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Abstract

Modelling liquid water features is a challenging and ongoing task that brings to-
gether a number of computational issues related to both the description of its elec-
tronic and geometrical structure. In order to go a step further in the understanding
of this peculiar liquid, we present a thorough analysis of NMR gas-to-liquid 7O and
'H shifts of water using density functional theory based molecular dynamics. In or-
der to be as consistent as possible, we consider the influence of basis sets, exchange-
correlation functionals and structural models, in both molecular and periodic schemes
to evaluate 17O and 'H nuclear shieldings. We show that strong error compensations
between functional and basis-set expansion can be obtained in molecular approaches
which artificially produces good 7O gas-to-liquid shifts with relatively small basis sets.
We also demonstrate that despite their ability to provide reliable liquid phase struc-

tures, generalized-gradient approximation based exchange-correlation functionals lead



to strongly inconsistent values for 17O gas-to-liquid shift. This latter property is shown
to be strongly influenced by intra-molecular electronic delocalization, accentuated by
the surrounded molecules. In contrast, 'H is less sensitive to this effect. By including a
Hartree-Fock exchange term, through the use of hybrid functionals which partially cor-
rect the self-interaction error, better agreement with experimental values is obtained.
The present study provides a detailed guideline to properly evaluate gas-to-liquid shifts
in hydrogen bonded systems and emphasizes that, for nuclear shieldings, an accurate

electronic structure evaluation prevails over the description of the liquid structure.

Introduction

Nuclear magnetic resonance (NMR) is a key spectroscopic method to characterize the struc-
ture and dynamics of molecular liquids, solutions or solids.? However, despite the great
achievements in the development and optimization of this tool, an unambiguous analysis of
the experimental spectra is often difficult to achieve. In spite of the great sensitivity of NMR
to local environment, this can lead to a great loss of chemical information. To overcome this
limitation, NMR has been efficiently complemented by quantum chemical calculations. Such
approaches have emerged a long time ago with the pioneering studies by Lipscomb and co-
workers,? and have been developed in both molecular finite size and periodic frameworks. In
the former case, the main theoretical limitation lies in the definition of the gauge origin. A
naive and ill-suited definition can lead to major convergence issues with respect to the basis
set. This inevitably limits both the accuracy of the results and the system sizes that can be
handled. Nowadays, it is well recognized that the Gauge-Including Atomic Orbitals (GIAO)
formalism partly solves this question.?

For systems described within periodic boundary conditions, other difficulties arise from
the combination of both the infinite nature of the systems and the plane-wave pseudopoten-

tial scheme usually applied to compute electronic structures. In the early 2000’s, Pickard

and Mauri proposed the Gauge-Including Projector Augmented Wave (GIPAW) approach



to tackle this issue.® For more details on the GIPAW approach and its applications, see Ref.
7, 8 and references therein.

Both computational means provide isotropic nuclear shieldings (0%°) that cannot be
directly compared to experimental chemical shifts since the latter are defined as a differ-
ence between nuclear shieldings of a probed nucleus and the one of the same nucleus in a
reference compound. As a consequence, computational schemes can only provide relative
chemical shifts as long as the nuclear shielding of the reference compound is not properly
evaluated. In O NMR experiments, the reference system is usually liquid water and an
accurate theoretical evaluation of its nuclear shielding is thus desirable. The ability of a
given methodology in determining this quantity can be probed by comparing theoretical

gas-to-liquid shifts of both 17O and 'H isotropic nuclear shielding of water, defined as
AT, = Oliguid — Tgaes (1)

9-13
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to experimental values. For 'H and 7O, Aok,

are -4.3 and -36.1 ppm, respectively.

However, this is not an easy task since nuclear shielding evaluation issues are supple-
mented by the difficulty to properly describe the structure of liquid water. At the density
functional theory (DFT) level, this latter question has been an ongoing debate for more than
two decades. Indeed, since the pioneering work by Laasonen et al. in the mid-1990’s,'* a
number of studies have been performed to rationalize the strengths and weaknesses of DFT
for the structural and dynamical description of liquid water in ab initio molecular dynamics
(MD). 154

Obtaining a reasonable structure is a necessary requirement to further model the spec-
troscopic features of liquid water at the DFT level of theory, in particular NMR properties.
In this context, the ability of a given computational methodology to reproduce the 17O (and
iso

'H) Aoy, of water represents a natural test-case for its accuracy as Ao

is directly related

to the nature and strength of intermolecular interactions within the liquid. Hence, it is a



real fingerprint on how good the description of the chemical and electronic environment of
a water molecule in the liquid is. Unfortunately, this means that Ac™° is extremely sensi-
tive to various computational parameters: basis-set definition and size, exchange-correlation
(xc)-functional, accuracy of the structural model and its statistical convergence.

Various theoretical studies have already been conducted to evaluate 17O and 'H Ao in
water. Using molecular formalisms, water clusters of various sizes were extracted from MD

45,46 when implicit models were tested

simulations to explicitly account for solvent effects,
t00,%” to evaluate nuclear shieldings at various levels of theory going from Hartree-Fock
to DFT.* The influence of the xc-functional was reported.*® Overall, accurate results can
only be yielded by taking advantages of error’s cancellation originating from (i) the type
of potential used for the MD simulation, (ii) the size of the selected clusters used for the
NMR parameter calculations, (iii) the basis-set extension, and finally (iv) the choice of the
xc-functional.

Further studies were also performed using periodic boundary conditions. The first one

was conducted by Pfrommer et al.*®

using the so-called Mauri, Pfrommer and Louie (MPL)
formalism.®! In this study, a 300 K DFT-based MD simulation using the BLYP %% xc-
functional was used to generate the structural model. Nuclear shieldings were subsequently
evaluated using the local density approximation. In this study, the error induced by the
pseudo-potential approximation on the valence wave-functions in the core regions was con-
sidered constant from gas to liquid. In spite of this, the author calculated 'O and 'H
Aok in quantitative agreement with experimental values, without considering any sta-
tistical approach. Other studies were further conducted although they mainly focused on
the 'H nuclear shielding of water under various conditions.3*%*57 Qverall, although those
studies have provided a number of important achievements, to the best of our knowledge,
none of them provided a consistent picture about the interplay between the computational

parameters influencing the 17O and 'H gas-to-liquid shifts of water.

In the present study, we intend to provide a comprehensive view on how to evaluate



the 70 and 'H NMR gas-to-liquid shifts of water using DFT formalism only. As error
compensations can lead to acceptable but non-physical results, a proper evaluation of the
impact of various computational parameters: basis-set extension, xc-functional approxima-
tion, amount of Hartree-Fock (HF) exchange in the case of hybrid xc-functional,’® GIAO
in conjunction with a cluster ansatz vs fully periodic GIPAW approach, and their mutual
interplay is provided. This allows us to draw a reliable picture on how correct O and 'H
gas-to-liquid shifts of water can be obtained and be served as reference values for further
studies. The outline of the article is as follows: the computational methods employed along
the article are described in Section and the results are presented and discussed in Section .
This section is divided into three parts: description and validation of the molecular dynamics
simulations, and then NMR results obtained from molecular and periodic calculations are

detailed. The main outcomes and perspectives are summarized in the conclusion.

Computational Details

Periodic MD Simulations. We carried out periodic DFT simulations of liquid water
using the Vienna ab initio simulation package (VASP).5%% The code uses the full-potential
Projector Augmented Waves (PAW) framework. %52 Standard versions of the PAW potential
for both H and O atoms were used in conjunction with an energy cut-off of 400 eV. Sampling
of the Brillouin zone was reduced to I'-point only. Exchange-correlation interactions were
approximated by using either the non-spin polarized version of the Generalized Gradient
Approximation (GGA) PBE,% or the optB88-vdW scheme® 57 in order to evaluate the
impact of weak intermolecular interactions on the liquid structure, as suggested in Ref.
29,39. Born-Oppenheimer MD simulations were carried out under constant volume and
temperature using a Nosé thermostat defined by a period of 20 fs.® The simulations consisted
in 64 water molecules in a cubic unit-cell of 12.42 A which corresponds to a density of

1 g.em™3. Equations of motion were integrated with a 0.5 fs time step for a total of 20 ps



for each simulation. Data were extracted after an equilibration time of 10 ps. By using this
time scale, a reasonable agreement with longer simulations is obtained in terms of positions
and heights of the extrema of the pair radial distribution functions.® Simulations were
performed at 300 and 330 K, the latter being used to artificially mimic the fluctuations
resulting from nuclear quantum effects (NQEs) as previously proposed.? In the following,
three MD trajectories denoted MD-PBE-300, MD-OptB88-300 and MD-PBE-330 were used
as basis for NMR calculations. To do so, 50 randomly selected frames were considered from
each MD simulation for subsequent GIPAW and GIAO NMR calculations.

Periodic NMR Calculations. Periodic calculations of 'H and 7O nuclear shield-
ings were performed within the GIPAW approach,®™ as implemented in the VASP pack-
age. ™ Several xc-functionals were used for those calculations: PBE, optB88-vdW, B3LYP,
PBE0,™™ and a modified version of PBEO which includes 50% of Hartree-Fock (HF) ex-
change to investigate the influence of the amount of exact exchange in the xc-term. Indeed,
it has been recently shown in the case of °F, that this parameter is a critical issue in the
calculation of nuclear shieldings.”™ The HSE xc-functional was also tested, 8 since it is a
range separated hybrid-type xc-functional that includes a 25% short range HF exchange term
that allows to discriminate between short and long range contributions to nuclear shieldings.

Convergence issues with respect to the extension of the plane-wave basis set were carefully
tested. The results are displayed in the left panels of Figure 1 for an isolated water molecule
using PBE and PBEO xc-functionals. The right panels of Figure 1 present the same data for
one given molecule in a randomly chosen MD frame as well as for the mean over the 64 water
molecules of this particular frame. With PBE, 'H and 7O values are converged at 500 eV,
both in the gas and liquid phases. For PBEO, the 7O values converge for an higher cut-off
energy of 700 eV. Similar results are obtained for the other hybrid xc-functionals used in the
present study. In the light of those results, in order to avoid any lack of convergence, all the
following calculations were performed using a 700 eV kinetic energy cut-off, which ensures a

iso

proper convergence of Aoy .
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Figure 1: (Left panels) 17O (top) and 'H (bottom) nuclear shieldings convergence with
respect to the cut-off energy in GIPAW calculations for a single water molecule in the gas
phase at the PBE (black circles) and PBEO (red circles) levels. (Right panels) Similar data
for one given molecule (circles) in a randomly chosen MD frame as well as for the mean
value over the 64 water molecules (square) of the same frame. Both PBE (black) and PBEO
(red) xc-functionals were also used. The dashed lines are guide for the eyes to indicate fully
converged values.

All GIPAW calculations were performed using a 1 x 1 x 1 k-point grid for the integration
of the Brillouin zone. The use of denser grids has a very limited impact on the result’s
accuracy. Indeed, considering a single 64-molecules snapshot, average variations of less than
0.1 and 2.5 ppm for 'H and “O nuclear shieldings, respectively, are observed when increasing
the size of the grid from 1 x 1 x 1 to 4 x 4 x 4. Harder PAW potentials were also tested
on the same snapshot with an energy cut-off of 800 eV leading to upshifts of only 0.9 and
0.7 ppm for 'H and 7O nuclear shieldings, respectively.

Molecular NMR Calculations. Nuclear shieldings were computed on molecular clus-
ters using the GIAO approach®® implemented in the Gaussian software package.™ Four
among the six xc-functionals (PBE, PBEO, HSE and B3LYP) used in periodic calculations
were employed together with several Popple-type basis sets with increasing size to investigate
basis-set dependency. It is worth pointing out that it has been largely reported that NMR
parameter accuracy are strongly basis-set dependent. 082

The convergence of the calculated nuclear shieldings with respect to the size of the con-



sidered cluster was first investigated. We extracted, from the MD-PBE-300 run, 1025 H5O-
(H20),, distinct clusters with n going from 1 to 36. Those 1025 structures were obtained by
considering 25 different central water molecules along 41 distinct frames. The corresponding
o5 and 05° obtained at the BSLYP/6-311G(d,p) level are displayed in Figure 2. oi° is fully
converged for n = 24, when o&° appears more difficult to converge as a small but continuous
decrease in the average value is observed even for n greater than 24. However, between n
= 16 to 36, the variation is only 2.4 ppm which is small as compared to the 7O nuclear
shielding range. Consequently, we can consider that clusters containing at least 16 H,O

molecules leads to converged nuclear shielding values for both hydrogen and oxygen.
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Figure 2: 'H (top) and 7O (bottom) nuclear shielding convergence of the central water
molecule in HyO-(H50),, clusters with respect to n in NMR GIAO calculations. Each value
(red dot) was obtained from an average over 1025 configurations (25 distinct central wa-
ter molecules along 41 distinct frames) extracted from the MD-PBE-300 trajectory. The
plain black bars represent the standard deviations. All calculations were performed at the

B3LYP/6-311G(d,p) level.



For the same set of computational parameters, i.e. B3LYP/6-311G(d,p), we also tested
the nuclear shielding convergence with respect to the number of considered configurations.
To do so, we calculated the mean, standard deviation and standard deviation over the
mean obtained when increasing the total number of frames considered in the statistical
averaging. The standard deviation over the mean as to be understood as follows: at point &
on the x-axis, k mean values are calculated (for 1 selected configuration only to k selected
configuration), a standard deviation can then be calculated from those & mean values. This
provides an information about how the mean value fluctuates when an increasing number of
configurations is considered. In contrast to the standard deviation which converges towards
a non-zero value, the standard deviation over the mean tends to 0 when an infinite number of
configurations is considered in the averaging. It is thus a better indicator of the convergence
of the statistical sampling. The results are reported in Figure 3 for the same 1025 distinct
H,0-(H50)36 clusters discussed above. As a consequence, the mean and standard deviation
values obtained for 1025 selected configurations are equal to the values reported in Figure 2
for n = 36. Although the standard deviation is quite large, highlighting the variety of
chemical environments existing around a given kind of atom, the standard deviation over the
mean converges rapidly for both atoms. When all the frames are considered, it is equal to 0.17
and 1.56 ppm for 'H and 7O, respectively, and 0.23 and 2.11 ppm when only half the frames
are considered. Those values are rather low considering the respective nuclear shielding
ranges and can be considered as a good measure of the statistical error that exist in the
results presented below. Although all the aforementioned calculations were performed at the
B3LYP/6-311G(d,p) level of theory only, similar conclusions on the statistical convergence
would be obtained with other combinations of xc-functional and basis set.

In the light of those preliminary results, in the section , we generated 1000 water aggre-
gates, obtained from 50 different frames randomly extracted from MD calculations, each one
centered on one water molecule, surrounded by around 20 (£ 3) other water molecules that

are located up to 6 A from it. Only nuclear shieldings of the central molecule were extracted



in order to compute, using the NMR GIAO approach, mean values and standard deviations

presented and discussed in Section .
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Figure 3: 'H (top) and '"O (bottom) nuclear shielding convergence of the central water
molecule in HyO-(H20)36 as a function of the number of configurations taken into consider-
ation in NMR GIAO calculations. All configurations were extracted from the MD-PBE-300
trajectory. Three quantities are considered: means (black lines), standard deviations (red
lines) and standard deviations over the mean (blue lines) for an increasing number of con-
figurations. All calculations were performed at the B3LYP/6-311G(d,p) level.

xc-Functional and Basis-Set Issues in GIAO Calculations. As the choice of xc-
functional and basis-set is crucial in NMR GIAO calculations we performed various tests to
check their respective influence on the calculated 'H and 'O nuclear shieldings. In that case,
to avoid performing statistical sampling on a large series of water clusters with a number of
different computational settings, basis-set and xc-functional influence on nuclear shieldings

were evaluated on a single HyO-(H20)4o water cluster randomly extracted from the MD-

11



PBE-300 simulation. A large enough cluster was considered in order to avoid any finite-size
effect. In the Supporting Information, calculations performed on eleven configurations and
leading to average 'H and O nuclear shieldings are also presented (see Figure S2 and
S3). They lead to very similar results as the ones discussed below obtained from the single
H,0-(H20),42 configuration.

Four xc-functionals, namely PBE, PBEO, B3LYP and HSE, in combination with eight
different basis sets of increasing size were applied to calculate 'H and 7O gas-to-liquid shifts.
The results are presented in Figure 4. Various observations can be done. First, regardless
of the xc-functional, 6-31G(d,p) and 6-31G(2d,2p) systematically overestimate the 7O gas-
to-liquid shift while the six other basis sets always underestimate it. Second, 'O gas-to-
liquid shift increases from the smallest basis sets to the largest ones, from ~-25 ppm for
6-31G(d,p) to ~-57 ppm for 6-3114++G(2d,2p). This behavior is the same whatever the
considered xc-functional. Furthermore, Figure 4 also demonstrates that diffusion functions
on the oxygen atoms are crucial in the calculation of the 7O gas-to-liquid shift. Indeed, a
difference of almost 25 ppm is obtained between 6-31G(d,p) and 6-31+G(d,p) results. In
contrast, adding polarisation functions or going from double- to triple-( has a more limited
impact. Interestingly, adding diffusion functions on the hydrogen atoms has only a minor
influence on the 17O gas-to-liquid shift. Regardless of the basis set, hybrid xc-functionals
(B3LYP, HSE and PBEO) lead to larger gas-to-liquid shifts as compared to PBE. From 6-
311G(d,p) to 6-3114++G(2d,2p), PBE, B3LYP, HSE and PBEO always display an increasing
agreement with experiment. In contrast, for 6-31G(d,p) and 6-31G(2d,2p), PBE leads to
the best results while BSLYP, HSE and PBEQO perform equally well. Considering the largest
basis set, 6-311++G(2d,2p), the PBE result is equal to -62.2 ppm. This value is very close to
the statistically converged GIPAW results obtained with the same xc-functional as discussed
in section . This suggests that both approaches converge to similar O gas-to-liquid shift
despite their differences. Finally, to ensure that the present results do not depend on the

basis set construction, additional basis sets were tested. The results are presented in the
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Supporting Information (see Figure S1) and demonstrate that both IGLO and Dunning’s
basis sets lead to similar results.

For 'H, differences lower than 2 ppm as compared to experimental data can only be
obtained with the 6-31G(d,p) basis set, see Figure 4. All other basis sets show errors greater
than 2 ppm which corresponds to a ~50 % of difference as compared to experiment. In
contrast to 17O, Figure 4 also demonstrates that the xc-functional influence is rather limited
for 'H, although the inclusion of a HF exchange term systematically slightly improves the
results. Indeed, PBE always leads to the worst results, while BSLYP, HSE and PBEO perform
equally well. In the same way, diffuse functions have a very limited impact on the 'H gas-
to-liquid shift. Despite displaying a smaller range, 'H nuclear shielding also appears to be
converged for the largest basis sets: 6-3114+G(d,p), 6-3114++G(d,p) and 6-311++G(2d,2p),
and the corresponding value at the PBE level is close to the GIPAW results (see discussion
in section ).

In the light of those preliminary results performed on a single water cluster, we decided
to compute all subsequent GIAO nuclear shieldings using BSLYP. B3LYP was chosen as it
provides 'H and 7O gas-to-liquid shifts comparable to HSE and PBEO and is widely used in
the quantum chemistry community. In terms of basis sets, we considered two small basis sets,
6-31G(d,p) and 6-31G(2d,2p), and two larger basis sets: 6-311G(d,p) and 6-311++G(d,p),

in order to probe their respective behavior with respect to statistical sampling.
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Figure 4: 7O (Top) and 'H (Bottom) theoretical gas-to-liquid shift as a function of the
basis set used for NMR GIAO calculations. Four xc-functionals have been considered: PBE
(black), BSLYP (red), HSE (blue) and PBEO (green). The black dashed line represents the
experimental value.? '3 All calculations were performed on a single HyO-(H30) 49 water clus-
ter extracted from the MD-PBE-300 simulation. Additional data are presented in Figure S1
to S3 of the Supporting Information.
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Results and Discussion

MD Simulations

As stated in introduction, a first and important step of the present study is to provide a
correct structure of liquid water for subsequent evaluation of NMR parameters. However,
this is not an easy task as an accurate ab-initto modeling of liquid water is difficult to
conduct. Indeed, despite the large number of studies dedicated to this question,'®** few
of them have been able to succeed in a quantitative way. One of the best achievements
was obtained by DiStasio et al.?® who conducted a simulation of 64 water molecules at
330 K at the PBEO+TS-vdW(SC) level, i.e. using a hybrid PBEO xc-functional,®®3 in
conjunction with a self-consistent dispersion-correction term.®! The authors obtained oxygen-
oxygen (goo(r)) and oxygen-hydrogen (gou(r)) radial distribution functions as well as O-O-O
angular distribution functions that are in very good agreement with the experimental data of
Soper and Benmore.® In the present work, we do not intend to reproduce those calculations
that are computationally extremely expensive. Instead, we resort to more traditional xc-
functionals: PBE and optB88-vdW, the latter being used to produce a MD trajectory which
suffers less of the famous liquid water over-structuration issue resulting from the use of
standard GGA xc-functionals.®® We also present the results of a PBE-run performed at
330 K (MD-PBE-330).

The goo(r) and gon(r) radial distribution functions for the three simulations are pre-
sented in Figure 5. As expected, the PBE xc-functional at 300 K leads to overstructured
radial distribution functions, for both oxygen-oxygen and oxygen-hydrogen pairs, in agree-
ment with the literature.® The MD-PBE-330 and MD-OptB88-300 runs produce very similar
curves which are significantly softened when compared to the MD-PBE-300 ones, i.e. closer
to the experimental results.®” Indeed, for goo(r), the intensity of the first peak is reduced by
approximately 0.6 (MD-PBE-330) and 0.7 (MD-OptB88-300), while the intensity of the first
minimum is increased by 0.17 (MD-PBE-330) and 0.24 (MD-OptB88-300), respectively. An

15



increase in the positions of the first maximum and first minimum, by 0.04 A with respect to
the MD-PBE-300 trajectory is also observed for both MD-OptB88-300 and MD-PBE-330.
One can thus expect that such improvements of the general structure of the simulated liquid

water may influence NMR parameters.
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Figure 5: The oxygen-oxygen (goo(r), bottom) and oxygen-hydrogen (gou(r), top) radial
distribution functions of liquid water obtained from the MD-PBE-300 (black), MD-OptB88-
300 (green) and MD-PBE-330 (red) molecular dynamics simulations. The experimental data
of Soper are also provided for comparison.®’
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Cluster Approximation Calculations

Reference Water Molecule. To discuss the gas-to-liquid shift of water, we need to eval-
uate both the nuclear shielding of the water molecule in the gas and liquid phases. In the
former case, two approaches can be used: (i) consider a water molecule at equilibrium geom-
etry for the considered xc-functional /basis-set combination; (ii) perform a statistical average
over a MD run on a single water molecule in vacuum. The second approach advantage is
that it takes into account the vibrational effects in the gas phase. However, those effects are
expected to be rather small due to the strong harmonic character of the vibrational modes of
the isolated water molecule. As shown in the Supporting Information, the difference between
the two approaches is negligible: 0.08 and 1.8 ppm for ¢if° and ¢5°, respectively. Conse-
quently, in the following, we consider the nuclear shielding of an isolated water molecule in
its equilibrium geometry as the gas-phase reference for both GIPAW and GIAO calculations.

Molecular Dynamics Simulation and Basis-Set Influence. 'O and 'H gas-to-
liquid shifts calculated by means of molecular approach for the three considered MD simu-
lations: MD-PBE-300, MD-PBE-330 and MD-OptB88-300 are presented in Figure 6. Four
basis sets were used: 6-31G(d,p), 6-31G(2d,2p), 6-311G(d,p) and 6-3114++G(d,p) for the
MD-PBE-300 trajectory and only 6-31G(d,p) and 6-31G(2d,2p) for the MD-PBE-330 and
MD-OptB88-300 trajectories. Considering MD-PBE-300 only, 6-31G(d,p) and 6-31G(2d,2p)
basis sets provide Ao values that are too small in absolute value for 170, and too large
for 'H, while 6-311G(d,p) and 6-311++G(d,p) leads to values that are too large for both
170 and 'H. This is fully in line with the results of Figure 4 obtained on a unique water
cluster. Indeed, for 'H, both small and large basis sets lead to similar results, the maxi-
mum difference is observed between 6-31G(2d,2p) and 6-311G(d,p). For 70O, 6-31G(2d,2p)
provide results that are closer to the experimental value while 6-311+4G(d,p), the largest
basis set considered here, lead to the largest difference. Consequently, statistical averaging
confirms the drastic influence of the basis-set on the 7O nuclear shielding regardless of the

structural model and its more limited impact on the 'H nuclear shielding.
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Considering the MD settings and the 6-31G(d,p) and 6-31G(2d,2p) basis sets, when
the temperature is raised from 300 to 330 K using the PBE xc-functional, the theoretical
error decreases by more than 4.0 and 1.5 ppm for oxygen and hydrogen, respectively. For
70, no significant difference appears between the two simulations (MD-PBE-300 and MD-
OptB88-300) performed at 300 K. This is surprising as MD-OptB88-300, which includes van
der Waals corrections, leads to g(r) functions closer to experiments. The same observation
holds for 'H, although larger differences than for 7O are obtained between MD-PBE-300
and MD-OptB88-300. Based on the MD-PBE-330 simulation in combination with the 6-
31G(2d,2p) basis set, the experimental 17O gas-to-liquid shift is almost recovered: -33.8 vs
-36.1 ppm. Similarly, the best GIAO estimate for Agi® equals -4.7 ppm and is obtained
for the same MD simulation in combination with the 6-31G(d,p) basis set. In both cases,
this seeming agreement between theory and experiment is to be taken with care seeing the
limited convergence of those two basis sets (see section .)

In conclusion, as observed in the previous section, GIAO results for 17O nuclear shieldings
are extremely sensitive to basis set effects. Indeed, large basis sets lead to the largest
discrepancy with experimental data whereas small basis sets lead to values surprisingly close
to the experimental value. This fortuitous result will be further analysed in section in the
light of GIPAW calculations. In addition, the present results suggest that difference between
the structural models are limited if compared to the impact of the basis set although an
increase of the temperature by only 30 K appears to noticeably modify the 'H nuclear
shieldings. In these circumstances, extrapolation and/or rationalization of GIAO results are

almost impossible and appear to be highly system-dependent.
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Figure 6: 17O (Top) and 'H (Bottom) difference between experimental and theoretical gas-to-
liquid shift for three distinct molecular dynamics simulations (MD-PBE-300, MD-OptB88-
300 and MD-PBE-330). All GIAO calculations are performed using the B3LYP xc-functional.
Four different basis sets are employed: 6-31G(d,p) (blue bar), 6-31G(2d,2p) (red bar), 6-
311G(d,p) (black bar) and 6-311++G(d,p) (green bar). Error bars are equal to +0.23 and
+2.11 ppm for 'H and 70, respectively, and are evaluated from the standard deviations over
the mean discussed in section .
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Periodic Calculations.

Statistical Convergence. One advantage of periodic over molecular calculations is that
finite-size effects are intrinsically avoided and large statistical approach can be assessed, since
GIPAW calculations over 50 frames lead to 6400 and 3200 'H and !"O nuclear shielding
values, respectively. This is three times larger than for the molecular cluster approach
discussed above. One can expect that the present nuclear shielding calculations are fully
converged in terms of considered structures’ number. To further support this assertion,
Figure 7 displays the distributions of 'H and 7O nuclear shielding values obtained at the
PBE and PBEOQ levels using 50 frames extracted from the MD-OptB88-300 trajectory. Each
distribution is well defined which further confirms that a correct statistical sampling of the
structural features is achieved. In Figure S4 of the Supporting Information, we also present
the distribution of the average nuclear shielding per atom obtained over the 50 considered
frames. The four distributions are much narrower than the distributions of Figure 7. Indeed,
standard deviations extracted from Figure 7 are 2.2 (1.9) and 12.8 (8.0) ppm at the PBE
(PBEO) level for 'H and 7O, respectively, while they are equal to 0.9 (0.7) and 4.8 (3.1)
ppm in Figure S4 of the Supporting Information. This demonstrates that the spread of the
distributions presented in Figure 7 are due to thermal fluctuations of the local environment

and not to a distribution of chemical environments undergone by each water molecule.
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Figure 7: Distribution of 'H (left) and 7O (right) nuclear shieldings obtained from PBE

(top) and PBEOQ (bottom) calculations on top of the MD-OptB88-MD trajectory. Dashed
red lines correspond to the gas-phase shielding values.
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Structural Model and Density Functional. Table 1 contains the mean gas-to-liquid
shift values obtained from twelve different set of computational parameters: two differ-
ent MD simulations (MD-OptB88-300 and MD-PBE-330), and for each one, six different
xc-functionals used for GIPAW calculations on 50 different frames. In Table S1 of the
Supporting Information, data obtained from the MD-PBE-300 trajectory are also provided.
Interestingly the effect of the structural model is very limited. Indeed, if one compares
MD-PBE-300 with MD-PBE-330 results, increasing the temperature only leads to a small
decrease of all nuclear shielding values, with largest absolute variations of 2.3 and 0.5 ppm
for 17O and 'H, respectively, in the case of the PBE xc-functional. In the same way, van
der Waals corrections applied to the MD simulations do not significantly affect final nuclear
shielding values, when it impacts positively the liquid structure. Indeed, the largest differ-
ences between MD-OptB88-300 and MD-PBE-300 are obtained with PBE and are equal to
0.7 and 3.4 ppm only (see Table 1 and Table S1) for 'H and 7O, respectively. Besides, the
largest differences between MD-OptB88-300 and MD-PBE-330 are only 0.2 and 1.1 ppm for
'H and '7O. Those results demonstrate that MD simulations leading to different pair radial
distribution functions (for instance MD-OptB88-300 and MD-PBE-300) lead to very similar
gas-to-liquid shifts for both *H and O when considering the same xc-functional for GIPAW
calculation. The same conclusion also holds for MD simulations leading to very similar
pair radial distribution functions as for instance MD-OptB88-300 and MD-PBE-330. This
statement is consistent with the results of section when considering the GIAO molecular
approach.

The downside is that the choice of xc-functional for GIPAW calculations is crucial. For
the MD-OptB88-300 trajectory, the variation amplitude of the 7O gas-to-liquid shift is large
when considering GGA xc-functionals and hybrid ones: from -64.7 ppm for PBE to -23.1 ppm
for PBE0-50%. A more detailed analysis shows that such a large variation originates from

iso

both terms involved in Aoy . Indeed, in Table S2 and S3 of the Supporting Information,

iso
gas

we report the o%° values used to calculate the gas-to-liquid shifts provided in Table 1. The
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gas

amplitude of ¢ values for 7O nuclear shielding is of only ~20 ppm, from 320.9 ppm for

PBE to 340.6 ppm for HSE xc-functional. As a consequence, the interaction between the
water molecules has a strong impact on the calculated 'O nuclear shieldings and the six
considered xc-functionals do not provide an equivalent description of this interaction.

Table 1: Mean gas-to-liquid shifts obtained from 50 randomly chosen snapshots taken from
the MD-OptB88-330 and MD-PBE-330 molecular dynamics simulations. Bold notations
(PBE, optB88-vdW, HSE, B3LYP, PBE0O and PBE0-50%) denote the xc-functional used for
the GIPAW calculations. All values are given in ppm, when standard deviations are given
in parenthesis.

MD-OptB88-300 MD-PBE-330 Exp.
PBE optB88-vdW HSE PBE optB88-vdW HSE
'H  -7.0(22) -7.0 (2.3) -6.1 (2.0) -7.2 (2.6) - 6.2 (2.2) -4.3%
70 -64.7 (12.8) | -64.2 (12.8) -46.6 (8.6) -65.8 (14.4) - -47.5 (9.7) -36.1°
B3LYP PBEO PBE0-50% B3LYP PBEO PBE0-50%
'H  -6.3(2.0) -6.1 (1.9) -5.4 (1.5) -6.3 (2.2) -6.2 (2.0) 5.4 (1.8) -4.3%
70 -42.3 (8.8) -37.6 (8.0) -23.1 (5.5) -43.1 (10.0) -38.3 (9.1) -23.6 (6.2) -36.1°

® From Ref. 9,12
b From Ref. 10,11,13

This demonstrates that the electronic density in the close vicinity of the nucleus of
interest has a strong impact on its nuclear shielding. It also shows that by including an
HF exchange term, the hydrogen shielding decreases while the oxygen shielding increases.
This effect is directly related to the well-known tendency of GGA xc-functionals to over-
delocalize the electronic density, resulting from intrinsic self-interaction error,® when hybrid
xc-functionals partially correct it. Interestingly, GGA xc-functionals provide smaller 17O
nuclear shieldings as compared to hybrid ones even for a single water molecule which further
highlights this tendency. The situation is inverted for 'H. To illustrate this point, in the
top panel of Figure 8, the difference between the PBEO and PBE electronic densities of
an isolated water molecule is depicted. The re-localization of the density on the oxygen
lone pairs is clearly demonstrated. This is in line with the very recent finding of Ref. 44

which shows that the center of oxygen lone pairs in water tend to be closer to the nuclei
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when a meta-GGA xc-functional is used to describe exchange-correlation terms. This intra-
molecular electronic density re-organization resulting from the inclusion of HF exchange term
is even more pronounced when the liquid phase is considered, see bottom panel of Figure 8,
since hydrogen bonds are formed with a strong interaction between the oxygen lone pairs
and the first neighbouring hydrogen atom.

We show here that an accurate description of the hydrogen bonds is of paramount impor-
tance for nuclear shielding calculation in such hydrogen-bonded systems. From Table 1, one
can see that the six considered xc-functionals are not equivalent to describe such interaction,
especially when looking at Acs°® values. The two GGA xc-functionals, PBE and optB88-
vdW, lead to the worst results with an error of almost 100% as compared to experiments.
PBE0-50% is the only xc-functional leading to a value that is smaller in absolute values than
the experiments. This indicates that the balance between HF and DFT-based exchange
term is subtle. When too much HF exchange is taken into account, the re-localization of

iso
liquid

the density is too pronounced, making the oxygen o value too close to the gas phase.
This artificially limit the impact of the the chemical environment on the nuclear shielding
of oxygen. Mind that this over-relocalization has its counterpart on the hydrogen nuclear
shielding, the shielding being weaker for PBE0-50%. HSE and B3LYP seems to be more
balanced and lead to similar values slightly below the experimental one. The best agreement
for 170 is obtained with the PBEO xc-functional, in combination with the MD-OptB88-300
simulation, that leads to a Aoiheo — A0exp value equals to -1.5 ppm only. This is slightly
better than the results obtained from the GIAO-cluster-based approach discussed in section
and obtained with small basis sets. However, GIPAW is not subject to basis-set effects as for
the GIAO calculations and the comparison of the two approaches allow to partly rationalize
them. Indeed, better agreement with experiment is obtained with the smallest basis sets at
the PBE level as they do not provide enough flexibility to the electronic density to delocalize.

So, this artificially leads to results close to experiment. When large basis sets are considered,

in particular when diffuse functions are added on the oxygen atoms, description of electronic
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Ap Ap<O Ap>0

PBEO PBE

Figure 8: (Top) Gas-phase HyO isosurface decomposition of the electronic density difference
(Ap) between PBEO and PBE calculations. (Bottom) Same decomposition applied to a
single MD snapshot of liquid water. Colors are used to indicate the sign of Ap: red for
positive values and blue for negative ones. The red isosurface means 4+0.001 e/ A3, when the
blue is -0.001 e/A%.
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delocalization is possible and GIAO and GIPAW approaches converge to similar 17O nuclear
shieldings.

Considering the 'H gas-to-liquid shift, the situation is slightly different. The Aci° varies
from -7.0 (PBE) to -5.4 ppm (PBE0-50%), meaning that when more HF exchange is included,
better the agreement with the experimental value is. However, this latter is not reached even
with the PBE0-50% xc-functional which suggests that some ingredients could be missing in
the present simulations. In particular, Ceriotti et al. demonstrated that NQEs can change
computed 'H chemical shifts by as much as 0.5 ppm.** Consequently, a subtle balance
between the inclusion of HF exchange and the description of NQEs may be necessary to

exactly reproduce the 'H gas-to-liquid shift of water.

Conclusion

In conclusion, we present in this work a thorough analysis of the evaluation of the 7O and
'H gas-to-liquid shifts of water at the DFT level. We consider all the relevant parameters
that can impact such property: basis set, xc-functional, structural model, statistical conver-
gence and approach to calculate nuclear shielding. Although both molecular and periodic
approaches provide important insight into the correct way to calculate gas-to-liquid shifts,
we demonstrate that both approaches does not behave in the same way when basis set and
xc-functional are considered.

From the periodic calculations, which can be considered as converged in terms of statisti-
cal sampling and basis-set extension and that do not suffer from finite-size effects, the present
results show that the 7O gas-to-liquid shift is extremely sensitive to the xc-functional used for
the GIPAW evaluation of the nuclear shieldings whereas the impact of the structural model
is moderate. We have shown that it results from strong differences in the description of elec-
tronic density de-localization between water molecules: PBE and other GGA xc-functionals

tend to over-delocalize the electronic density from the oxygen atoms to the adjacent hydro-
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gen atoms while the inclusion of HF exchange correct this shortcoming. Nevertheless, an
xc-functional including too much HF exchange lead to a too strong re-localization of the
density on the oxygen atoms which is as much prejudicial for gas-to-liquid shift estimates.
Comparisons between six different xc-functionals show that PBEO and B3LYP provide a
good compromise to correctly describe the electronic densities. It is worth mentioning that
such dependency of the 7O gas-to-liquid shift towards local electronic de-localization pre-
vents the use of an implicit description of the solvation shell around a given water molecule.
This point is further demonstrated and discussed in the Supporting Information. Due to a
narrower nuclear shielding range, the impact of the xc-functional on 'H gas-to-liquid shift is
moderate, 1.6 ppm at most with the six considered xc-functionals. However, none of them
leads to the experimental value which suggests that there is still some room for improve-
ments, starting from the present simulations. We can assume the NQEs are likely to have a
significant impact on this value.

Molecular calculations are more difficult to rationalize. Indeed, despite careful analysis of
the error originating from finite-size effects and statistical sampling, contributions originating
from basis-set effects, xc-functional and structural model remain intertwined. As for GIPAW
calculations, the description of the electronic density de-localization between water molecules
is important. Fortuitously, the use of a small basis set limit the de-localization of the density
which may lead to a 7O gas-to-liquid close to the experimental value. In contrast, extended
basis set are enable to provide values close to the experimental gas-to-liquid shift. The 'H
gas-to-liquid appears less influenced by basis set effects.

The present study shows that the 17O and 'H gas-to-liquid shifts of water are properties
which accurate calculation is none trivial. However, we provide a detailed guideline to
properly evaluate them. Such guideline can be extended to other hydrogen-bonded liquids
such as ammonia, or even for solvated species in highly polar solvents.

The present study shows that the 7O and 'H gas-to-liquid shifts of water are properties

which accurate calculation is none trivial. This is due to the strong hydrogen bonds that
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exist between the water molecules and that lead to electronic density delocalization which
is difficult to describe theoretically. However, we provide a detailed guideline to properly
evaluate those two properties. Such guideline can be extended to other hydrogen-bonded
systems such as liquid ammonia and the evaluation of its *N gas-to-liquid shift. In this latter
case, the existence of weaker hydrogen bonds between NHj molecules could suggest more
limited basis-set effects in molecular calculations and a weaker impact of the xc-functional.
The methodology could also be extended to species solvated in water, such as H3PO, which

is the experimental reference for 3'P NMR spectroscopy.

Supporting Information Available

Discussion on the computational procedure applied to calculate nuclear shieldings in the gas
phase and accuracy of implicit solvent model. Additional test on basis-set convergence of
NMR GIAO calculations. Distribution of 17O and 'H average nuclear shielding per atom
obtained over the 50 considered MD frames. Gas-to-liquid shifts obtained from the MD-PBE-
300 molecular dynamics simulation. GIPAW gas-phase reference nuclear shielding values

used to calculate the gas-to-liquid shifts presented in the main document.
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