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Neutral bulk water

Moments of water

The change in the dipole moment of water between gas phase and liquid phase reflects the

treatment of polarizability by a simulation model. As shown in Fig. S1 and Table S1, while

the change in the dipole moment of DFTB3 water between gas phase and liquid is somewhat

underestimated compared to ab initio or DFT molecular dynamics (MD) simulations,1 the

average dipole moment in the liquid, ⇠2.35 Debye, is very close to the dipole moment of

classical water models like SPC/E and TIP3P;1 a recent linear-scaling QM water model2

also reported a liquid dipole moment around 2.5 Debye.

The importance of quadrupole moments has also been emphasized in the water litera-

ture.1 As shown in Table S1, the gas phase ⇥2 for DFTB3/3OB(w) is substantially lower

than the experimental value, although the solution value is in fact rather close to those from

ab initio or DFT MD simulations. For reference, we have also listed the quadrupole mo-

ments for two popular non-polarizable water models, TIP3P and TIP4P/2005; both appear

to substantially underestimate ⇥2 in the condensed phase.
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Figure S1: Dipole moment distribution in bulk water.

Table S1: Gas phase and liquid phase dipole (µ, in Debye) and quadrupole (⇥0,2,
in Debye·Å)a moment of H2O

Exp.b TIP3P TIP4P/2005 DFTB3/3OB DFTB3/3OBw
Gas phase µ 1.86 2.35 2.31 1.90 1.90
Liquid µ ⇠2.5-3 2.35 2.31 2.35 2.36

Gas phase ⇥0 (⇥0/µ) 0.11 (0.07) 0.23 (0.10) 0.18 (0.08) -0.04 (-0.02) -0.04 (-0.02)
Gas phase ⇥2 (⇥2/µ) 2.57 (1.38) 1.72 (0.73) 2.30 (1.00) 1.61 (0.85) 1.61 (0.85)

Liquid phase ⇥0 (⇥0/µ) ⇠0.2 (⇠0) 0.23 (0.10) 0.18 (0.08) -0.35 (-0.15) -0.37 (-0.16)
Liquid phase ⇥2 (⇥2/µ) ⇠3 (⇠1.0) 1.72 (0.73) 2.30 (1.00) 2.87 (1.22) 2.88 (1.22)

a The quadrupole moments are computed as the following: 1. Orient each water molecule
such that the O atom is at the origin, the bisector of the H-O-H angle is aligned along the
positive Z-axis and the entire molecule lies in the Y-Z plane. 2. Calculate the quadrupole
moment tensor using the new (after orientation) coordinates and the DFTB3 Mulliken

charges. 3. Diagonalize the quadrupole moment tensor. 4. Relate the diagonal elements to
⇥0 and ⇥2 as defined in Eq. 2 of Ref.1 b The gas phase experimental values are taken from
Ref.;3 for liquid phase, since no experimental values are available, values from CPMD or

high-level QM/MM simulations cited in Ref.1 are included for comparison.

Density and energetics of bulk water

It was observed previously that both DFTB2 and DFTB3 tend to overestimate the density

of bulk materials, a trend most likely due to the underestimate of Pauli repulsion with the

current DFTB methods.4 Following this trend, NPT simulations with both DFTB3/3OB and
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DFTB3/3OBw significantly overestimate the density of water (⇠1.3 g/cm3 vs. ⇠1.0 g/cm3)

at the ambient condition; note that the RMC optimization of the O-H repulsive potential is

carried out with the NVT ensemble and experimental water density at ambient condition.

On the other hand, the density obtained from NPT simulations using DFTB+5 is rather

sensitive to further adjustment of the O-H repulsive potential. In particular, to improve

density, we find it e↵ective to include a small additional linear term to the O-H repulsive

potential, �V rep
OH = A(1� r/rcut), where rcut is taken to be 7 Å, and A is adjusted to be 0.16

kcal/mol. Although this term has a negligible impact on the computed water structure from

NVT simulations at ambient condition (see Fig. S2, compare 3OBw and 3OBwp; the latter

includes the additional linear term in the O-H repulsive potential), it has a major impact

on the computed density from NPT simulations. As shown in Fig. S3, the water density

computed using the 3OBwp repulsive potential set, in fact, exhibits a density maximum in

the expected temperature range. We caution, however, that this observation alone doesn’t

support DFTB3/3OBwp as a robust water model. What these exercises highlight is that the

properties of bulk water are rather sensitive to the potential function and more systematic

improvements of DFTB3 are required to lead to a physically robust model for water, even

for situations near the ambient condition.

Another clear demonstration of limitations of the current DFTB3 formulation and the

RMC scheme is that the improvement of bulk water structure in fact leads to deteriorated

enthalpy of vaporization. As shown in Table S2, DFTB3/3OB NVT simulations at experi-

mental water density underestimates �Hvap by about 2 kcal/mol, while the 3OBw parameter

set further increases the error by another 2.4 kcal/mol. This is somewhat expected because

the modification introduced by 3OBw e↵ectively reduces each hydrogen bonding interaction

by about 1 kBT (see Fig. 3 in the main text), and a water in bulk on average forms four

hydrogen bonds; for a water dimer in the gas phase, DFTB3/3OB predicts a binding en-

ergy of 4.6 kcal/mol, while 3OBw gives 4.0 kcal/mol. We note that the underestimate of

�Hvap by the DFTB3 calculations is partly due to the fact that dispersion has not been in-
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Figure S2: Neutral water radial distribution functions (RDFs) from di↵erent DFTB3 simula-
tions with NVT/NVE ensemble and experimental density at ambient condition. As discussed
in the text, the 3OBwp adds a small linear term in the 3OBw O-H repulsive potential and
gives good water density in NPT simulations for the ambient condition. Experimental data
is from Ref.6
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Figure S3: Temperature dependence of water density computed using NPT simulations (with
108 water molecules) and DFTB3/3OBwp. The original DFTB3/3OB and DFTB3/3OBw
lead to substantially overestimated density at ambient condition (⇠1.3 g/cm3).

cluded; for ice Ih, two- and three-body dispersions have been estimated to contribute about

3 kcal/mol towards the cohesive energy per molecule.7 Therefore, in the near future, it is

important to explore bulk water simulations with the latest D3 dispersion model developed

for DFTB3/3OB;8 for DFTB3/MM applications with a modest number of QM water, how-

ever, it is unlikely that dispersion among QM atoms makes a significant contribution to the

energetics. The consequence of the underestimated �Hvap for bulk water for DFTB3/MM

applications needs to be carefully analyzed by, for example, computation of hydration free en-

ergies of hydrophobic and hydrophilic solutes; although water-water interactions are clearly

underestimated, hydrogen bonding interactions among water are often persistent in the pres-

ence of solutes thus errors in the computed solution properties are expected to be less severe

than that for �Hvap.
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Table S2: Heat of vaporization, �Hvap (kcal/mol), for neutral bulk water from
NVT simulations at experimental density at ambient condition

Exp.a DFTB2b DFTB2-�hb DFTB3-diagc DFTB3/ DFTB3/
3OB 3OBw

10.50 4.09±0.04 7.00±0.08 8.48±0.02 8.28±0.01 5.79±0.04

aRef.9 bRef.10 cRef.11
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Protonated water clusters, solvated proton and hydrox-

ide

For the gas-phase protonated water dimer, H+(H2O)2, Fig.S4 shows DFTB3/3OB barriers

to be somewhat lower than those predicted by MP2/aug-cc-pVDZ. However, as we show

in the main text and below, the “zero-temperature” Eigen-Zundel balance in larger proto-

nated water-clusters like H+(H2O)6 and H+(H2O)22 as well as the Eigen/Zundel balance in

finite-temperature MD simulations of H+(H2O)21 and an excess proton in bulk water are

satisfactory.

DFTB3/3OB shows significant improvement in the PES at rO�O=2.4 Å compared to

other SCC-DFTB variants (also see Fig. 1(a) in Ref. 11) in the sense that the energy does

not rise as sharply as the proton moves away from the center between the two water molecules.

This is expected to improve the shape of the proton transfer PMF in bulk water (see main

text). Also, compared to the DFTB3-diag+gaus variant investigated in our previous work,11

DFTB3/3OB shows the positions of the minima in the PES at rO�O=2.54 Å and 2.6 Å in

much better agreement with MP2/aug-cc-pVDZ results.

For other systems, additional results are summarized in the figures and tables below.
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(a) rO�O: 2.4 Å (b) rO�O: 2.54 Å

(c) rO�O: 2.6 Å

Figure S4: Potential energy surface along rO�H for fixed O-O distances of the protonated
water dimer H+(H2O)2.

Figure S5: Comparison of H-H RDF calculated using various approaches and experimental
data.6 The CPMD and DFTB2 results are from Ref.10 and the DFTB3-diag data is from
Ref.11
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Table S4: Summary of results for H+(H2O)6. The errors are in the energies of
11 low-lying isomers relative to that of isomer VI (see Table S3) and are in
kcal/mol. ‘E’ denotes Eigen. Def.1 denotes the criterion based on ROO

12 while
def.2 denotes the criterion based on �10

MP2a DFTB2b DFTB3 DFTB3/ DFTB3/
-diag+gausb 3OB 3OBw

MAXE 0.0 -3.1 -1.7 -2.1 -3.0
RMSE 0.0 1.4 0.7 1.1 1.7
MUE 0.0 1.0 0.6 0.9 1.4
MSE 0.0 0.1 -0.5 0.0 0.3

# of E isomers (def.1) 8 0 9 8 8
# of E isomers (def.2) 10 6 9 9 9

aRef. 13 bRef. 11

Figure S6: Population of Zundel and Eigen forms at di↵erent temperatures for the “magic”
cluster H+(H2O)21 from gas-phase MD simulations using DFTB3/3OBw (in blue), DFTB3-
diag+gaus11 (in orange) and DFTB211 (in green). CPMD-BLYP results from Singh et al.14

agree well with those obtained with DFTB3/3OBw and DFTB3-diag+gaus.
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(a) n=1 (b) n=2 (c) n=3

Figure S7: Optimized structures of small hydroxide water clusters (H2O)nOH�, n=1-3, with
MP2/aug-cc-pVDZ (aug-cc-pVTZ for n=1) (colored by atom type), DFTB3/3OB (colored
in blue) and DFTB3/3OBw (colored in green). Distances are displayed in the order: MP2,
[DFTB3/3OB] and (DFTB3/3OBw). The starting structures are based on Ref. 15.

(a) Isomer I (b) Isomer II

Figure S8: Optimized structures of two isomers of (H2O)5OH� with MP2/aug-cc-pVDZ
(colored by atom type), DFTB3/3OB (colored in blue) and DFTB3/3OBw (colored in green).
The starting structures are based on Ref.15
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(a) gO0�H (b) gO1x�O

(c) gO1yz

�O

Figure S9: RDFs associated with an excess proton in bulk water. The EPSR, CPMD-
HCTH, MS-EVB3 and DFTB3-diag+gaus data are from Refs.,16,17 Ref.,10 Ref.18 and Ref.11

respectively.
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(a) DFTB3/3OB

(b) DFTB3/3OBw

Figure S10: SDF of water O atoms3OBw around the hydronium O for a system comprised
of an excess proton in bulk water. The di↵erent colors denote di↵erent O-O distance ranges.
Only SDF > 3 is shown. Orange: 0.00 Å < rO0�O < 2.75 Å; Green: 2.75 Å < rO0�O < 3.05
Å; Blue: 3.05 Å < rO0�O < 3.50 Å.

Figure S11: RDF of water O atoms around the hydroxide H, denoted H0. The top panel
compares RDFs obtained with DFTB3/3OB (in red) and DFTB3/3OBw (in blue), using all
simulation data. The middle and bottom panels compare the RDFs for configurations with
large and small values of � from DFTB3/3OB and DFTB3/3OBw respectively.
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Figure S12: Potential of mean force for proton transfer to a hydroxide ion solvated in bulk
water, using � = min| rO0H � rOaH | as the reaction coordinate (see main text for further
explanation). The CPMD data is from Ref.19
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QM/MM interactions

Table S5: Interaction energy (in kcal/mol) between the solute and nearby (⇠6-
13) water molecules at di↵erent levels

Solute MM QM/MM Full QM
DFTB2 SCC-DFTBPR DFTB3 DFTB2 SCC-DFTBPR DFTB3 B3LYPb

1/R 1/R (KO) 1/R
Acetate -81 -79 -84 (-61) -85 -50 -65 -67

-84 -82 -87 (-74) -86 -60 -75 -77 -67 (-80)
Methoxide -102 -92 -98 (-75) -97 -64 -80 -85

-107 -104 -111 (-90) -110 -75 -94 -99 -85 (-95)

aFor each solute, the first row uses ten clusters collected from the full MM window, and the
second row uses ten clusters collected from SCC-DFTBPR/MM simulations that use the
Klopman-Ohno (KO) form of QM-MM electrostatics. Due to limited sampling, there is

substantial fluctuation in the interaction energies; the basic trends, however, are clear. The
MM here is CHARMM22 force field, which uses a modified TIP3P model for water.

bThe basis set is aug-cc-pVTZ. Values with parentheses also contain the D3 dispersion
model of Grimme and co-workers.8
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