a maximum of 0.4%.

def2-TZVP aug-cc-pVTZ
Sc 2.39 2.40
Ti 2.32 2.31
V 2.26 2.27
Cr 2.04 2.03
Mn 2.01 2.01
Fe 1.99 1.99
Co 1.97 1.97
Ni 1.93 1.93
Cu 2.01 2.01
Zn 1.98 1.99
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Overlapping sphere volume calculation (any radii may be used, assuming spheres do not change 
shape, just further penetrate into one another)

Chemical volumes using rigid spheres are a function of the volumes of each of the atoms ( ), 𝑣𝑥,  𝑥 = 𝑎,𝑏

which are reliant on the selected method’s reported radii ( )𝑟𝑥, 𝑥 = 𝑎,𝑏

(5)
𝑣𝑥 =

4
3

𝜋𝑟3
𝑥

and the overlap between the rigid spheres ( ), which relies on the reported radii of each of the atoms ( , 𝑜𝑑 𝑟𝑥

) and the distance between them ( )𝑥 = 𝑎,𝑏 𝑑𝑎𝑏

(6)
𝑜𝑑 =

𝜋(𝑟𝑎 + 𝑟𝑏 ‒ 𝑑𝑎𝑏)(𝑑 2
𝑎𝑏 + 2𝑑𝑎𝑏𝑟𝑎 ‒ 3𝑟2

𝑎 + 2𝑑𝑎𝑏𝑟𝑏 + 6𝑟𝑎𝑟𝑏 ‒ 3𝑟2
𝑏)

12𝑑𝑎𝑏

Thus, the total volume can be written

(7)
𝑣𝑣𝑑𝑊 =

𝑛

∑
𝑖 = 1

4
3

𝜋𝑟3
𝑖 ‒

𝑛

∑
𝑎 = 1

𝑛

∑
𝑏 = 1

𝜋(𝑟𝑎 + 𝑟𝑏 ‒ 𝑑𝑎𝑏)(𝑑 2
𝑎𝑏 + 2𝑑𝑎𝑏𝑟𝑎 ‒ 3𝑟2

𝑎 + 2𝑑𝑎𝑏𝑟𝑏 + 6𝑟𝑎𝑟𝑏 ‒ 3𝑟2
𝑏)

12𝑑𝑎𝑏

The relationship between, in this case, van der Waals volumes and changing bond lengths is readily 
examined using diatomic molecules. Both homonuclear and heteronuclear diatomic molecules exhibit the 
same trend in calculated van der Waals volume upon changing bond length. Intuitively, there is a direct 
relationship between bond length and volume derived using rigid spheres.

Figure S5. van der Waals volumes (y-axis) of F2 and HF were calculated 
for the optimized structures, and a series of models with expanded and 
compressed bond lengths (x-axis).
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Figure S6. The Boyd (periwinkle), Bader (mint), and STREUSEL 
(charcoal) surfaces of a series of diatomic molecules. All surfaces are 
plotted using VESTA. The Boyd surface is depicted at an isosurface value 
of 0.00015 e-Å-3. The Bader surface is depicted at an isosurface value of 
0.0003 e-Å-3. The STREUSEL surface is depicted at an isosurface value 
relative to the minimum value of the electric field surface mapped on the 
electrostatic potential map. STREUSEL volumes computed using CCSD-
full/aug-cc-pVTZ.
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Atom and small molecule calculations

Density functional theory (DFT) was used to perform geometry optimizations for the atoms and small 
molecules of interest, as implemented in Gaussian09.17 Optimizations were performed using a RMS force 
convergence of 10-5 hartree. The electronic wavefunction was minimized using representative functionals 
from each level of theory, Table S2, with a triple zeta basis set, including polarization and diffuse functions 
on all atoms.18 All calculations were performed using a triple zeta polarized basis. Aug-cc-pVTZ was used 
when possible (for elements up to Kr), otherwise def2-TZVP was employed.  CCSD-full was used as our 
reference for the exact solution.

Table S3. Several representative functionals from each level of theory (ab initio, generalized gradient 
exchange (GGE), local-density approximation (LDA), range separated, generalized gradient approximation 
(GGA), hybrid-GGA (H-GGA), hybrid-meta-GGA (HM-GGA), and meta-GGA (M-GGA).

Ab initio GGE LDA Range Separated
CCSD-full19–22 BVWN523,24 Xalpha25–27 wB97XD28

MP329,30 G96VWN524,31 LSDA24–27 CAM-B3LYP18

MP432,33 OVWN524,34,35 SVWN524–27

GGA H-GGA HM-GGA M-GGA
PBE36,37 APFD38 B1B9523 M06L39

B97d40 B1LYP23,41,42 BMK43 M11L44

BLYP23,41,42 B3LYP23,41,42 TPSSh45–47 TPSS45

BPBE23,36,37 B3P8623 VSXC48

BPL23 BHandH49 tHCTH50

G96LYP31,41,42 BHandLYP49

HCTH51–53 HSE06
HFB23 M0654

LC-wPBE55–57 M1158

PBELYP36,37,41,42 O3LYP34,35

PBEPW9136,37,59–61 HSE0362

SLYP25–27 PBE063,64

SPBE25–27 SOGGA1165

TPSSLYP1W41,42,45 X3LYP41,42,66

mPWPBE36,37,67 mPW1PBE67

mPW3PBE67
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Figure S7. Mean absolute deviation of molecular volumes of the 15 test molecules, at their 
corresponding functional geometries.  The vdW volumes are computed using the 
conventional rigid sphere approach, whereas the purple points are the average volume 
deviations of all the molecules. The dotted lines represent the average volume deviation 
across a functional class.



S12

Table S4. Molecular volumes for the relevant small molecules examined in this study calculated using the 
van der Waals (vdW) and the STREUSEL volume calculation methods.

Molecule vdW volume ( )Å3
STREUSEL volume ( )Å3 Difference (%)

Ne 11.25 8.260 26.58
F2 22.03 17.25 21.70
O2 22.97 18.77 18.28
H2O 19.28 23.43 -21.52
N2 23.49 19.69 16.18
CO 26.68 22.81 14.51
NH3 22.68 26.16 -15.34
CH4 28.15 25.08 10.91
Kr 26.52 24.26 8.522
H2 10.49 9.690 7.626
C2H2 34.56 32.30 6.539
CO2 33.21 31.49 5.179
Cl2 39.54 37.50 5.159
SO2 39.02 39.94 -2.358
Br2 47.87 46.99 1.838
H2S 29.43 29.49 -0.2039



S13

Figure S8. A schematic of the potential regions sampled by STREUSEL.  Cations 
monotonically decrease in field as radius increases, whereas anions feature a minimum field 
that climbs back to 0 at large r. 
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Figure S9. A schematic of the probability functions for the 3d and 4s Hydrogenic orbitals. 
Depopulating the higher quantum number s-orbitals generally leads to a contraction in electric 
field. An example is given, and a comparison of numerical radii are presented in Table S4. 
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Table S5. A comparison of predicted radii for the first-row transition metals with the ground state electronic 
structure (in bold) and an alternate non-ground state electronic structure. Depopulated s-orbitals result in 
contraction in radius. For Mn and above, only one spin configuration is enforceable.

Atom Electronic 
configuration

Radius (Å)

Sc [Ar] 4s2 3d1 2.40
[Ar] 4s1 3d2 2.28

Ti [Ar] 4s2 3d2 2.31
[Ar] 4s1 3d3 2.20

V [Ar] 4s2 3d3 2.27
[Ar] 4s1 3d4 2.10

Cr [Ar] 4s2 3d4 2.21
[Ar] 4s1 3d5 2.03

Mn [Ar] 4s2 3d5 2.01
Fe [Ar] 4s2 3d6 1.99
Co [Ar] 4s2 3d7 1.97
Ni [Ar] 4s2 3d8 1.93
Cu [Ar] 4s1 3d10 2.01
Zn [Ar] 4s2 3d10 1.99
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