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1. The EE-GMF scheme

The EE-GMF method was proposed for QM calculation of molecular clusters. For a water
cluster, each water molecule is a single fragment. The energy of each water molecule and the
interaction energy between two water molecules that are spatially in close contact are computed
by QM, whereas the interaction energies between two distant water molecules are treated by
pairwise charge-charge Coulomb interactions. All QM calculations are embedded in the
electrostatic field of the point charges representing the remaining system to account for the
environmental effect. In this study, the fixed charge model of the SPCFW force field was utilized
to describe the embedding field, while the positions of these point charges were updated during
MD simulation to reflect the geometric change of water molecules in the QM zone. To ensure
the convergence of the total energy of water cluster, the distance threshold A used in this study
was set to 5.0 A. The EE-GMF approach is similar to the electrostatically embedded many-body

expansion (EE-MB) method'-3, except the difference that the distant two-body interaction is
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treated by classical Coulomb interactions in EE-GMF to achieve linear scale for high-level ab

initio calculation.

Based on the total energy expression of Eq. 1, the atomic forces can be derived from the

EEE-GMF
water

differentiation of with respect to atomic coordinates. Because there are both real atoms

and background charges in each QM calculation, the mth atom, which appears as a real atom in
QM calculation of the kth fragment, may become a background charge in other QM fragment

calculations. Hence, the force on the mth atom in the kth fragment is computed as follows*:

B oFe (If m is a real atom)
Ar) =1 O D

W, (If m is a background charge)
gr,) x Ex(r,)

If the mth atom appears as a real atom, we can obtain the derivative of E . (the self-energy of the

kth fragment along with the interaction between the fragment and its background charges) with

respect to r, . In the case where the mth atom appears as a background charge, we calculate the

l'"bc
electric field E«(r,) at the position r,. ¢(r,) denotes the point charge of the mth atom. In this

study, the fixed charge model of SPCFW was utilized to describe the embedding field.

Based on Eq. S1, the overall force on the mth atom can be obtained analytically through the
EE-GMF approach using the following expression:
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where the last term is the derivative for the double counting long-range Coulomb interactions

(arising from the last term of Eq. 1).4

2. Ab initio molecular dynamics simulation of the liquid water



The initial simulation system consists of 1997 SPCFW3 water molecules in a truncated
octahedron box with edges of 42.6 A under periodic boundary conditions. After 100 ps
equilibration run using classical force field in NPT ensemble, the equilibrated structure was used

as the initial configuration for AIMD simulation.

To improve the computational efficiency, a QM/MM scheme is used in this study. The water
molecules, whose oxygen atoms are less than or equal to 10 A away from the center of the
simulation box (approximately 140 water molecules in total), are treated by QM at the CCD/aug-
cc-pVDZ level, while the rest of the system are described by MM. For the QM region, the EE-
GMF approach is utilized to calculate the total energy and atomic forces, while the coupling
between QM and MM regions is treated using the mechanical embedding scheme. Therefore, the
total energy of the water system can be expressed as the sum of QM-water energy, QM-MM

interaction energy, and MM-water energy as follows:

E — EEE—GMFCC + EQM/MM + EMM (83)

total water water water

The self-energy of MM-water molecules Evl\vf::r is expressed as the summation of the intra-

molecular bond energies and nonbonded electrostatic and van der Waals interactions using the

TIP3PF model as follows:
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where ko s Tours Kuons @wons s 4ys Ay,s B, are force field parameters®. The electrostatic

m,n % m

/MM

and van der Waals interactions between QM and MM regions (Ev(fahi ) are calculated using the

T

following expression:
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Then, the atomic force of an given atom m in the system can be expressed as:

F =—V E (S6)



In this study, AIMD simulation of liquid water was performed using a modified version of
Amberl4 package.® For each step of the simulation, atomic forces of the QM-water molecules
were calculated using the EE-GMF approach and then passed to the MD engine (the Sander
module) of Amberl4. The simulation was carried out in the canonical (NVT) ensemble under
classical periodic boundary conditions at 300 K with a time step of 1 fs. The Langevin dynamics’
was applied to regulate the temperature with a collision frequency of 2.0 ps-'. The particle mesh
Ewald (PME)? was employed to treat the long-range electrostatic interactions, and a 10 A cutoff
for the long-range electrostatic and van der Waals interactions was adopted. During the evolution
of AIMD simulation, the water molecules in the QM and MM regions could exchange with each
other. All coordinates written to the trajectory were wrapped into the primary simulation box.
Fragment QM calculations were performed in parallel at the CCD/aug-cc-pVDZ level using the

Gaussian09 package.’
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Figure S1. The interaction potential energy curve between two water molecules.

3. The structural and dynamical properties calculation

The last 7.0 ps AIMD simulation trajectory was used for the calculation of the structural and
dynamical properties of water. The calculated radial distribution functions (RDFs) are based on

the central water molecule with the molecules in its first coordination shell in the simulation box.

In order to calculate the distribution of oxygen-oxygen-oxygen triplet angles within the first

coordination shell for the QM-water molecules in MD simulation, three oxygen atoms were



considered as a triplet if two of the oxygen atoms were within a prescribed cutoff distance from
the third, and this cutoff (3.25 A!® was used in this study) was chosen to yield an average
oxygen-oxygen coordination number of around 4. The tetrahedral order parameter ¢ is calculated

11.

by

qg=1 —%i 24: (cos(ﬁﬁ) +%) (S7)
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where 6, is the angle formed by a given water molecule and its nearest neighbors i and j. The

angle distribution and g were calculated over the QM-water molecules, whose oxygen atoms are

less than or equal to 8 A away from the center of the simulation box.

The diffusion coefficient (D) is related to the mean square displacement (MSD) by Einstein’s

diffusion equation:

D=MSD= 1

o =—(r-ror) (S8)

The MSD was calculated from the squared relative displacement of the oxygen atoms and
averaged over the QM-water molecules, whose oxygen atoms are less than or equal to 8 A away
from the center of the simulation box. The MSD of the QM-water molecules and the

corresponding diffusion coefficient (D) as a function of simulation time are given in Figure S2.
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Figure S2. The MSD of the QM-water molecules and the corresponding diffusion coefficient (D)
calculated from the EE-GMF-based AIMD simulation at the CCD/aug-cc-pVDZ level.
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In principle, the QM water cluster size is required to be as large as possible for more accurate
estimation of the statistical properties. In this simulation, the QM region is with a radius of 10 A
(i.e. water molecules whose oxygen atoms are less than or equal to 10 A away) from the center
of the simulation box. To reduce the QM/MM boundary effect, we utilized a reduced QM region
with a radius of 8 A (from the center of the simulation box) for calculation of water properties
(we also used the same strategy in our previous study). To test the sensitivity of the estimated
water properties to the QM size, we calculated the water diffusion coefficient as a function of the
QM size. As shown in Figure S3, the obtained diffusion coefficient is close to converge when the
radius of the QM size is larger than 7.5 A. Therefore, the QM region with a radius of 8 A for the

prediction of the statistical water properties in this study is reasonable and acceptable.
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Figure S3. The calculated diffusion coefficient at the CCD/aug-cc-pVDZ level as a function of
the radius of the QM water cluster size.



The dipole moments for the central water molecule and its first solvation shell in the QM

region are calculated in the electrostatically embedding field for the plot of the molecular dipole

distribution in Figure S4.
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Figure S4. The distribution of dipole moments of the calculated water molecules.



Figure S5. The representative hydrogen-bonded structures in the simulated liquid water.



Because the coupling between the QM and MM regions was treated through the mechanical
embedding scheme, we did not observe imbalance in the water-water interactions between QM
and MM regions during AIMD simulations in this and previous studies. This can be checked
through the number of the water molecules in the QM region (see Figure S6). In this study, the
QM region was treated by CCD/aug-cc-pVDZ, and we used the SPCFW water model for the
MM region. In our previous study, the QM region was treated by MP2/aug-cc-pVDZ and the
TIP3PF water model was used for the MM region. As can be seen from Fig. S6, the number of
the water molecules in the QM region fluctuates within a certain range. For either SPCFW or
TIP3PF force fields utilized for the MM region, there was no pronounced imbalance between

QM and MM regions observed during MD simulation.
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Figure S6. The number of the water molecules in the QM region during the ab initio molecular
dynamics simulation at the a) CCD/aug-cc-pVDZ level with the MM region using the SPCFW
water model and b) MP2/aug-cc-pVDZ level with the MM region using the TIP3PF water model,
respectively.
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