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Here we provide further results and background material that further support our inves-

tigations and results from the Main Text.

We divide the material in three sections, according to the order found also in the main

Manuscript: Structural, dynamical and vibrational properties.

Here we also include some results from simulations that we do not include in the

Manuscript, as there is sufficient data from our simulations or we could not afford to

evaluate the evaluation of the vibrational spectra, and thus we show some scattered data

here.

I. RESULTS AND DISCUSSIONS

A. Structural properties

• In Table I we include the average intra-molecular O-H bond lengths and the average

dipole moment in the constrained simulations. The same data are found in the Table 2

in the Manuscript, but here we order the entries differently, with l changing on subse-

quent lines so as to simplify the comparison of the effect of the different value number

of accepted hydrogen bonds (HBs) l in the coordination AlDmn. Here we can more

clearly see for example that whereas the bond lengths are hardly affected by increasing

the l at constant mn, the average dipole moment µW clearly increases. Whether this

trend would be observed also with the other methods of defining the dipole moment

in the condensed phase – here we use the centres of the maximally localised Wannier

functions – remains to be investigated in a further study

• In Figure 1 we show the radial distribution functions (RDFs) g(O−O) and g(O− H)

and their cumulative integrals. The intra-molecular O-H bond is neglected in the latter

quantity

• In Figure 2 we show the Oc-O-RDF split between the molecules which are determined

to be – solid lines – and not to be – dashed lines – hydrogen bonded in the simulations

without a constrained HB coordination

• In Figure 3 we show the RDF of the fifth-nearest neighbour oxygen and hydrogen

atoms. These results could eventually be compared to the results obtained for example

by Saitta and Datchi [1]

• In Figure 4 we show the Oc-O-RDF split between the molecules which are determined

to be – solid lines – and not to be – dashed lines – hydrogen bonded in the simulations

with a constrained HB coordination on the central molecule c
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TABLE I. Average intra-molecular bond lengths and dipole moment in the constrained simulations

CHB d(OHa) [Å] d(OHb) [Å] µW [D]

A0D00 0.975±0.024 0.975±0.024 2.06

A1D00 0.976±0.025 0.976±0.025 2.38

A2D00 0.977±0.024 0.977±0.024 2.46

A0D01 0.975±0.023 0.984±0.024 2.23

A1D01 0.975±0.021 0.991±0.028 2.65

A2D01 0.976±0.024 0.997±0.028 2.80

A0D11 0.981±0.026 0.981±0.025 2.29

A1D11 0.986±0.028 0.986±0.028 2.78

A2D11 0.992±0.028 0.992±0.028 3.07

A2D11s 0.997±0.029 0.997±0.029 3.20

A3D11 0.995±0.030 0.993±0.027 2.97

A3Dnm 0.991±0.029 0.991±0.027 2.97

• In Figure 5 we show the cumulative integrals of the radial distribution functions in the

systems where the HB coordination was fixed during the simulation; Octr-O, Octr-H,

Hctr-O, where the sub-script “ctr” refers to the central, constrained molecule. These

graphs only acts as a verification that indeed the restraint on the coordination of the

HBs has been effective in the simulations

• In Figure 6 we show the distribution of HB configurations CHB in the trajectories

in which the coordination of a molecule has been constrained. This is used only

to verify that the constraint indeed yields the targeted HB coordination. There are

some deviations, which are probably due to the different form and parametres of the

function CL1,L2 , being purely radial, used in the confinement of the coordination and

the definition of a HB, that also includes a requirement on the angle H−O· · ·O
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FIG. 1. Radial distribution functions – solid lines, left-side vertical axis – and their cumulative

integrals – dashed line, right-size vertical axis. The closest intra-molecular O-H bond is neglected
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FIG. 2. Oc-O-RDF split between hydrogen bonded and pair of molecules in simulations without a

constraint on the central molecule c; solid lines: HB, dashed lines: no HB
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FIG. 3. RDF of the fifth-nearest neighbour oxygen – left Panels – and hydrogen – right Panels –

from the central oxygen atom
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FIG. 4. Oc-O-RDF split between molecules which are determined to be – solid lines – and not

to be – dashed lines – hydrogen bonded in simulations with constrained HB coordination on the

central molecule c; solid lines: HB, dashed lines: no HB
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FIG. 5. Cumulative integrals of the radial distribution functions in the simulations where the

HB coordination was constrained; Octr-O, Octr-H, Hctr-O, where the sub-script “ctr” refers to the

central, constrained molecule
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molecule has been constrained
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B. Dynamical properties

• In Figure 7 we show the diffusion constant D of D2O as a function of temperature

from the experiments [2] and the present simulations; Expr∗ is the experimental data

minus the finite-size correction [3, 4]

DPBC(L) = D − kBTζ

6πηL
,

where DPBC(L) is the value obtained from simulation in a periodic cell of length L,

ζ = 2.837 is a numerical coefficient and η is the dynamic viscosity; as the latter is

not known from the simulations without further, tedious simulations it is common to

indeed extract the value the real liquid, from experiments, ought to have if it was

periodic in the same cell as in the actual simulations.

We find that the values of D with the BLYP+D3 approximation are generally too

low, whereas with the revPBE+D3 the water is more diffusive, in particular at the

low temperatures around the room temperature, where the BLYP+D3 is known to

be rather an amorphous liquid, due to too low diffusivity and too low a melting

temperature
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FIG. 7. Diffusion constant of D2O as a function of temperature from the experiments [2] and the

present simulations; Expr∗ is the experimental data minus the finite-size correction

• In Figure 8 we show the computed static di-electric constant ε as a function of time.

As is known in the literature [5] this value converges only very slowly with the length

of the simulation time; therefore we only cite the values that we obtain very carefully,

as it can also be seen that the value is most likely not yet settled even roughly during

our simulations
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FIG. 8. The value of the static di-electric constant ε at as a function of the simulation time

• In Figures 9 and 10 we show the rotational correlation of the water molecules in the

simulations, and in Figure 11 the cumulative integral of it.

These quantities give insight into the rotational dynamics of the water molecules. We

see basically the same trend as in the diffusivity, for example, as the rotational cor-

relation attains a shorter duration as the temperature is increased in the simulation.

Also the use of the approximation revPBE+D3 leads to faster loss of rotational history

than the BLYP+D3 at the corresponding temperature. We see also that the simula-

tions without the inclusion of the van der Waals term, either with a specific density

functional or at least with a semi-empirical treatment, leads to very slow relaxational

dynamics. Also the rotational dynamics from the MP2 simulations is quite slow; the

trajectory [6] is too slow to reach convergence in the integrated value, but the initial

slope is clearly less steep than the simulation with the revPBE+D3 at the T = +25◦C

for example

• In Figure 12 we show the rotational lifetimes τ1, τ2 and τ12 as in Ref [7]. The non-

monotonic appearance of the values with the increasing temperature probably renders

the limited statistics contained in our simulations.

These quantities give further insight into the rotational dynamics of the water

molecules as the rotational correlation above. We obtain similar numerical values

as in that previous study, although there the classical force field TIP5P was used. We

see clear decreasing lifetimes upon increasing the temperatures, and the liftimes are

shorter with the revPBE+D3 than the BLYP+D3 approach. This correlates again

well with the other observables that we have evaluated that indicate the revPBE+D3

to yield more liquid-like, diffusive and rotating water molecules already at the lowest

simulated temperature
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FIG. 9. The initial rotational correlation of the water molecules in the simulations
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C. Vibrational properties

• In Figures 13 and 14 we show the power spectrum of H/D and O, respectively, in the

simulated systems. The magnitude is normalised at the maximum. MP2 frequency

scale has been multiplied by a constant 0.94
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FIG. 13. Power spectrum of H/D in the simulated systems. The magnitude is normalised at the

maximum. MP2 frequency scale has been multiplied by a constant

• In Figure 15 we show the power spectrum of the central oxygen atom in the isotopic

mixtures

• In Figure 16 we show the infra-red spectra in D2O – left Panel – and H2O – right

Panel – with the experimental data from Ref [8]

• In Figure 17 we show the power spectra of intra-molecular bond lengths of a water

molecule in D2O in restricted HB coordinations Cnm; left, d(OHa) – solid line –, d(OHb)

– dashed line –, right d(symm) – solid line –, d(asymm) – dashed line
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FIG. 14. Power spectrum of O in the simulated systems

• In Table II we show the frequencies obtained from localised ENMA vibrations at

different constrained coordinations Cnm on the central water molecule

• In Figure 18 we show the power spectra on the deuterium atoms – top panel – and

the localised power spectra from ENMA – bottom panel – in the simulations with the

restrained coordination of the hydrogen bonds
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FIG. 15. Power spectrum of the central oxygen atom in the isotopic mixtures
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FIG. 16. Infra-red spectra in D2O – left Panel – and H2O – right Panel – with the experimental

data [8]
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FIG. 17. Power spectra of intra-molecular bond lengths of a water molecule in D2O in restricted

coordinations; left, d(OHa) (straight line), d(OHb) (dashed), right d(symm) (straight), d(asymm)

(dashed)

TABLE II. Frequencies obtained from localised ENMA vibrations at different coordinations n on

the central water molecule

CHB ω ∆ω

A0D00 1234 2686 2797 ref ref ref

A1D00 1242 2678 2793 9 -8 -4

A2D00 1260 2678 2788 26 -8 -9

A0D01 1224 2587 2756 -10 -99 -41

A1D01 1233 2500 2750 -1 -186 -47

A2D01 1246 2428 2744 12 -258 -52

A0D11 1240 2628 2722 6 -58 -74

A1D11 1230 2531 2628 -4 -155 -168

A2D11 1226 2449 2529 -8 -237 -268

A2D11s 1224 2431 2498 -10 -255 -298

A3D11 1204 2453 2529 -30 -233 -268

A3Dnm 1204 2453 2529 -30 -233 -268
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FIG. 18. The power spectra of the deuterium atoms – top panel – and the localised power spectra

from ENMA – bottom panel – in the simulations with the restrained coordination of the hydrogen

bonds
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