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ABSTRACT: We investigate the accuracy provided by different treatments of the exchange and correlation effects, in particular
the London dispersion forces, on the properties of liquid water using ab initio molecular dynamics simulations with density
functional theory. The lack of London dispersion forces in generalized gradient approximations (GGAs) is remedied by means of
dispersion-corrected atom-centered potentials (DCACPs) or damped atom-pairwise dispersion corrections of the C6R

−6 form.
We compare results from simulations using GGA density functionals (BLYP, PBE, and revPBE) with data from their van der
Waals (vdW) corrected counterparts. As pointed out previously, all vdW-corrected BLYP simulations give rise to highly mobile
water whose softened structure is closer to experimental data than the one predicted by the bare BLYP functional. Including vdW
interactions in the PBE functional, on the other hand, has little influence on both structural and dynamical properties of water.
Augmenting the revPBE functional with either damped atom-pairwise dispersion corrections or DCACP evokes opposite
behaviors. The former further softens the already under-structured revPBE water, whereas the latter makes it more glassy. These
results demonstrate the delicacy needed in describing weak interactions in molecular liquids.

1. INTRODUCTION
Water is one of the most important chemical substances. The
strength and the directional nature of hydrogen bonds (H-
bonds) lead to complex cooperative phenomena, as implied by
the complicated phase diagram of ice and a long list of
anomalies in the properties of liquid water. Despite extensive
studies, understanding the microscopic nature of water remains
a challenge. Indeed, in spite of the fact that ever more
sophisticated experimental and theoretical techniques are
applied to study this intriguing medium, the debate is far
from being concluded.
Because of its favorable performance-to-cost ratio, the

Kohn−Sham formalism of density functional theory (DFT)1,2

has emerged as the electronic structure method of choice for
many problems in the fields of chemistry, condensed matter
physics, and materials science. In spite of the generally good
performance, extensive assessments of the parameters used in
ab initio molecular dynamics (AIMD) simulations of water
indicate that the performance of DFT with generalized gradient
approximation (GGA) exchange-correlation (XC) functionals
on this intriguing system is less than satisfactory. GGA
functionals such as BLYP3,4 and PBE5 predict energetics of
water clusters reasonably well. The simulated liquid, however, is
overstructured and less dense, and it diffuses too slowly
compared with experimental results.6−10

It is essential to realize that interactions in liquid water are
not simply H-bonding only but are rather a fine balance
between strongly directional H-bonding and nondirectional van
der Waals (vdW) interactions, in particular the London

dispersion forces.11−13 The deficiency of many approximate
exchange-correlation functionals in describing these weak
interactions will certainly contribute to the aforementioned
discrepancy. In addition, a proper description of vdW
interactions is an important prerequisite to gain insight into
the influence of hydrophobic effects on the structure and
function of specific amino acids, water in zeolites, or fluid flow
in carbon nanotubes, to name just a few.
Recently, we have reported how incorporating vdW

interactions into DFT-GGA improves the properties of liquid
water predicted by AIMD simulations (e.g., a softer structure
and an increase in the diffusivity).14 Later studies from several
groups have confirmed this conclusion and shown that the
estimated density is also significantly improved.15−19 One
recent study has also demonstrated that the deficiency of GGA
functionals could be reproduced by damping to zero the tail of
the Lennard-Jones R−6 term in a parametrized force field,19

substantiating the important role played by vdW interactions in
this delicate medium. Furthermore, by dividing the potential of
the SPC/E water model into short- and long-range parts,
Remsing et al.20 indicate that vdW attractions play the role of a
cohesive energy needed to achieve the high density in SPC/E
water at low pressure.
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In this paper, we go beyond our earlier14 Car−Parrinello
molecular dynamics21 studies on liquid water by using not only
different treatments of vdW interactions but also several GGA
exchange-correlation functionals, i.e., the BLYP, PBE, and
revPBE22 functionals. In addition, we have carried out longer
simulations for better statistics. We treat the lack of vdW
interactions by including either effective dispersion-corrected
atom-centered potentials (DCACPs)23 or damped atom-
pairwise dispersion corrections of the C6R

−6 form.24,25

Developing an efficient way to accurately describe vdW
interactions in DFT is still in its infancy, and these two
pragmatic schemes offer a good compromise between accuracy
and computational cost. Besides structural (radial and angular
distribution functions) and dynamical (H-bond statistics, mean
squared displacements, self-diffusion coefficients, and orienta-
tional autocorrelation functions) properties of liquid water, we
also study the properties of small water clusters in order to
understand the amount of the contributions from the hydrogen
bonding and vdW corrections. The accuracy in the descriptions
of both the small water clusters and the liquid form is also
relevant when developing force fields that are transferable
between both systems.

2. COMPUTATIONAL DETAILS AND METHODS OF
ANALYSIS

Simulations are carried out using the CPMD code26 with
Goedecker−Teter−Hutter pseudopotentials;27 a plane-wave
cutoff of 125 Ry; and the BLYP,3,4 PBE,5 and revPBE22

functionals. We adopt two sets of empirical vdW corrections
(taken from refs 24 and 25, respectively). Oxygen and
hydrogen DCACPs for BLYP and PBE are taken from ref 28,
and DCACPs for revPBE are calibrated using the same
procedure. For ease of comparison, all DCACP parameters
used are tabulated in Table 1. The strength σ1 and the spatial

extent σ2 of DCACPs are similar for all functionals in the case
of oxygen. The σ1 of hydrogen, however, varies widely. For
BLYP, it is about half of the value of that for oxygen, and it is
almost negligible (but positive) for PBE. But for revPBE, its
value is very large, exceeding the value for oxygen by a factor of
2. We note that the same procedure was used for the
determination of all the coefficients, and we shall see what the
consequence is of the anomalously large coefficient for
hydrogen with revPBE.
*-DCACP, *-DG2, and *-DWM denote simulations using

functionals augmented with DCACPs, empirical vdW correc-
tions due to Grimme,24 and empirical vdW corrections due to
Williams and Malhotra.25 We want to clarify that the results
marked as “BLYP-D” in ref 14 have been obtained using the
BLYP-DWM scheme.
Simulations of the liquid state are carried out in a cubic

12.423 Å3 periodic box containing 64 water molecules,
corresponding to a density of 1 g/cm3 of light water. To
reduce the nuclear quantum effects, the mass of hydrogen is
replaced with the one of deuterium. Car−Parrinello molecular

dynamics simulations with a fictitious electron mass of 600 au
and a time step of 4 au = 0.097 fs are carried out in the NVE
ensemble. The lengths of the trajectories range from 50 to 117
ps. The first 10 ps are treated as the equilibration stage. No
thermostat is applied on either the fictitious electronic or the
ionic degrees of freedom. Configurations are saved every 10
steps for analysis.
Details about the trajectories are given in the Supporting

Information. The small time step and fictitious electron mass
have allowed for long and stable simulations without
introducing a considerable energy exchange between the ionic
and electronic degrees of freedom. No significant drift in the
conserved energy is observed (it is less than 0.2 meV ps−1), and
the drift in the fictitious electron kinetic energy is no more than
15 meV ps−1. There are, however, small systematic drifts in the
ionic temperatures (between 0.1 and 0.6 K ps−1) in the revPBE-
DG2 run and all BLYP- and PBE-based simulations.
Since the simulations are carried out in the NVE ensemble,

the average temperature of each simulation is slightly different.
For a fair comparison, we scale the maximum (gOO

max) and
minimum (gOO

min) of the oxygen−oxygen radial distribution
function (gOO) using the relation proposed in ref 29, −dgOO/dT
= constant. The corresponding constants (9.0 × 10−3 and −2.7
× 10−3 K−1 for gOO

max and gOO
min, respectively) are obtained by

fitting to TIP4P-pol2 results.30 We calculate the coordination
number of water molecules, n, by integrating gOO up to the first
minimum. Furthermore, we use the definition of ref 31 for H-
bond analysis. In short, the molecules i and j are defined to be
H-bonded if the following polynomial function f(d) is larger
than 0.5 for both distances OiOj and OiH + OjH − OiOj.
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where d0 = 2.75, Δ = 0.45, n = 10, and m = 16 if d is the OiOj

distance and d0 = 0, Δ = 0.4, n = 4, and m = 8 if d is the OiH +
OjH − OiOj. When calculating the angular distributions, we
include all molecules in the first solvation shell of the reference
molecule, and we use 2.5 Å as the cutoff radius. This value
corresponds to the position of the first intermolecular
minimum of the oxygen−hydrogen radial distribution function.
We also estimate the equilibrium density predicted by

different exchange-correlation functionals. To this end, we use
the same approach as in ref 8. The total energies at snapshots
taken from the AIMD trajectories are calculated at scaled values
of the lattice constant by keeping the intramolecular
coordinates fixed while rescaling the positions of the centers
of mass of the water molecules. We then use the minimum of
the interpolated energy values to determine the equilibrium
density at a given snapshot. To sample a wide range of
configurations, we use at least 30 snapshots, each separated by
100 fs. The equilibrium density quoted in Table 2 is the average
over all snapshots. For this analysis, we increase the cutoff
energy to 250 Ry for more reliable total energy differences in
order to compensate for the fact that the basis set changes upon
modifying the lattice constant.
The diffusion constant D is calculated from the slope of the

mean-square displacement (MSD) curve using the Einstein
relation:

= ⟨| − | ⟩tD t tr r2
1
3
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Table 1. DCACP Parameters for Hydrogen and Oxygen

BLYP PBE revPBE

σ1 [10
−4

Ha]
σ2

[Bohr]
σ1 [10

−4

Ha]
σ2

[Bohr]
σ1 [10

−4

Ha]
σ2

[Bohr]

H −4.06 2.71 0.50 2.47 −20.75 1.70
O −7.92 2.57 −6.47 1.73 −11.61 2.09
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For improved statistics, we average the MSD curves from a
series of overlapping data blocks (with different starting times t0
and a length equal to four-fifths of the total simulation time). D
is an elusive quantity to determine in silico. It is sensitive to the
simulation protocol, including the simulation length, the
pseudopotential type, and the basis set size.6,9,32−36 In addition,
even though finite size effects are small for structural properties,
they are not negligible for dynamic quantities. Size scaling is
thus required for a system size of 64 water molecules to obtain
a comparable value to the experimental one. Since the viscosity
of heavy water is known experimentally, it is more
straightforward to scale the observed (infinite-size) exper-
imental self-diffusion coefficient to a hypothetical 64-molecule
water system.
We characterize the time scale of the rotation of the

molecules from the orientational autocorrelation function

∑ θ= ⟨ ⟩=C t
N

P t( )
1

[cos ( )]l
i

l i1,2
(3)

Pl is the Legendre polynomial of order l, and θi(t) is the angle
between the direction of the water molecule i at times t and t0.
As for the direction of a water molecule, we use the vector from
the oxygen atom to the center of the two hydrogen atoms. We
fit the functions Cl=1,2(t) to the functional form A exp[−(t/
τa,l)

β] for values in the range of 0.1−20 ps in the case of τa,1 and
0.5−20 ps in the case of τa,2. In addition, since the data are
exponential, we weigh the data points with weighting functions
exp(−x/5) and exp(−x) for τa,1 and τa,2, respectively. Here in
this article, we only tabulate the fitted time constants τa,1 and
τa,2; the other values are listed in the Supporting Information.
Geometries of the water clusters are optimized with gradient

tolerances of 10−5 and 10−7 a.u. for the nuclear and electronic
degrees of freedom, respectively. Each water cluster is centered
in a cubic cell measuring 20 Å with isolated, that is without
periodic, boundary conditions using the algorithm of
Hockney.37

Interaction energy profiles of the dimer are evaluated as a
function of the OD−HD···OA angle (∠OHO) at fixed oxygen−
oxygen distances (rOO). In these calculations, a water dimer is
constructed by positioning two rigid monomers, whose

geometries are optimized a priori using the respective method,
at the same Cs mirror symmetry as in the optimized water
dimer. The interaction energy profile is then scanned by
rotating the H-bond-donating molecule along the symmetry
plane. We use quantum chemical CCSD(T) calculations as a
reference. Our tests (see Supporting Information) on the effect
of basis sets (aug-cc-pVnZ, n ranges from 2 to 5) show that the
CCSD(T) interaction energy of the water dimer is converged
to within 5 meV with the aug-cc-pV4Z basis set that we use for
our reference calculations. We do not perform any basis set
superposition correction in the interaction energies since these
are already very well converged at this level of basis set.

3. RESULTS
3.1. Radial Distribution Functions. Oxygen−oxygen

(gOO) radial distribution functions evaluated from all
simulations and the neutron diffraction data38 are plotted in
Figure 1, and some of their characteristics are tabulated in
Table 2. We focus on gOO here because it is least sensitive to the
nuclear quantum effects that might influence the details of the
structure. The oxygen−hydrogen (gOH) and hydrogen−hydro-
gen (gHH) radial distribution functions are included in the
Supporting Information for completeness.
All vdW-corrected BLYP functionals predict less structured

water than BLYP, as evidenced by the elevation of goo
min and the

lowering of goo
max. In particular, gOO from the BLYP-DCACP

simulation has the best agreement with the neutron diffraction
data. In contrast, gOO values from vdW-corrected PBE
simulations do not differ significantly from the one predicted
by PBE. Unlike BLYP and PBE, the revPBE simulation gives
rise to understructured gOO values compared to the neutron
data. We also observe shifts toward larger radii in both rmax and
rmin obtained from the revPBE simulation, as reported in ref 16.
Despite being at a slightly higher average simulation temper-
ature, gOO from the revPBE-DCACP simulation is more
structured than other revPBE-based ones. revPBE-DG2 predicts
a water structure that is even softer than the already
understructured revPBE water, displaying a trend opposite to
the one of revPBE-DCACP.
To discard the possibility that the difference in gOO is a

simple manifestation of the different simulation temperatures,

Table 2. The Average Temperature (Tavg, in K), the Coordination Number (n), the Average Number of H-Bonds per Water
Molecule (h), the Self-Diffusion Coefficient (D, in Å2/ps), Time Constants from Orientational Autocorrelation Function (τa,1
and τa,2, in ps) and Their Ratio, the Estimated Equilibrium Density Relative to the Experimental One, and Characteristics of
Oxygen−Oxygen Radial Distribution Function (r, in Å; gOO) Predicted by AIMD Simulationsa

T = Tavg T = 298 K

method Tavg n h D τa,1 τa,2 τa,1/τa,2 ρ/ρexpr rmax goo
max rmin goo

min goo
max goo

min

BLYP 319 4.17 3.44 0.10 7.54 3.00 2.5 0.92 2.77 2.86 3.31 0.66 3.04 0.61
BLYP-DCACP 308 4.49 3.43 0.17 3.57 1.71 2.1 1.03 2.79 2.72 3.36 0.85 2.81 0.83
BLYP-DWM 316 6.00 3.82 0.20 4.20 1.36 3.1 1.04 2.82 2.76 3.63 0.93 2.92 0.88
BLYP-DG2 321 4.91 3.65 0.16 4.23 1.85 2.3 1.02 2.78 2.83 3.44 0.77 3.04 0.71
PBE 314 4.03 3.58 0.03 36.92 15.58 2.4 0.96 2.72 3.19 3.27 0.43 3.34 0.39
PBE-DCACP 323 4.06 3.63 0.05 32.73 10.04 3.3 0.97 2.71 3.27 3.28 0.40 3.49 0.33
PBE-DWM 323 4.06 3.54 0.04 23.95 17.28 1.4 0.97 2.72 3.09 3.29 0.47 3.32 0.41
PBE-DG2 324 4.15 3.61 0.06 23.65 8.87 2.7 1.02 2.72 3.23 3.30 0.47 3.46 0.40
revPBE 323 4.21 3.20 0.21 2.74 1.27 2.2 0.85 2.80 2.38 3.34 0.90 2.61 0.83
revPBE-DCACP 331 4.65 3.59 0.16 5.43 2.09 2.6 1.02 2.74 2.94 3.35 0.76 3.24 0.67
revPBE-DG2 322 5.43 3.59 0.34 2.19 1.01 2.2 0.96 2.80 2.34 3.55 0.95 2.34 0.89
Expr 298 4.6 0.19 4.76 1.92 2.5 ref 2.74 2.76 3.39 0.79 2.76 0.79

aThe temperature-rescaled goo
max and goo

min are tabulated in the last two columns, and experimental data, wherever available, are noted in the last row for
comparison. The experimental values are from refs 38−40.
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we rescale goo
min and goo

max to estimate their corresponding values
at the same average temperature of 298 K, as previously
described in section 2. Even after rescaling (Table 2), the
trends seen in Figure 1 stay, implying that the difference is
indeed due to the addition of vdW corrections.
3.2. Angular Distributions. Angular distributions of the

H-bond accepting and donating water molecules are important
quantities for characterizing the flexibility of H-bonds. In fact,
the donor angle, α = ∠OD−HD···OA, and the acceptor angle, θ
= ∠HD···OA−HA, serve as direct probes to orientational
flexibility. The H-bonding angle, β = ∠HD−OD···OA, is the
only one where an experimentally measured angular distribu-
tion is available.41 In order to make a direct comparison to
experimental data, in Figure 2 we plot the distribution of the H-
bonding angle P(β) for the first solvation shell. Distributions of
the donor and acceptor angles, P(α) and P(θ), are attached in
the Supporting Information.
The positions of maxima are similar in all water models,

differing by no more than a few degrees, and are consistent with
a slightly bent H-bond. Nevertheless, it is still noticeable that
PBE-based simulations produce narrower distributions than
BLYP- and revPBE-based ones. Next, we focus on the
difference within each functional family.
First, vdW-corrected BLYP simulations yield a lower

probability for angles close to the maximum of P(β) and an
increased probability for larger angles consequently. P(β) from
the BLYP simulation peaks the earliest at around 8°. BLYP-
DCACP and BLYP-DG2 functionals predict almost identical
distributions whose peaks are around 9°. The BLYP-DWM
simulation has the broadest P(β).
Second, the distributions predicted by PBE-based functionals

show little variation among one another, and all yield too
narrow P(β) distributions, a trend that is consistent with the
observation for gOO.

Finally, based on the trend seen in gOO, we expect to see a
much larger difference between distributions predicted by
revPBE and revPBE-DCACP than what is portrayed in Figure
2. Instead, P(β) values from the revPBE and revPBE-DCACP
simulations are almost indistinguishable. The revPBE-DG2
scheme, on the other hand, follows the same trend as in gOO
and predicts a slightly wider P(β) than ones of revPBE and
revPBE-DCACP.
In summary, all BLYP and revPBE simulations yield very

similar angular distributions that are in better agreement with
experimental data than the results from PBE based simulations.
The inclusion of dispersion corrections does not seem to affect
the angular flexibility significantly.

3.3. Coordination Numbers and H-Bond Statistics.
Classical force field simulations9 have shown that an increase of
53 K in temperature alters the coordination number, n, by 0.2
at most (albeit much less in most cases). They have also
reported only a small change in n between AIMD simulations
(BLYP functional) at 300 and 353 K. As a result, we can safely
assume that the temperature dependence in n is very small, and
the changes in n (ranging from 4 to 6, see Table 2) are indeed
due to the changes in the intermolecular interactions.
Nevertheless, the large n values from the revPBE-DG2 and

BLYP-DWM simulations appear unphysical. We conclude that
this is simply a consequence of our inflexible rule of assigning
rmin as the upper bound of the integration in the definition of n.
Indeed, the values of n with different functionals and vdW
corrections show a strong linear correlation with rmin. Thus, in
the cases where gOO is understructured, the value of rmin is
considerably larger, resulting in a much larger n. Therefore, the
changes in the value of n between different functionals do not
contain any information beyond rmin, and we do not discuss it
further here.
Also tabulated in Table 2 are the average numbers of H-

bonds, h. First, we note that even though h varies from 3.2 to
3.8, none of the simulations challenges the concept that liquid

Figure 1. Oxygen−oxygen radial distribution functions (gOO) of liquid
water from AIMD simulations and the neutron diffraction data.38

Corresponding average simulation temperatures are noted in the
legend.

Figure 2. Distributions of the H-bonding angle β, P(β), for the first
solvation shell. Experimental values at 300 and 323 K are also shown.
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water is tetrahedrally coordinated, a recent dispute concerning
water. Second, there is a large increase in h going from BLYP to
BLYP-DWM, from BLYP to BLYP-DG2, and from revPBE to
revPBE-DG2. Going from BLYP to BLYP-DCACP introduces
little change in h, deviating from the trend of increased h due to
the addition of vdW corrections.
Consistent with the results on radial and angular

distributions, irrespective of whether vdW corrections are
applied or not, the change in h is very small across PBE-based
simulations and BLYP vs BLYP-DCACP.
3.4. Density of Liquid Water. Owing to the shortcomings

of the pure GGA functionals, the interactions between
molecules in liquid water are not properly described. As a
result, the predicted density deviates from the (experimental)
equilibrium value.8,15,16 Nevertheless, including corrections for
vdW effects improves the prediction of the equilibrium density.
A density of 0.8 g cm−3, 20% smaller than in experiments, was
found with the pure BLYP functional using DFT-based
isobaric−isothermal Monte Carlo simulations.8 A similar
value was obtained using AIMD simulations within the NPT
ensemble, and the prediction was improved to within 1% of the
experimental value with the BLYP-DG2 approximation.15

Similar improvement was found going from PBE to PBE-DG2.
In addition, simulations of a vapor−liquid interface within the
NVT ensemble using BLYP and BLYP-DG2 gave the same
trend for the density in the middle of the water slab.42 Ref 16
reported a trend, ρrevPBE < ρBLYP < ρPBE < ρexpr, with the pure
density functionals, and a density close to, or even slightly
higher, than experimental values with a vdW-density func-
tional.43

Our estimated densities (see Table 2) follow the same trend
as seen in previous works. The pure GGA functionals all
underestimate the density, whereas all vdW-corrected schemes
lead to improved densities close to the experimental value. Our
results also agree with the corresponding trend in ice.44

3.5. Self-Diffusion Coefficients. In Figure 3, we plot the
self-diffusion coefficients, D, versus temperature for different

functionals together with both the observed and the finite size-
rescaled experimental data for heavy water. D predicted by the
BLYP functional is considerably lower than the experimental
data, whereas D calculated from the BLYP-DCACP and BLYP-
DWM simulations are in excellent agreement with the scaled

experimental D. The PBE functional yields a value of D that is
far too low.32,35 Even after adding vdW corrections to it, the
predicted D values do not improve and remain too low. D
calculated from the revPBE trajectory, on the other hand, is
already quite close to the scaled experimental data. The
revPBE-DG2 scheme predicts a coefficient that is larger than the
observed experimental value. As for other properties previously
considered, the best (among the functionals considered here)
description of the self-diffusion of water is achieved with BLYP-
DCACP.

3.6. Orientational Self-Correlation. The orientational
autocorrelation function gives information about the reorienta-
tion time of the water molecules in the liquid. In Table 2, we
show also the values for the time constants τa,1 and τa,2,
together with the experimentally derived times.40 We note that
the experiments were measured at temperature of 300 K. Thus,
the values derived from our simulations would be somewhat
lower.
The trend of the time constants agrees well with the

observations in other quantities above: Where the diffusion is
slow and the radial distribution functions overstructured, the τa,l
are larger and vice versa. In particular, the values for all variants
of the PBE functional are too large, and only few rotations of a
given molecule occur within our extended simulations. vdW
corrections to the BLYP functional result in a decrease of the
orientational correlation, bringing the two time constants closer
to the experimentally derived values. revPBE-DCACP opposes
the trend seen in going from revPBE to revPBE-DG2. We again
attribute this controversy to the very large DCACP correction
for the hydrogen in this case.
We also list the ratio τa,1/τa,2 in Table 2. Despite relatively

large variations in the time constants themselves, the ratios
differ by a much smaller amount. The values of τa,1 and τa,2
obtained from the PBE-based simulations, however, are
comparable to the simulation length and therefore cannot be
considered as converged. As discussed in ref 45 and references
therein, a value of the ratio τa,1/τa,2 close to 3 would correspond
to standard rotational diffusion occurring during the dynamics.
In most cases, we, however, obtain values in Table 2 that are
closer to 2 than 3, which rather supports the “jump diffusion”
model put forward by Laage and Hynes using classical
molecular dynamics simulations.46,47 The only clear exception
to this systematics is the BLYP-DWM approach, which,
nonetheless, yields overly diffusive and understructured water.

3.7. Cluster Studies. While some characteristics of liquid
water remain controversial, the gas-phase water-cluster
community has provided a consistent experimental and
theoretical picture of the behaviors of small water
clusters.48−50 By comparing with these data, we hope to shed
light on the different performances offered by the functionals
we tested in this study.
Interaction energies and geometries of geometry-optimized

water clusters (dimer to hexamers) from our calculations are
tabulated in Tables 3 and 4, and in Table 5 we summarize the
average, smallest, and largest differences. Apart from BLYP,
revPBE, and revPBE-DG2, all other methods consistently
overbind compared to the MP2 results at the complete basis
set limit (MP2/CBS).48 revPBE, in particular, predicts the
weakest H-bonds. Surprisingly, PBE gives the best results even
though its liquid water is grossly overstructured. Adding vdW
corrections to BLYP improves its performance, and estimates
from the BLYP-DCACP and BLYP-DG2 functional are on par

Figure 3. Estimated self-diffusion coefficients, D, in Å2/ps, versus
average simulation temperatures. The observed experimental values for
heavy water39 and the corresponding values after adjusting for finite
size effects are marked by empty and filled triangles, respectively. The
lines are guides for the eye.
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with the ones of PBE. The BLYP-DCACP thus describes both
the liquid and the H-bonds in the clusters well.
To further evaluate the accuracy of the different combina-

tions of the exchange-correlation functionals with various vdW-
correction schemes, we analyze the angular dependence of the
interaction energy profiles in a water dimer. This allows us to

probe situations close to the H-bonding configuration (i.e.,
small values of H-bonding angle, β) and repulsive arrangements
(β closer to 180°). Figure 4 shows the deviation of the
interaction energy from the reference curve, ΔEint, as a function
of β. (The full interaction energy profiles are provided in the
Supporting Information.) We use the highly accurate quantum-
chemical CCSD(T)/aug-cc-pV4Z method to calculate the
reference curve. The energies are calculated for the different
functionals with and without vdW corrections at an O−O
distance of 2.75 Å, which represents the maximum of the radial
distribution functions, or the distance where the hydrogen
bond is at its strongest.
The BLYP dimer consistently binds too weakly, and its ΔEint

has a small angular dependence. In this case, functionals with
vdW corrections, which are quite isotropic with respect to the
rotation of a water molecule, yield a relatively constant shift to
the interaction energy profile, and the resulting interaction
energy profiles are in very good agreement with the reference
calculation.
The results from the PBE functionals are also relatively close

to the reference, but at small angles (i.e., the H-bonding
configuration) the dimer is clearly overbinding relative to
angles greater than, say, 60°. This will no doubt give a strong
bias toward the configurations with H-bonding. Indeed, the

Table 3. Interaction Energy (Eint, in eV), Interaction Energy per H-Bond (eint, in eV), Average O−O Distance (⟨r⟩, in Å), and
Average Donor Angle (⟨α⟩, in Degrees; α = ∠OD−HD···OA) of Optimized Water Clusters from Dimer to Pentamera

aThe magnitude of the difference, Δeint = eint
XC − eint

MP2, is color-coded: Δeint < −0.03 in red, Δeint > +0.03 in cyan.

Table 4. Interaction Energy (Eint, in eV), Interaction Energy Per H-Bond (eint, in eV), Average O−O Distance (⟨r⟩, in Å), and
Average Donor Angle (⟨α⟩, in Degrees; α = ∠OD−HD···OA) of Optimized Water Hexamersa

aThe magnitude of the difference, Δeint = eint
XC − eint

MP2, is color-coded: Δeint < −0.03 in red, Δeint > +0.03 in cyan.

Table 5. Average, Smallest, and Largest (in Absolute Value)
Difference in Interaction Energy per H-Bond (eint, in eV)
Relative to the MP2/CBS Results in the Water Clusters from
Dimer to Hexamera

aThe magnitude of the difference Δeint = eint
XC − eint

MP2 is illustrated with
a color code: Δeint < −0.03 in red, Δeint > +0.03 in cyan.
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radial distribution functions are overstructured and the
diffusion constants of the liquid too low. The vdW corrections
do not change the angular dependence, but the PBE-DG2 dimer
binds too strongly.
The revPBE dimer binds consistently too little, and the error

is largest at small angles, close to the direction of the H-bond.
Adding the DG2 vdW correction shifts the curve toward the
reference curve, and the error in the region of small angles is
reduced. The revPBE-DCACP, however, leads to a very large
preference for H-bonds, a possible reason why the liquid water
from the revPBE-DCACP simulations is much more structured
than the ones from revPBE and revPBE-DG2 simulations.

4. DISCUSSION
The bare BLYP functional in which the dispersion force is
entirely absent predicts positive interaction energies for all
vdW-dominated complexes such as rare-gas and hydrogen
dimers.53−58 The PBE functional, on the other hand, is rather
system-dependent and shows spurious attractive interactions
for some vdW-bound systems. For example, the interaction
energy of (H2)2, the calibration system for hydrogen DCACP,
estimated by PBE is overbinding with respect to the reference
calculation with the full configuration interaction method. As a
consequence, DCACPs complementing BLYP always provide
an attractive correction to the underlying functional, in line
with the idea of a dispersion-motivated correction. The
DCACP parameters for PBE, however, can be repulsive
(hydrogen and helium) or attractive (carbon, nitrogen, oxygen,
etc.). In addition, the deviation in the angular dependence of
the interaction energy with PBE from the high-level calculations
cannot be efficiently compensated by adding either the
empirical vdW corrections (that are purely radial-dependent
in general) or the DCACPs (whose corrections are only very
weakly angular-dependent).
Adding vdW corrections to the BLYP functional always

improves the energetics and the geometries of the water

clusters. This improvement manifests itself in the liquid
simulations, resulting in a softening of the intermolecular
interactions and an increase in mobility that is in good
agreement with the experiments (see Figure 3). As for the
oxygen−oxygen radial distribution function, the best agree-
ments are obtained with the DCACP and DG2 schemes (cf.
Figure 1).
In contrast, the PBE functional as well as its vdW-corrected

variants show a much more reduced transferability to a large
range of bonding geometries. The spurious part of the vdW
interactions depends strongly on the actual overlap of the
electronic density and, as a result, leads to unpredictable
contributions. While the PBE geometry-optimized clusters and
the estimated dimer interaction energy profiles agree very well
with high-level ab initio calculations [MP2/CBS or CCSD(T)/
aug-cc-pV4Z level of theory], the predicted properties of PBE
liquid water are rather dismal. PBE water is too structured, as
shown by the radial and angular distribution functions (Figures
1 and 2), and all dynamical properties investigated are too slow
(a very small diffusion coefficient), even more so than the bare
BLYP water. Augmenting PBE with either DCACPs or
empirical vdW corrections only changes the interaction energy
profiles of the water dimer and the equilibrium energies of the
water clusters by a very small amount, without necessarily
improving the PBE results. In general, vdW-corrected PBE
functionals seem unable to capture the right balance between
H-bonded and vdW interactions, leading to a deterioration of
the structural and dynamical properties of water clusters and
liquid.
In a recent study on liquid water,17 accurate structural and

dynamical properties that are close to the experimental results
were obtained using the vdW density functional (vdW-DF)
with the PBE exchange plus a local density approximation
(LDA) and a nonlocal correlation terms (see ref 43 for a
detailed review). The vdW-DF study suggests that the
difficulties that we have encountered in adding vdW
interactions to PBE are mainly due to an incompatibility (a
kind of “double counting”) with the correlation part. Never-
theless, this is not entirely due to the spurious attractive nature
of the PBE correlation, since the vdW-DF correction is based
on the (in general) even more attractive LDA correlation.
Finally, results from vdW-corrected revPBE functionals show

once more how difficult it is to conciliate the results from
cluster simulations with the ones from the liquid phase. In
general, the performance of vdW-corrected revPBE functionals
in the cluster calculations are quite poor: revPBE-DG2

underbinds all structures (improving, but only slightly, the
bare revPBE results), while revPBE-DCACP overbinds. We
think that in the case of the DCACP correction, the
exceptionally large correction strength σ1 for the hydrogen
atom (see Table 1) is responsible for this behavior. On the
other hand, revPBE-DG2 gives a clearly understructured gOO for
the liquid, while the DCACP correction produces a gOO that
can hardly be distinguished from the neutron diffraction data
(except for the different height at the first peak; see Figure 1).
We, however, do not want to claim that revPBE-DCACP is the
corrected functional to be used in DFT-based simulations of
liquid water but to simply observe how a somewhat
“unphysical” strengthening of the intermolecular O−H
interactions can affect the overall liquid phase structure without
improving its dynamical properties (cf. Figure 3).

Figure 4. Difference of the interaction energy from the CCSD(T)
reference calculation, ΔEint = Eint

XC − Eint
CCSD(T), of two fixed water

monomers at an O−O distance of 2.75 Å as a function of the H-
bonding angle β.
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5. CONCLUSIONS
We have carried out AIMD simulations of liquid water using
density functional theory with three GGA functionals. Two
empirical approaches, DCACPs and pair-potential based vdW
corrections, are employed to compensate for the fact that
London dispersion forces are not described in DFT-GGAs. We
note that this problem persists in DFT-hybrid functionals,
where only the exchange functional has been modified.
All results for structural and dynamical properties point to

much more glass-like liquid water with PBE, even when
compared to the already overstructured BLYP water.
Furthermore, unlike BLYP in which the addition of either
DCACPs or empirical vdW corrections leads to accurate
interaction energies in water clusters and a softer liquid
structure, augmenting PBE with either of the two does not
resolve the discrepancy. It is likely that the “spurious” behavior
of PBE in treating dispersion forces renders the corresponding
DCACPs less transferable than the ones for BLYP, where the
contribution of DCACPs is much more clear-cut. The bare
revPBE functional provides relatively good results for the liquid,
even though it underbinds in water clusters. The opposing
trend from the two different vdW-correction schemes shows
how careful one has to be in treating weak interactions. Overall,
we find that the best agreement with the experiments is
obtained using the BLYP functional in combination with
dispersion corrections as either the BLYP-DCACP or BLYP-
DG2 variant.
We are convinced that a proper treatment of vdW

interactions is essential in liquid water simulations, not only
for a better description of its properties but, more importantly,
for studying the many phenomena occurring in wet environ-
ments, such as hydrophobicity.
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