Supplementary Information (SI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2024

Supplementary Material for:

“Delocalization error poisons the density-functional many-body
expansion”

Dustin R. Broderick and John M. Herbert,*
Department of Chemistry € Biochemistry,
The Ohio State University, Columbus, Ohio, 43210 USA

November 6, 2024

S1 Computational Methods

MBE calculations were performed using our FRAGMENT code, ! interfaced with the Q-CHEM pro-
gram? for all HF, DFT, and MP2 calculations. The GFN2-xTB method,? as implemented in the
XTB code,? was used for energy screening. For self-consistent field (SCF) calculations in Q-CHEM,
the SCF convergence threshold was set to 1078 Ej, and the integral screening threshold was set
to 104 a.u.. This should eliminate possible discrepancies between MBE(n) and supersystem cal-
culations for higher-order expansions such as MBE(4).? Counterpoise corrections were performed
using the usual Boys-Bernardi procedure.® 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~(H20)15 were obtained from a molecular dynamics (MD) trajectory for F~(H20)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~(Hz0)12g, using the AMOEBA force field” and the TINKER code.®
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
(H20)(H20)14 and Na™(H30)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~ H>0 only
n mean® total® mean® total®
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

“Mean n-body value based on all possible terms in ten F~(H20)15 clusters
® Average contribution of n-body terms to a single F~ (H20)15 cluster.
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Figure S1. Ratio of AE;[MBE(n)] (the n-body approximation to AEjy) and the supramolec-

ular value of AEjy, for a set of F~(H20)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 AFEj[MBE(n)] — AEjy, are plotted in
Fig. 1.
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Figure S2. Ratio of AE;[MBE(n)] (the n-body approximation to AFEjiy) and the supramolec-
ular value of AFEjy, for a set of F~(H20)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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Table S2. Thermochemical benchmarks for the various subsets of the GMTNK55 data set.” Re-
sults for BH&H-LYP+D3 are new and results for BBLYP+D3 are taken from Ref. 10. Grimme’s

D3 dispersion correction'! is applied to both functionals.

Errors (kcal/mol)

BH&H-LYP+D3 / def2-TZVPD

B3LYP+D3 / def2-TZVPD

Data Set b < d P a b < a e

MSE“ MAE STDEV Max Min MSE MAE STDEV Max Min
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
Wi4-11 —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
RSEA43 —0.30 0.51 0.57 1.35 0.02 —1.74 1.74 0.98 4.49 0.59
DIPCS10 —-3.89 717 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
1SO34 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
ALKS8 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
Overall —1.93 5.08 4.64 14.90 0.48 —1.15 4.79 3.98 12.92 0.62

“Mean signed error. ®Mean absolute error. °Standard deviation. Maximum error. *Minimum error.

f Average across all subsets.
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Figure S10. Total subsystem counts for a complete MBE(3) calculation of AFE;,; as compared
to the AEi,-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 AF;-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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