Exchange-correlation functional dependence of the O 1s excitation spectrum of water
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We present a study of the sensitivity of the oxygen 1s excitation spectrum to the details of the
local atomic structure of liquid water by comparing results from first principles simulations based on
ab initio molecular dynamics runs with different exchange and correlation functionals. Even though
the local atomic structure predicted by the different simulation runs differ amongst each other, a
detailed analysis of the site-by-site calculated spectra always leads to the same correlations between

spectral shape and local atomic structure.

Water is one of the most studied and controversial
systems in molecular physicsl”?. The importance of the
structure of water derives from the fundamental role of
water in the existence of life as known to man. A gen-
eral scientific consensus on the subject has remained elu-
sive; while experiments can only provide indirect infor-
mation on the atomic structure, the predictive power of
molecular dynamics simulations depends on the specific
interaction model. Even ab initio molecular dynamics
(AIMD) of the liquid phase performed within density
functional theory (DFT) yield different results depending
on which exchange-correlation (XC) functional is used
and whether dispersion is included in the model?.

The core-level excitation spectrum of water was inter-
preted in 2004 to carry signatures of two structural mo-
tifs: tetrahedral and chain forms?®, which stimulated im-
mense experimental and theoretical progress in the field
alongside an engaged scientific debate that has been on-
going for over a decade?. Since this assertion more than
10 years ago, X-ray excitation spectra have been rou-
tinely used for structural investigations across the full,
complex phase diagram of water®14, However, due to the
large number of structural degrees of freedom and the few
spectral features of the oxygen K-edge, the interpretation
of the spectroscopic data in terms of structural details on
the atomic scale is difficult. The condensed-phase HyO
spectrum is characterized by three distinct features: the
pre-edge, the main edge, and the post edge. The lack
of one-to-one correspondence between local structural
motifs and spectral features complicates the extraction
of structural information from the spectra; recent work
could obtain only coarse intensity—structure correlations

due to the high statistical variationl®.

Structural simulations (such as molecular dynamics)
and subsequent spectral calculations have been invalu-
able in shedding light upon the matter by providing a
direct link between the site-by-site spectral shape and
the local atomic structure around the absorbing site. It
is therefore timely to systematically investigate the vari-

ability inherent in the combined use of molecular dynam-
ics simulations and spectral calculations. We do this here
by comparing measured oxygen K-edge spectra of water
both at ambient and supercritical conditions with spec-
tra calculated using structures obtained from DFT-based
molecular dynamics simulations employing a range of dif-
ferent exchange-correlation functionals.

We find that a statistical analysis of site-by-site corre-
lation of the local atomic structure and the corresponding
excitation spectrum for all exchange-correlation function-
als tested leads to the same general statements about the
sensitivity of the oxygen K-edge in terms of structure re-
gardless of the functional used. By the construction of
the applied analysis method, our results provide a clear
measure of what structural details the oxygen K-edge
spectroscopy is sensitive to. We find that in spite of any
shortcomings of the molecular dynamics simulation or
spectral calculations, systematic relative changes in ex-
perimentally obtained spectra can clearly be related to
details of structural changes on the atomic scale.

We performed AIMD simulations for 64 water
molecules in a cubic simulation cell in two thermody-
namic conditions, at ambient conditions (p =1 bar, T =
300 K, p = 1.00 g/cm?®) and in the supercritical regime
(T = 673 K, p = 48 MPa, p = 0.54 g/cm® ). We then
simulated the oxygen K-edge non-resonant inelastic
X-ray scattering spectrum using the Bethe-Salpeter
equation (BSE) approach as implemented in the OCEAN
codelt Our motivation is to investigate the differ-
ence of results from different structural simulation meth-
ods, and especially the structural interpretation they pro-
vide for spectra when a state-of-the-art spectrum calcu-
lation technique is applied. We chose five XC function-
als for the AIMD: one LDA*%U and four GGA (PBE4L,
BLYP2223 OLYP2324 and HCTH_4072528), We study
the effect of dispersion correction for one of the cases,
namely PBE, by including a semiempirical Grimme DFT-
D2 correction®’. Although different exchange-correlation
functionals were used during the molecular dynamics



simulations to obtain varying structural models for the
spectral calculations, all spectra calculated based on each
of these structural models were evaluated using the LDA
(PW92%8) functional. This allows us to separate the ef-
fects on spectra due to the different atomic coordinates
predicted by each functional from the effects due to dif-
ferent electronic structures predicted by the functionals.
All spectral simulations were carried out for a
momentum transfer of ¢ = 3.1 A~! in order to
properly compare the simulated and experimen-
tal spectra, which were measured at a momentum
transfer of ¢ = 3.1 A~!. For more information on
the momentum transfer dependence of the oxy-
gen K-edge of water, we refer to earlier work by
Pylkkinen et al1Y,

Figure [I] presents the oxygen-oxygen and oxygen-
hydrogen radial distribution functions (RDF) for the pro-
duction runs performed with the 5 different XC function-
als, respectively. Variation in the resulting RDF's accord-
ing to the different XC-functionals is notable. Highly
over-structured ambient water is obtained from simula-
tions with LDA, after which the functionals yield less
structure in the order of PBE, BLYP, HCTH_407, and
OLYP. Comparison with the experimental RDF's for am-
bient water shows the BLYP functional to yield an O-O
RDF and the HCTH functional to yield an O-H RDF
that are closest to the experimental ones (taken from
Ref. 29)). At supercritical conditions (T'= 674 K, p = 48
MPa), the order of the different functionals in terms of
the RDF they exhibit is roughly the same as at ambient
conditions, but differences among the functionals are gen-
erally smaller, apart from the RDF based on LDA, which
still yields a significantly different and over-structured
RDF even at these high T and high p conditions.

To characterize the results of the different AIMD sim-
ulation runs, we utilize local structural parameters such
as introduced in Ref. [15 with the idea of investigating re-
lations between different local structures and intensities
in spectral regions of interest (ROI) from the simu-
lations. We studied intramolecular and intermolecular
structural parameters: the molecular bond angle (¢),
the intramolecular OH bond-distance (the shorter OH
distance df,; and the longer distance dl,;), the num-
ber of oxygen atoms in the first (SS1), second (SS2), or
first two (SS12) coordination shells, the number of do-
nated (#don), accepted (#acc), and total (#tot) num-
ber of hydrogen bonds, as well as the deviation from an
angular- (A,) and distance-defined (Ay) tetrahedrality.
For a detailed definition of these parameters, we refer to
Ref. [I5. The average values of the parameters for the
AIMD structures are reported in Table[] The underly-
ing idea is that finding quantitative descriptions
for local structures (i.e. the structural parame-
ters) on the one hand and a quantitative measure
of how the spectral shape varies from local struc-
ture to local structure (i.e. the ROI intensities)
on the other allows a straightforward correlation
analysis between the two.
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FIG. 1. Radial distribution functions of water extracted

from molecular dynamics runs employing different exchange-
correlation functionals. Ambient water O-O RDF (a), am-
bient water O-H RDF (b), supercritical water O-O RDF
(c), and supercritical water O—H RDF (d). The experimental
curve for ambient water was taken from Ref. 29

Since the early days of DFT-based ab initio molecu-
lar dynamics simulations, it has been known that LDA
yields heavily over-structured water as it overestimates
the strength of hydrogen bonds resulting in H-bond dis-
tances that are too small and binding energies that are
too large®!. Gradient-corrected XC functionals were
shown to substantially improve the shortcomings of the
LDA to describe weak and non-bonded interactions?1*32,
Numerous other XC functionals have also been well char-
acterized and benchmarked in terms of their ability to
reproduce the structural and dynamic properties (both
macro- and microscopic) of water?. Likewise, more elab-
orate and physically exact approaches, such as includ-
ing intrinsic quantum effects via path-integral MD=339]
hybrid functionals®¥, functionals specifically tailored for
water3 38 or elaborate many-body approaches®? for
molecular dynamics exist. In this study we are less inter-
ested in the absolute accuracy of the specific DFT kernel
or the molecular dynamics simulation regarding the de-
scription of water in the liquid state. Instead, we focus
on the question of how the experimentally accessible oxy-
gen K-edge spectrum can be related to the local atomic
and electronic structure of water and changes thereof.
In other words, what atomic scale structural informa-
tion can be extracted from a measurement that is clearly
an ensemble average over a vast number of local con-
figurations accessible in the respective probed statistical
ensemble.

Multiple options also exist for the spectral calcula-
tions once an atomic structural model has been estab-
lished. One popular approach is transition potential den-



sity functional theory?”, which has been used widely and
for a number of systems. However, it comes along with
several pitfalls, such as the choice of treatment for the
core-hole, and it usually greatly underestimates the pre-
and post-edge intensityl. The BSE approach we used in
the current study has been shown to reproduce all fea-
tures of the oxygen K-edge for gas phase water, liquid
water, and ice, and avoids explicit use of any core-hole
through a Green’s function formulation 127

Figure [2] shows averages over all calculated spectra for
structures obtained from the various XC functionals in
comparison with experimental data measured using X-
ray Raman scattering spectroscopy®?43 a hard-X-ray-
photon-energy-loss technique used to record excitation
spectra that are free of artifacts such as saturation or
self-absorption effects. The ambient spectrum was mea-
sured at the inelastic scattering beamline ID20%4 of the
ESRF, France. The spectrum of water in the supercriti-
cal regime was taken from Ref. 12l The calculated aver-
ages shown in these figures represent a summation over
individual oxygen K-edge spectra for all 64 oxygen atoms
present in supercell structures obtained from five snap-
shots of each AIMD production trajectory. Thus, each
spectrum presented is the average over the contributions
of 320 oxygen sites. The MD snapshots were sampled at
1 ps time intervals. This was done for each temperature
and each XC functional. For both thermodynamic condi-
tions, all spectra calculated from the different MD simu-
lation runs reasonably resemble the experimental data in
that all calculated spectra show a pre-, main-, and post-
edge. However, as for the RDFs of Fig. [I} a variation
among the different XC kernels is evident.

Due to the use of pseudopotentials in these
calculations the resulting spectra do not have a
meaningful absolute energy scale. It is necessary
to apply site-dependent relative chemical shifts,
an alignment of the enegies of the different AIMD
cells, and one overall absolute shift to compare
the calculated spectra to experiment. Within
a single AIMD snapshot, the spectra from in-
dividual absorption sites were aligned with re-
spect to each other by applying chemical shifts
dE; = Vkg(r;) — %W(rz) where ¢ labels the absorb-
ing site located at r;, Vg is the total Kohn-Sham
potential obtained for the AIMD snapshot in the
ground-state and W is the screened core-hole po-
tential. W is obtained through a real-space com-
bination of many-body perturbation theory and a
model dielectric function? . These shifts are cal-
culated and applied automatically by the ocean
code as described by Vinson et al.” . To correct
for the finite size of the AIMD simulation cells
we subtract from each spectrum the chemical po-
tential of its simulation cell. After all spectra are
averaged, a rigid shift is applied to the average
spectrum to align the pre-edge feature to the ex-
perimentally observed energy.

Over the past decades, a consensus for generally assign-

ing the different spectral features of the oxygen K-edge
has emerged. The pre-edge is generally linked to weak-
ened or broken H-bonds and increased disorder. The
main-edge has been associated with the local atomic
structure in a similar way as the pre-edge. Consis-
tent with this interpretation, supercritical water exhibits
strong pre- and main-edge features'?. Moreover, the
main-edge has been correlated to changes in the second
shell (non-hydrogen-bonded) neighborst’. The post-edge
feature is commonly related to an extended H-bond net-
work and tetrahedral coordination, as prominent post-
edge features can be found in the oxygen K-edges of the
crystalline ice phases.

This general assessment of the K-edge data is in line
with the differences among the simulated spectra shown
in Fig[2l The spectra calculated from the MD simulation
runs using the LDA XC functional show decreased pre-
and greatly increased post-edge intensity as a sign of the
heavily over-structured model that was already evident
from the RDFs of Fig. Despite this agreement about
the overall interpretation of the shape of the oxygen K-
edge in terms of atomic scale structure, the fine details of
the interpretation of these features remain controversial
and we will turn to this question next.

In our recent work we presented a method to study
correlations between local atomic structure and spec-
tral line intensity for core-level spectral®. In short, we
defined a number of local structural parameters such as
the number of donated and accepted hydrogen bonds,
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FIG. 2. XRS oxygen K-edge spectra for water from experi-
ment (black) and AIMD simulations employing different XC
functionals: ambient water (a), and supercritical (T° = 400
°C, p = 48 MPa, p = 0.54 g/cm®) water (b), experiment for
which was taken from [12l The shown simulation results are
ergodic averages over several well separated snapshots from
the respective AIMD simulation trajectories. Part b) also
shows an experimental and a simulated spectrum of
gas phase water (experimental data taken from 45 and
16).



TABLE 1. Average values and their standard deviations for the structural parameters in the sampled snapshots.

For

supercritical water, intra-molecular parameters were not uniquely defined for all oxygen atoms.

Functional 1) Ay dsy SS1 SS2
300 K

LDA 105.83(5.92) 1.02(0.03) 1.06(0.03) 5.39(0.74) 17.93(2.38)
HCTH 103.81(4.87) 0.98(0.02) 1.02(0.03) 5.62(0.99) 17.77(1.85)
OLYP  102.58(5.21) 0.98(0.02) 1.01(0.02) 5.50(1.01) 17.41(2.01)
BLYP 103.91(5.13) 0.99(0.02) 1.03(0.03) 5.65(0.90) 18.04(1.80)
PBE 103.71(5.58) 1.00(0.03) 1.03(0.03) 5.45(0.95) 18.24(1.90)
PBEvdW 103.97(5.52) 1.00(0.02) 1.03(0.03) 5.53(0.90) 17.89(2.09)

Functional SS12 #don Ffacc #tot A, Ay

300 K

LDA 23.31(2.37) 1.95(0.24) 1.95(0.37) 3.89(0.46) 97.72(37.20) 0.35(0.24)

HCTH — 23.39(1.62) 1.77(0.49) 1.77(0.65) 3.54(0.89) 121.16(41.13) 0.41(0.19)

OLYP  22.91(1.76) 1.62(0.56) 1.62(0.71) 3.24(0.99) 131.51(40.72) 0.43(0.18)

BLYP 23.69(1.68) 1.88(0.35) 1.88(0.55) 3.76(0.66) 111.07(38.72) 0.38(0.19)

PBE 23.69(1.68) 1.82(0.40) 1.82(0.58) 3.63(0.77) 114.04(41.31) 0.41(0.22)

PBEvdW 23.42(1.88) 1.86(0.36) 1.86(0.54) 3.73(0.70) 114.41(40.74) 0.40(0.18)
Functional SS1 SS2 SS12 #don Facc #tot A, Ag
673 K
LDA 6.30(1.41) 18.02(2.86) 24.32(3.34) 1.62(0.64) 1.53(0.79) 3.16(0.99) 151.83(44.50) 0.62(0.30)
HCTH 5.97(1.49) 17.11(2.46) 23.08(2.21) 1.09(0.72) 1.07(0.82) 2.17(1.10) 167.84(36.46) 0. 60(0 28)
OLYP 5.75(1.50) 16.98(2.25) 22.73(2.19) 1.04(0.68) 1.03(0.80) 2.08(1.07) 170.75(33.39) 0.54(0.25)
BLYP 5.88(1.31) 17.18(2.30) 23.06(2.07) 1.11(0.74) 1.08(0.81) 2.19(1.10) 169.09(34.21) 0.59(0.26)
PBE 5.88(1.43) 17.63(2.45) 23.51(2.36) 1.17(0.76) 1.14(0.80) 2.31(1.18) 165.26(35.92) 0.62(0.28)
PBE vdW 5.81(1.36) 17.38(2.30) 23.18(2.11) 1.23(0.81) 1.13(0.86) 2.36(1.19) 168.07(38.35) 0.70(0.34)

and studied how these structural parameters correlate
with intensities in different spectral regions of inter-
est (ROI), namely the pre-, main-, and post-edge of
the oxygen K-edge spectrum of water (I, [533,535.5] eV;
11, [535.5,539.5] eV; III, [539.5,545] eV, see vertical lines
in Fig. for the centers of the regions). This recent
study was performed for a single temperature and still
both analysis methods, a mean-based classifica-
tion method and linear correlation coefficients be-
tween spectral (ROI) intensities and structural
parameters, readily yielded local structure — spectrum
relationships established over the past decades by com-
paring experimental and simulation results from across
the vast phase diagram of water.

The linear correlation coefficients linking structural
with spectral changes for ambient water are given in
Fig. [3] and for supercritical water in Fig. @l As in our
previous work, we do not observe one-to-one cor-
respondence between weight in the different spec-
tral regions and structural information, but we
do observe considerable correlation between the
two. As such, the pre-edge intensity and a dis-
torted local environment of the absorbing oxygen
atom are positively correlated, i.e. the pre-edge
intensity increases with increasing deviation from
tetrahedrality and decreasing number of hydro-
gen bonds. In contrast to the pre-edge, the post-edge
intensity (ROI III) is positively correlated with the num-
ber of hydrogen bonds and negatively correlated with a

deviation from tetrahedrality, i.e. the post-edge is promi-
nent if the scattering oxygen site is situated in a tetra-
hedrally ordered environment. The main-edge intensity
(ROI II) generally correlates less with our structural pa-
rameters compared to the pre- and post-edge. Here, the
intramolecular structural parameters carry most of the
correlation. Even though the trends are similar in su-
percritical water (Fig. 7 the correlations between ROI
intensities and structural parameters in the supercritical
regime are generally weaker than at ambient conditions.
Most importantly, we find that the correlations uncov-
ered by our approach are largely the same regardless of
the simulation details and/or XC functionals used. This
has deeper implications for the information content of the
oxygen K-edge of water with respect to the local atomic
structure as we will elaborate in the following.

Similar structural variation results in similar spectral
variations regardless of the functionals used for the struc-
tural simulation. However, this does not imply access to
any quantitative, absolute interpretation of spectroscopic
data in terms of structure.

Indeed, the correlations do not seem to depend greatly
on the functionals used for the structural simulation, but
rather on the relative and considerable statistical varia-
tion about the different ensemble averages. This implies
that when it comes to the interpretation of the oxygen
K-edge spectrum of water in terms of the local atomic
structure, none of the probed ensembles will yield correct
and reliable results as easily inferable from the difference
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FIG. 3. Correlation coefficients between ROI intensities and
the structural parameters at ambient conditions. The error
limits represent the standard deviation in a 10000-fold boot-
strap resampling of the original data.

between simulated and experimental radial distribution
functions. Our results, however, show that observing rel-
ative trends related to structural changes are far easier
to evaluate than ”absolute correct” structures or their
”absolute correct” spectra. Based on this work, relative
changes in experimental data can precisely be related to
specific structural changes in the system. This implies
that systematically observed changes in spectral features
in combination with a precise benchmark reference may
well result in a reliable structural model.

The question whether a ”"hydrogen bond asymmetry”
exists in water has been discussed heatedly in the
literature. If it existed, this would imply a complex
heterogeneous structure of liquid water, where regions of
higher and lower density co-exist at ambient conditions.
In view of our current results, this question seems to be
desperate to answer based on the shape of the oxygen
K-edge alone. Spectroscopic data on the oxygen K-edge
carries inherently local information with considerable
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FIG. 4. Correlation coefficients between ROI intensities and
the structural parameters at supercritical conditions. The er-
ror limits represent the standard deviation in a 10000-fold
bootstrap resampling of the original data. The internal pa-
rameters are not defined for all water molecules and were left
out.

statistical variation and we find local structures that
resemble highly symmetric environments and ones that
resemble highly asymmetric local environments. Due to
the locality of the excitation, the shape of the oxygen
K-edge, however, allows no conclusion about the spatial
arrangement of these local structural motives. Moreover,
the incoherent nature of O K-edge spectroscopy denies
a simple and straightforward interpretation as to the
spatial dimension of these structural distortions based on
the spectral shape, but only the fact that such variation
exists from one absorbing/scattering atom to another.
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