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S1 Computational Methods

MBE calculations were performed using our Fragme∩t code,1 interfaced with the Q-Chem pro-
gram2 for all HF, DFT, and MP2 calculations. The GFN2-xTB method,3 as implemented in the
xTB code,4 was used for energy screening. For self-consistent field (SCF) calculations in Q-Chem,
the SCF convergence threshold was set to 10−8 Eh and the integral screening threshold was set
to 10−14 a.u.. This should eliminate possible discrepancies between MBE(n) and supersystem cal-
culations for higher-order expansions such as MBE(4).5 Counterpoise corrections were performed
using the usual Boys-Bernardi procedure.6 For MBE(n) calculations this means that each n-body
subsystem calculation is performed using the full-cluster (supersystem) basis set.

S2 Structure Preparation

Structures for F−(H2O)15 were obtained from a molecular dynamics (MD) trajectory for F−(H2O)32
performed using GFN2-xTB. This trajectory was propagated for 50 ps using a 2 fs time, with
snapshots dumped every 50 fs. The final 10 snapshots were used as the data set for subsequent
DFT calculations, taking the 15 water molecules nearest to F−.

The behavior of MBE(n) as a function of system size was tested using structures obtained from
a periodic MD trajectory of F−(H2O)128, using the AMOEBA force field7 and the Tinker code.8

This trajectory was equilibrated for 100 ps and the final snapshot was trimmed to include the
N = 5–25 water molecules closest to the ion. An analogous procedure was used to prepare the
(H2O)(H2O)14 and Na+(H2O)14 structures used in Fig. 4.
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Table S1. Aggregate data for all MBE(n) terms up to n = 5, corresponding to the
histograms in Fig. 2. All units are given in kcal/mol and standard deviations are
given in parentheses.

containing F− H2O only

n meana totalb meana totalb

HF/aQZ 2 −10.29 (9.00) −154.42 0.15 (1.14) 15.75

3 0.38 (1.01) 40.37 −0.02 (0.17) −7.94

4 −0.02 (0.06) −7.04 0.00 (0.01) 0.63

5 0.00 (0.00) 0.92 0.00 (0.00) 0.08

PBE/aQZ 2 −11.46 (9.29) −171.97 −0.29 (1.22) −30.42

3 0.90 (1.20) 94.47 0.01 (0.20) 3.40

4 −0.25 (0.15) −115.88 −0.00 (0.02) −3.39

5 0.14 (0.08) 192.99 0.00 (0.00) 1.76

aMean n-body value based on all possible terms in ten F−(H2O)15 clusters
bAverage contribution of n-body terms to a single F−(H2O)15 cluster.
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Figure S1. Ratio of ∆Eint[MBE(n)] (the n-body approximation to ∆Eint) and the supramolec-
ular value of ∆Eint, for a set of F−(H2O)15 clusters computed at various levels of theory: (a)–(c)
HF/aXZ (for X = D, T, or Q), and (d)–(f) PBE/aXZ. A ratio of unity indicates zero error in the
MBE(n) approximation. Errors themselves, computed as ∆Eint[MBE(n)] − ∆Eint, are plotted in
Fig. 1.
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Figure S2. Ratio of ∆Eint[MBE(n)] (the n-body approximation to ∆Eint) and the supramolec-
ular value of ∆Eint, for a set of F−(H2O)15 clusters computed using (a) HF/6-31G, (b) CP-
corrected HF/6-31G, (c) PBE/6-31G, and (d) CP-corrected PBE/6-31G. The corresponding er-
rors are plotted in Fig. 5.
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Figure S3. Ratio of ∆Eint[MBE(n)] (the n-body approximation to ∆Eint) and the supramolec-
ular value of ∆Eint, for a set of F−(H2O)15 clusters computed using (a) BLYP/aDZ, (b) B3LYP/
aDZ, (c) BH&H-LYP/aDZ, and (d) HF-LYP/aDZ. The corresponding errors are plotted in
Fig. 6.
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Figure S4. Ratio of ∆Eint[MBE(n)] (the n-body approximation to ∆Eint) and the supramolecu-
lar value of ∆Eint, for a set of F−(H2O)15 clusters computed using (a) SCAN/aDZ, (b) SCAN0/
aDZ, (c) DC-SCAN/aDZ, and (d) SCAN/aDZ augmented with a polarizable continuum model.
The corresponding errors are plotted in Fig. 7.
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Figure S5. Errors in MBE(n) interaction energies for ten configurations of F−(H2O)15, com-
puted using (a) the PBE functional, (b) PBE0 (with 25% exact exchange), (c) DC-PBE, and (d)
PBE in conjunction with dielectric boundary conditions (ε = 4). All calculations used the aDZ
basis set.
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Figure S6. Error in ∆Eint for F−, normalized by the number of monomers, for MBE(3) cal-
culations in F−(H2O)5−25 clusters at the PBE/aDZ and HF/aDZ levels of theory, plotted as a
function of cluster size.
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culations in F−(H2O)5−25 clusters at the PBE/aDZ and HF/aDZ levels of theory, plotted as a
function of cluster size.
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Figure S8. Error in ∆Eint for F−, normalized by the number of monomers, for MBE(5) cal-
culations in F−(H2O)5−25 clusters at the PBE/aDZ and HF/aDZ levels of theory, plotted as a
function of cluster size.
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Figure S9. Errors in ∆Eint for a set of ten F−(H2O)15 structures, computed using MBE(n) at
various levels of theory: (a) HF/def2-TZVPD, (b) ωB97X-V/def2-TZVPD, (c) RI-MP2/jun-cc-
pVTZ, and (d) RI-MP2/aug-cc-pVTZ. These data show that oscillations in MBE(n) terms com-
puted at the RI-MP2 level remain relatively small as compared to those exhibited by density
functionals such as ωB97X-V.
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Table S2. Thermochemical benchmarks for the various subsets of the GMTNK55 data set.9 Re-
sults for BH&H-LYP+D3 are new and results for B3LYP+D3 are taken from Ref. 10. Grimme’s
D3 dispersion correction11 is applied to both functionals.

Data Set

Errors (kcal/mol)

BH&H-LYP+D3 / def2-TZVPD B3LYP+D3 / def2-TZVPD

MSEa MAEb STDEVc Maxd Mine MSEa MAEb STDEVc Maxd Mine

FH51 −1.03 1.98 2.43 7.07 0.01 1.63 2.77 3.31 9.13 0.07

INV24 1.35 2.40 3.74 12.60 0.01 −0.74 1.00 1.07 3.49 0.08

BHPERI 4.09 4.09 1.15 6.28 1.47 −0.39 0.98 1.29 3.99 0.02

TAUT15 −0.25 0.55 0.77 2.48 0.01 −0.46 1.14 1.26 2.13 0.10

WCPT18 3.19 3.19 2.40 9.07 0.37 −1.99 2.15 1.91 5.64 0.01

W4-11 −20.95 21.00 13.78 62.62 0.05 −1.97 3.67 5.06 27.59 0.02

PArel 0.51 1.03 1.42 4.20 0.00 −0.04 1.09 1.63 5.14 0.01

DARC −2.74 5.46 7.00 13.70 0.03 3.63 7.84 7.14 9.81 3.53

PX13 0.95 1.49 1.48 3.11 0.27 −4.99 4.99 1.61 8.01 2.31

G21EA −6.67 7.49 4.96 13.73 1.16 −0.48 3.25 3.99 10.61 0.04

BSR36 −4.57 4.57 2.53 12.15 1.58 −3.68 3.68 1.99 9.69 1.43

MB16-43 −31.52 34.33 29.90 120.83 3.19 −34.12 34.46 19.01 85.51 0.86

DC13 −0.13 9.68 11.83 24.60 0.03 3.46 10.38 12.75 27.28 0.52

G2RC −2.90 4.17 4.53 12.18 0.22 1.17 2.79 3.32 8.35 0.00

ISOL24 −0.49 3.54 4.41 10.14 0.06 −2.79 6.03 7.94 23.00 0.01

NBPRC 0.83 2.37 2.61 4.74 0.03 1.70 2.42 3.28 9.94 0.16

G21IP −1.44 4.50 5.40 12.02 0.08 2.08 3.76 4.40 11.99 0.12

RSE43 −0.30 0.51 0.57 1.35 0.02 −1.74 1.74 0.98 4.49 0.59

DIPCS10 −3.89 7.17 8.00 18.63 1.77 1.78 4.41 5.41 12.60 0.28

YBDE18 −5.73 5.73 2.00 10.62 2.96 −5.37 5.65 4.00 12.32 0.55

BH76 0.05 2.17 2.82 9.90 0.02 −4.89 4.94 2.83 11.16 0.47

SIE4x4 7.14 7.14 6.26 22.30 0.46 17.66 17.66 9.99 40.19 2.80

BH76RC −0.84 3.72 4.69 12.19 0.13 0.03 2.01 2.58 6.46 0.01

AL2X6 −1.21 1.40 1.06 2.22 0.12 −4.23 4.23 0.73 5.38 3.35

CDIE20 0.53 0.66 0.69 1.94 0.02 1.10 1.12 0.57 2.11 0.20

PA26 2.99 3.25 2.74 9.66 0.12 1.93 2.24 2.47 8.63 0.13

ISO34 0.22 1.26 2.05 9.37 0.00 −0.30 1.88 2.75 10.73 0.02

BHDIV10 2.68 2.68 1.92 5.65 0.15 −1.63 2.88 3.05 5.39 0.18

ALK8 1.70 4.37 5.31 9.97 0.05 −1.09 2.29 2.55 5.64 0.73

BHROT27 0.60 0.60 0.61 1.77 0.02 0.36 0.38 0.43 1.26 0.01

Overallf −1.93 5.08 4.64 14.90 0.48 −1.15 4.79 3.98 12.92 0.62

aMean signed error. bMean absolute error. cStandard deviation. dMaximum error. eMinimum error.
fAverage across all subsets.
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Figure S10. Total subsystem counts for a complete MBE(3) calculation of ∆Eint as compared
to the ∆Eint-MBE(n) procedure introduced in Section 5. In the former, MBE(3) is applied con-
sistently to all three terms in eqn. (3), whereas the ∆Eint-MBE(n) approach involves a priori
elimination of terms that ultimately cancel. The difference between the two graphs indicates how
many fewer subsystems are required in this more efficient approach.
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