REPLY TO HEAD-GORDON AND PAESANI:

Liquid water, a branched polymer with ∼100-fs
short-lived heterogeneous hydrogen bonds
Saber Naserifara and William A. Goddard IIIa,1

The letter by Head-Gordon and Paesani (hereafter HG-P)
(1) contains several confusions about our results that we
clarify here.
The title claiming that liquid water is not a dynamic
polydisperse branched polymer is not supported by
any information in their letter.
Their first paragraph alleges that the oxygen–
oxygen radial distribution function (gOO) from neutron
scattering is not as accurate as the best X-ray analysis
from Skinner et al. (2) (X-ray2). Since H and D have different neutron scattering lengths isotope-substitution
techniques (3) can be used to extract the gOO directly
from neutron scattering (4). In contrast, X-ray is affected
by the electron distribution and other methods (such as
classical simulations) are used to obtain gOO. However,
X-ray2 uses a combination of neutron and X-ray to obtain a reliable gOO which is close to the neutron gOO.
In fact, our RexPoN is in even better agreement with
X-ray2 than neutron (Fig. 1).
In their second paragraph HG-P claim that correcting MB-Pol (NOO = 6.2) for nuclear quantum effects (NQE) using path-integral molecular dynamics
(PIMD), MB-pol-PIMD (NOO = 4.8), leads to better
agreement with experiment, which is true, but as
shown in Fig. 1B the peak is still too high. In contrast,
correcting the RexPoN for NQE using PIMD leads to
a gOO with NOO = 4.6, nearly identical to the gOO of
X-ray2 with NOO = 4.5 (Fig. 1A). Therefore, as opposed to their claim, correcting RexPoN for NQE
provides an even better description of water structure. The details of RexPoN-PIMD were given in section A.2 of the supplementary information in ref. 5.
The height of the second peak of gOO (g2) indicates the structural ordering of molecules in the second coordination shell. Figures S1 and S6 of ref. 5
show that RexPoN obtains the g2 close to experiment.

The radial position of g2 (4.2 Å) is a little shorter than
X-ray2 (4.5 Å) but very similar to other experimental
data (6).
Their fourth paragraph seems confused. HG-P claim
that water is homogeneous without structural motifs. It
is homogeneous over large time scales (nanoseconds
and longer). However, the dynamic heterogeneity we
report is at the 90-fs time scale. Indeed, 2D Raman-THz
experiments (7) find hydrogen-bond lifetimes of 75 to
95 fs for 298 to 276 K, confirming the time scale and
heterogeneity observed with RexPoN.
HG-P are correct about the work of Kim et al. (8).
They only observed a compressibility maximum at
227 K and 1 bar that confirms the existence of a
Widom line. They suggested it could support the
liquid–liquid critical point hypothesis.
HG-P mention that MB-pol can describe the supercooled state of water very well but their citations do
not support such a claim. In addition, we show in Table
1 that it is less accurate than RexPoN.
Summarizing, our RexPoN force field for water
leads to incredibly accurate properties in excellent
agreement with experiment (9). RexPoN shows that
at 298 K water is a dynamic polydisperse branched
polymer at time scales of 90 fs. Nothing in the HG-P
letter disproves this conclusion.
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Fig. 1. Comparison of the first peak in the oxygen–oxygen radial distribution function (gOO) extracted from Skinner et al. (2) experiments (X-ray2)
at T = 298 K and 1 atm pressure with the predictions from (A) RexPoN and RexPoN-PIMD and (B) MB-pol and MB-pol-PIMD. This shows that
RexPoN-PIMD is nearly identical to X-ray2 experiment, much closer than MB-pol-PIMD, and that RexPoN is far closer than MB-pol. For more
comparisons see figure 1 of ref. 5.

Table 1. Summary of predicted properties from RexPoN compared to experimental data, PBE-DFT, MB-pol (10), and MB-pol-PIMD
Property
Tmelt
S0
ρ
e
ΔHv

Experiment

RexPoN

DFT-PBE

MB-pol

MB-pol-PIMD

273.15
69.9
0.9965
78.4
10.52

273.3
68.43
0.9965
76.1
10.36

420
51.32
0.944
112
6.2

263.5
—
1.007
68.4
10.93

—
—
1.001
—
10.1

The melting temperature Tmelt (kelvin) at 1 atm pressure. Standard molar entropy S0 (joules per mole kelvin), density ρ (grams per cubic centimeter), static dielectric
constant e, heat of vaporization ΔHv (kilocalories per mole), all at T = 298 K, pressure = 1 atm.
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