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Nuclear magnetic resonance (NMR) parameters are determined theoretically for the oxygen and hydrogen/
deuterium nuclei of differently hydrogen-bonded water molecules in liquid water at 300 K. The parameters
are the chemical shift, the shielding anisotropy, the asymmetry parameter of shielding, the nuclear quadrupole
coupling constant, and the asymmetry parameter of the nuclear quadrupole coupling. We sample instantaneous
configurations from a CarParrinello molecular dynamics simulation and feed nuclear coordinates into a
quantum chemical program for the calculation of NMR parameters using density-functional theory with the
three-parameter hybrid exchange-correlation (B3LYP) functional. In the subsequent analysis, molecules are
divided into groups according to the number of hydrogen bonds they possess, and the full average NMR
tensors are calculated separately for each group. The classification of the hydrogen-bonding cases is performed
using a simple distance-based criterion. The analysis reveals in detail how the NMR tensors evolve as the
environment changes gradually from gas to liquid upon increasing the number of hydrogen bonds to the
molecule of interest. Liquid-state distributions of the instantaneous values of the NMR properties show a
wide range of values for each hydrogen-bonding species with significant overlap between the different cases.
Our study shows how local changes in the environment, along with classical thermal averaging, affect the
NMR parameters in liquid water. For example, a broken or alternatively extra hydrogen bond induces major
changes in the NMR tensors, and the effect is more pronounced for hydrogen or deuterium than for oxygen.
The data sheds light on the usefulness of NMR experiments in investigating the local coordination of liquid

water.

1. Introduction Recently, we carried out a first-principles computational study
] ) on the nuclear shielding and quadrupole coupling (NQC) tensors

Solvent shifts of nuclear magnetic resonance (NMR) param- o jiquid water? For the first time, the anisotropic properties of
eters can be approached in a variety of wayhe environment 6 tensors were also systematically calculated in the liquid state,
around the solute may be modeled by a dielectric continuum yging the Eckart axis systéfii! to represent the tensors in a
or by using a supermolecular model, i.e., by surrounding the \yg|-defined frame common to all instantaneous geometries of
molecule of interest by explicit solvent molecules. Continuum  he solvated molecule. The calculation took advantage of & Car
models used alone have been shown to fail to describe manypgyrinello MD (CPMD) simulatiohof a liquid sample of 32
important contributions tothe solventshifts of NMR parametets.  \ater molecules, followed by Hartre€ock and density-
Thus, these models can only be used alongside other methodgynctional theory (DFT) calculations of the shielding and NQC
to accommodate long-range electrostatic effects. In the super-tensors for clusters extracted from the simulation. In the previous
molecular approach, one can use either finite-size clisters  papes? property averages were reported for the whole sample
infinite periodic structure8’ Finite-size clusters can be con- ¢ randomly chosen snapshots, disregarding any information that

structed according to chemical intuition, they may be optimized \yould refer to different instantaneous local hydrogen-bonding
to produce minimum-energy structures, or they can be chosengijations.

as snapshots from a simulation trajectory. Clusters may then
be fed into a quantum chemical program for the calculation of
NMR parameter.Infinite structures are produced by periodi-
cally replicating a finite-size unit cell obtained on-the-fly in a
first-principles molecular dynamics (MD) simulati®and then
followed by a calculation of the NMR parameters using a
procedure appropriate to periodic systeéms.

The local structure of liquid water has recently been subjected
to a lot of interest. The interpretation of the X-ray data by
Wernet et al? has challenged the usual picture of a dynamic
hydrogen-bonding network in which the molecules form slightly
less than four hydrogen bonds on average. According to ref
12, a 2-fold coordination, with one hydrogen-bond acceptor and
one donor, is the dominating local structure, suggesting that
water molecules tend to form rings and chains in the liquid state.
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NMR is considered to be a sensitive probe of the local 00 F~ " 279
structure of the sample around the resonating ndél&gainst 5 550 | ]
this background, it is natural to inquire whether NMR experi- TEm
ments would also be able to shed light on the question of the g 200
average number of hydrogen bonds in liquid water. This would °§ 150 }
be likely if the NMR parameters of differently hydrogen-bonded _"-é 100 + 83
water molecules were systematically different. Klein, Mennucci, Z
and Tomas® have studied optimized cluster geometries and 50 '0 0 2 29 I 7 0 1
found a monotonic decrease in th&® shielding constant as 0 =— =L 1.1, .
the number of hydrogen bonds is increased from zero to four. 0123 45 67

They mentioned also that for molecules having three hydrogen hydrogen bond number

bonds small systematic differences in #i@ shielding constant ~ Figure 1. Hydrogen bond distribution in the liquid state at 300 K, as
were found depending on whether the hydrogen bond is missingobtalned from 400 rar_1d0ml)_/ chosen clusters from a-@arrinello
from the oxygen side or from the hydrogen side. Also, Cybulski molecular dynamics simulation.

and Sadléf studied optimized water clusters and found similar
dependencies of th€0O shielding constant on the cluster size.
One may assume that a prerequisite for the existence of an
applicable experimental NMR procedure for the local structure
of liquid water is that the distributions of the parameters within
the different species are relatively well separated.

In the present article, we subject the previously obtinid
trajectory of liquid water and the computed NMR data into an
analysis in which the statistical sample is divided into smaller
groups, each containing only the snapshots in which the central
molecule has hydrogen bonds, whene is an integer in the
range of 2 to 6. Here we call these groups hydrogen-bonding
species. The criterion used in the division into different species

:f a r(rjlattetr fc;fbcr;\(l)vlce. Iirr]esently we ergr;}lo()j/ a simple (Iilgtapfr]e- Intramolecular motion and intermolecular interactions affect
ased cutoft between he oxygen and hydrogen nuclel of e ., 00\ 5y properties, making them dependent on the instanta-

hydrogen-bond acceptor and donor molecules, respectively. Th'sneous configuration. A molecule in the liquid state experiences

procedure provides a chance to investigate the change in the ifferent hvdroaen-bonding situations over time. and the val
NMR parameters caused by different local structures in the first different hydrogen-bonding situations ove e, and the values

e A of a certain parameter can span a large interval. Even in the
coordination shell. The results are also indicative of the b P 9

. gas phase, where there are practically no neighboring molecules,
environmental effects on the NMR parameters (due 1o _other the rovibrations of the molecule cause significant changes in
water molecules) when only a partial filling of the first

dinati hell f e | fined i the parameters.
coordination Shetl occurs, for example, In Contined geometries ., identify the hydrogen bonds in the clusters, one needs a
at interfaces, in apolar solutions, or in porous materials.

criterion for a hydrogen bond to exist. Usually, such criteria
are based on the pair-interaction energy between two molecules
or on the intermolecular distances and angles for certain nuclei.

The basic theory of NMR parameters relevant to this work Here, the former case is called the energy critefigfiand the
is described in our previous artiéland is not repeated here. latter is called the distance criteriéh** The hydrogen-bond
Moreover, the details of the simulations, the quantum-chemical ctiterion used in this work is a simple one-parameter distance
NMR calculations, the sampling of the trajectory, and the criterion. A pair of water molecules has a hydrogen bond if the
estimation of statistical errors are covered there at length. Hereintermolecular OH distance is less than or equal to 2.72 A, the
we limit ourselves to a quick review of the relevant information. Sum of the van der Waals radii of the hydrogen (1.20 A) and

Two CPMD simulationg? one for the liquid and the other ~ 0Xygen (1.52 A) atoms. A comparison of our choice with the
for the gaseous state, were carried out for the isotopéHEfO strong hydrogen bond definition of Mezei and Beve_r@jge
using classical dynamics for the atomic nuclei. The liquid shows that the maximum OH distances are the same within 1%.
simulation contained 32 molecules in a cubic box with all sides
equal to 18.62 au, producing a density of 1.000 g&nThe
gas-phase simulation contained one molecule in a cubic box 3.1. Hydrogen Bond Distribution. Our hydrogen bond
with sides equal to 12.2 au. Both simulations used DFT with criterion leads to the hydrogen bond distribution shown in Figure
the BLYP*! exchange-correlation functional, Vanderbilt pseudo- 1. The most probable configuration is the one with four
potentials for both oxygen and hydrog&mand a plane-wave  neighbors hydrogen bonded to the central molecule. The next
cutoff energy of 24 Ry. The time step in integrating the highest probability is for 5-fold hydrogen-bonding, in which
equations of motion was 0.12 fs, and the fictitious mass an extra acceptor or donor falls within our hydrogen-bonding
parameter for the electrons was= 600 au. The simulations  criterion. The number of these subcases is 25 for the occurrence
were performed in the microcanoniddVE ensemble without  of an extra acceptor (speci&s) and 58 for an extra donor
constraints, with the temperature fluctuating around 300 K. The (speciesd). The third significant species is with three H-bonds
lengths of the thermalization and production phases were aboutin which either one acceptor (specis, 6 cases) or one donor
1.2 and 3 ps for the liquid, respectively, and about 4 and 5 ps (species3d, 23 cases) molecule is missing. The rest of the
for the gas, respectively. molecules form either six or two hydrogen bonds, but these

Four hundred roughly spherical clusters cut out from the species are not present in significant numbers. It can also be
liquid-state trajectory, and the same number of single-molecule seen that the overall average number of hydrogen bonds is

configurations from the gas simulation, were used as an input
for quantum-chemical calculations of nuclear magnetic shielding
(6) and NQC §) tensors using the Dalton codeperformed
with the DFT/B3LYP* method. For shielding constants, DFT/
B3LYP has been shown to perform well in genéra® and
gives an acceptable description for water, as shown in the recent
paper by Cybulski and Sadl&.A carefully chosef locally
dense basis set was used with the aug-cc-p¥DZsis on the
central molecule and approximations thereof for the nearest
neighbors and for molecules in the second solvation shell. The
clusters contained 20 molecules (15 on average), and they
were placed in a spherical cavity cut into a dielectric con-
tinuuneO to take care of long-range electrostatic effects.

2. Theory and Computational Details

3. Results and Discussion
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Figure 2. Distributions of the isotropié’O shielding constant for liquid and gaseous water at 300 K, broken down into the various hydrogen-
bonding species. (a) Total distribution for gas, (b) total distribution for liquid, (c) liquid molecules with four hydrogen bonds (HBs), (d) five HBs
with an extra hydrogen-bond acceptéa), (e) five HBs, with an extra hydrogen-bond donsdy, (f) two HBs, (g) three HBs, acceptor missing
(3a), (h) three HBs, donor missin@d), and (i) six HBs.

slightly larger than four. This reflects both the underlying CPMD  The double-peak shape of the gaseous distribution is remi-
trajectory and our limited sampling thereof and needs not be of niscent of the position distribution of the classical harmonic
great concern here because the hydrogen bond distribution isoscillator. This finding can be rationalized qualitatively as
not the major goal of this study. Instead, we focus on the trends follows. The two stretching vibrations of the water molecule,
of the average parameters as functions of the number ofthe symmetric and asymmetric stretches, are mainly responsible
hydrogen bonds and on the distributions of the parameters withinfor the variation of the oxygen shielding constant. The bending
each species. However, varying the hydrogen bond criterion mode is less significant because tH® shielding is not very
evidently changes the hydrogen bond distribution. As the sensitive to the angular variatidhThe effect of the two bond
distance criterion is decreased from 2.72 A, the distribution shifts lengths on the oxygen shielding may be considered pairwise
toward smaller hydrogen bond numbers. Most noticeably, the additive to a first approximation. The two stretching modes of
number of the species having three H-bonds increases at thehe molecule have certain relative weights that are dictated by
expense of species having five H-bonds. In this way, the averagethe initial configuration. Ideally, the relative weights remain
number of hydrogen bonds could in principle be adjusted. constant for a harmonically vibrating molecule without any
3.2. Property Value Distributions of the Hydrogen- interaction with the surroundings. In fact, because tf@
Bonding Species. shielding constant in water is roughly linearly dependent on
3.2.1. Shielding Constant Distributions féfO. Figure 2 the deviation of one bond length from the equilibrium valte,
shows the distributions of the isotropléO nuclear shielding the asymmetric mode in which the two hydrogens move in
constant for each hydrogen-bonding species, along with the totalopposite directions with respect to the equilibrium value and
distributions in the gaseous and liquid states. The distributions thus have opposite effects contributes very little to tH®
have been placed on a scale in which the average of the gasshielding constant. In contrast, in the symmetric stretch the two
phase distribution is set to zero. We see that the distributions bond lengths change in phase and affect i@ shielding in
in the gaseous and liquid states differ significantly. Their overall the same direction. The position distribution in the symmetric
shapes are different, and the centers of gravity of the distribu- stretching mode is that of a classical harmonic oscillator, and
tions are displaced. This displacement is identified as the gas-thus the overalt’O shielding distribution resembles the position
to-liquid shift. It is —41.2 ppm for our sample at the B3LYP  distribution of the classical harmonic oscillator. A true gas-phase
level? whereas the experimental shift4s36.1 ppmg>-36 molecule undergoes collisions that modify the relative weights
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Figure 3. As in Figure 2 but for the isotropi¢H shielding constant. (a) Total distribution for gas, (b) total distribution for liquid, (c) liquid
molecules with four hydrogen bonds (HBs), (d) five HBs, with the resonating proton having a bond with one acceptor saygé¢e)(five HBs,

with the resonating proton having a bond with two acceptor oxyg&a3) ,((f) five HBs, with an extra hydrogen bond donddj, (g) two HBs,

(h) three HBs, acceptor oxygen missing from the resonating pr@a0),((i) three HBs, with the resonating proton having a bond with an acceptor
oxygen @al), (j) three HBs, with one hydrogen bond donor missid)( and (k) six HBs. Notice the change in the vertical scale in panels d

of the stretching modes. However, because the asymmetriccases, causing the distributions of differently hydrogen-bonded
stretch has little effect anyway, tHéO shielding distribution species to overlap significantly.
always has a shape similar to that of Figure 2a. 3.2.2. Shielding Constant Distributions f&i. The number

In the liquid-state distribution in panel b, however, the of samples in théH property distributions is twice the number
presence of the neighboring molecules disturbs the oscillations.of 1O samples because each hydrogen nucleus is considered
The stochastic nature of these interactions causes the shape db be a separate sample. Figure 3 illustrates the distribution of
the distribution to be Gaussian. The width of the gas-phase isotropic *H shielding constants in the gas and liquid phases
distribution is around 53 ppm, whereas the tails of the liquid- and for the different hydrogen-bonding species in the liquid.
state distribution extend to a range spanning more than 60 ppm. Similarly to the case of’O shielding, we have moved the

The distribution of species with four H-bonds (specieén origin of the shielding scale to the average of the gas-phase
panel c is very similar to the overall liquid distribution because distribution. This time there are additional panels in the figure
the former constitutes almost 70% of the latter. The shapes of as compared to the case 8D because in the speci8sand5
the other distributions are not clearly revealed because thethe two hydrogens in the same molecule are not equivalent with
number of samples belonging to those hydrogen-bonding speciegespect to the local environment. In the 3-fold hydrogen-bonded
is small. However, it can be seen that their centers of gravity case, either a hydrogen-bond donor is missing for the investi-
vary from the high values of the 2-fold hydrogen-bonded cases gated molecule3g) or an acceptor is missing. In the latter case,
(in which the minute sample size naturally causes the position the hydrogen without the hydrogen bond is calad), whereas
of the distribution to be only weakly hinted at) to the slightly the other hydrogen with the hydrogen bond is cafiad. In
lower values for3a and3d, further down to thet, 5a,and5d the 5-fold hydrogen-bonded configurations, the molecule of
cases, whose distributions all fall in the same range, and finally interest may be hydrogen bonded to three donbdy, (©Or one
to the very low values of the 6-fold hydrogen-bonded case. A of its hydrogen atoms participates in hydrogen bonding with
decreasing trend in the shielding constant may be expected withtwo acceptor molecules. From the point of view of the NMR
an increasing number of closest neighbors in an instantaneougparameters of the hydrogen nucleus, the latter instances are
configuration. This is connected with a higher density of virtual further categorized into ones in which the NMR nucleus is
electronic states available for the negative, second-order para-hydrogen bonded to only on&g1) or two (5a2) acceptors.
magnetic part of nuclear shielding through which to operate. The distribution of the instantaneous values of th¢
The widths of the distributions are substantial in practically all shielding constant displays some evidence of the double-peak
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Figure 4. Distributions of thet’O nuclear quadrupole coupling constant for liquid and gaseous water, and for various hydrogen-bonding species
occurring in the liquid at 300 K. Please refer to Figure 2 for explanations of panelsNatice the change in the vertical scale in paneis.d

character in the gaseous state. The liquid-state distribution isshielding. However, there are some configurations within species
Gaussian and is much wider than the gaseous distribution. This5a2in which the central hydrogen has one short hydrogen bond
is in contrast to the corresponding distributions for #@ that is accompanied by the other oxygen much further away
shielding constant. The liquid-state distribution appears to be but is still within the hydrogen-bonding distance. In this case,

similar to the distribution found by Sebastiani and Parrinéllo.  the more distant oxygen has only a minor effectidrshielding.

The gas-to-liquid shift is found to be-5.26 ppm? the As mentioned earlier, decreasing the distance criterion for
experimental shift being-4.26 ppm28-3° Similarly to the case hydrogen bonding potentially changes the species to which
of 70 shielding, the distribution of the 4-fold hydrogen-bonded individual clusters belong. For example, some clusters in the
configurations closely resembles the total liquid distribution. 5a2 species (according to the current criterion) with one short

When the resonating proton has no nearby oxygen with which and one long hydrogen bond could turn into spedibg losing
to form a hydrogen bond (speci8a0), its shielding constant  the long bond. Similarly, th&a2 cluster with two long bonds
is close to the gaseous value, as seen in panel h. This may besould turn into3a0 by losing both of them.
expected on the basis of reduced paramagnetic contributions in  An opposite effect on the shielding constant is seen for the
this case, as discussed above. Bh& case with the resonating  hydrogen having one hydrogen-bonded acceptor inSag
proton hydrogen bonded to an acceptor (panel i) displays the configuration (panel d) in which the average shift is larger than
opposite effect, with much lower shielding than the average of that for the liquid state in total. These hydrogens participate in
the total liquid-state distribution. The two distributions are well a strong hydrogen bond. Similarly to ti3el instances, th&éd
separated on the shielding scale, with no overlap in the present,configurations, in which the molecule of interest is hydrogen
limited statistical sample. The case of 3-fold hydrogen-bonding bonded to three donors simultaneously, are intermediate between
with a missing donor3d, panel j) is intermediate to thga0 the extremes represented by 8wl/5alcases on one hand and
and3al cases. the 3ad’5a2 cases on the other in théid shielding constants.

In the 5-fold hydrogen-bonded configurations, when the However, in contrast to the well-separat@d0 and 3al
hydrogen of interest has two neighbors close enough to form distributions, theésal and5a2 configurations display a signifi-
hydrogen bonds according to our distance criterion (spéei2s cant overlap in theitH shielding constant distribution.
panel e), the shift is again close to the gaseous-state value. From The number of hydrogen bond donors bonded to the center
the simulation data, it is seen that in tBa2 species the two oxygen also has an effect on hydrogen shielding. A difference
hydrogen-bonded oxygens are most often quite far from the of well over 1 ppm is found between tt8al (panel j) andsd
central hydrogen and thus have a relatively small effecttbn  (panel f) instances, having three and five neighbors, respectively.
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Figure 5. Distributions of the?D nuclear quadrupole coupling constant for liquid and gaseous water and for various hydrogen-bonding species
occurring in the liquid at 300 K. Please refer to Figure 3 for explanations of parddsNotice the change in the vertical scale in panetskd

In the latter case, the distribution is somewhat wider as well. neighbor. This causes the corresponding averages to reside closer
The few samples within speciésare widely distributed, owing  to the gaseous value.

to the possibility of having substantially different hydrogen-  Referring to the gas-phase situation, the first hydrogen bond
bonding patterns in this case. The very limited sample of 2-fold gonor is seen to lower th&O NQCC roughly by 2 MHz,
hydrogen-bonded configurations (with both one donor and one \yhereas the further effect of adding another one, to reach the
acceptor missing) is divided into cases where the resonatingapove-mentioned “normal” local situation with two donors, is
proton has or does not have a hydrogen bond to an acceptory gecrease of about 1 MHz. Adding the third donor upon
The two cases expectedly have low and high shielding entering thesd species has only a minor further lowering effect
constants, in the respective order. on the’0 NQCC. The successive displacements from3ae
3.2.3. Nuclear Quadrupole Coupling Distributions &0 distribution (acceptor missing) to the distribution of specles
and?D. The distributions of’O and’D NQCCs are visualized  (acceptor added) and further to the distributiorbaf(another
in Figures 4 and 5, respectively. There is no sign of double- gcceptor added) are abouD.4 and+0.3 MHz, respectively,
peak character in the gaseous distribution of the nuclear yjth the3d configurations situated closest to the gas-phase range
quadrupole coupling constants (NQCCs) of either oxygen or o yajyes. This indicates thatO NQCC is also sensitive to the
deuterium. Because other premises are exactly the same as iBresence of the hydrogen-bond acceptors, albeit the effect of

the case of shielding constants, this implies that the dependencgy,q |atter is not as large as that of the donors that are close to
of the'’0 or?D NQCC on the bond length contains significant e 170 nucleus.

nonlinearity, as is known from the literature f#D.4° Whereas . .
y For 2D NQCC, speciesSa0 and5a2 are the most gas like;

the gas-phase distribution 870 NQCC is quite narrow and exactly as was found for thié shielding constants. Again, this

well separated from the liquid-state distribution at lower values, . - -
the corresponding gas-pha@&edistribution is wide and skewed 'S due to the long average hydrogen-bonding distances for the
two nearby oxygens of thBa2 hydrogen and the fact that the

with significant overlap with the liquid-state distribution. For ) . .
both nuclei, the dominance of the 4-fold hydrogen-bonded 320hydrogen has no nearby neighbors. Bad instances, with

configurations is reflected in the close correspondence of the the resonating nucleus having a hydrogen-bond have, expectedly,
NQCC distribution with that of the total liquid. FfO NQCC,  the center of gravity of thefD NQCC distribution well in the

the distributions corresponding to many species fall practically liquid-like range. In parallel with the behavior of tt#a0 and
superimposed on each other. This reflects the similar hydrogen-3al distributions oftH shielding, also théD NQCC distribu-
bonding situation with two donors bonded to the NMR nucleus. tions are well separated for these configurations.

The exceptions include speci@sand 3d in panels f and h, 3.3. Property Averages for Hydrogen-Bonding Species.
respectively, in which the oxygen only has one hydrogen-bonded The averages of the shielding and NQCC distributions for the
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Figure 6. Average shielding and quadrupole coupling constants of the differently hydrogen-bonded water molecules in liquid water at 300 K. (a)
170 shielding and (b)’O NQCC, with symbols as followsO, 3a; ®, 3d; O, 5a; B, 5d. (c) H shielding and (dfD NQCC, with symbols as follows:

O, 3al @, 3a0 0O, 3d, O, 5al; W, 5a2; 4, 5d. The symbol sizes represent the error limits. For the notation of the different hydrogen-bonding
species, please refer to Figures 2 and 3. The error limits for gaseous species and4spedigsire displayed as vertical thick lines. For species

2, the error limits have been omitted because of the small size of the statistical sample. Dashed lines go through the average values within species
2—6 without further classification into subcategories.

TABLE 1: 17O Nuclear Shielding Constants, Shielding Tensor Anisotropies, Asymmetry Parameters, and Nuclear Quadrupole
Coupling Constants and the Corresponding Asymmetry Parameters for Differently Hydrogen-Bonded Water Molecules in
Liquid Water at 300 K2

gas 2 3a 3d 4 5a 5d 6 liquid
oxygen shielding constant(ppm)

309.7 283.8 276 278 267.9 269 268 258 268.5
(£0.9) (+4) (£3) (£0.7) (£3) (+2) (£4) (£0.6)
oxygen shielding anisotropiae® (ppm)

48.0 35.7 31 44.1 32.6 37 31.2 34 33.3
(£0.2) (£5) (£1.5) (£0.7) (£2) (£1.3) (+4) (£0.6)
oxygen shielding asymmetry parametér
0.037 0.079 0.050 0.049 0.028 0.032 0.031 0.031 0.029
(+0.002) (+0.011) (£0.007) (£0.002) (£0.007) (£0.004) (£0.011) (£0.002)
oxygen nuclear quadrupole coupling constghtMHz)

10.75 9.05 8.1 8.61 7.66 7.93 7.78 8.2 7.77
(£0.03) (£0.3) (+0.14) (£0.05) (£0.14) (£0.11) (£0.3) (£0.04)

oxygen nuclear quadrupole coupling constant asymmetry paranfeter
0.652 0.724 0.81 0.74 0.800 0.77 0.76 0.73 0.786
(£0.007) (£0.04) (+0.04) (£0.009) (£0.03) (£0.02) (£0.07) (£0.007)

aThe error limits are in parentheses. See Figure 2 for the specification of the hydrogen-bonding species. The error limits f@rrepeciest
been included because of the very limited statistical sample S@btained by diagonalization of the average tendar.= o33 — Yx(022 + 011)
andn = (022 — ow)loss, where theo; are the eigenvalues of the average shielding tensor orderegs as 022 > 011. ¥ = xa3 iS the largest
eigenvalue of the average quadrupole coupling tensor, and the corresponding asymmetry parameter is definfg,as- y11)/xssl, where the
i are the eigenvalues of the average tensor orderégs@s> [x22 > |x11l-

various hydrogen-bonding species are displayed in Figure 6 andshielding and NQC. For both nuclei, both shielding constants
listed in Tables 1 and 2. The Tables also contain the data for and NQCCs decrease monotonically from the gas-phase situation
shielding anisotropy and the asymmetry parameters of bothwith no hydrogen-bonding partners to the 2-, 3-, and 4-fold
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TABLE 2: H Nuclear Shielding Constants, Shielding Tensor Anisotropies, Asymmetry Parameters, ariD Nuclear
Quadrupole Coupling Constants and the Corresponding Asymmetry Parameters for Differently Hydrogen-Bonded Water
Molecules in Liquid Water at 300 K2

gas 2 3al/3a0 3d 4 5al/5a2 5d 6 liquid
hydrogen shielding constaat(ppm)

30.07 27.24 22.8/29.6 26.0 24.63 23.6/26.9 24.7 25.2 24.80
(+0.05) (£0.60.5) (+0.4) (£0.09) (£0.60.4) (£0.3) (£0.6) (+0.08)
hydrogen shielding anisotropyo (ppm)

16.08 21.8 30/15.2 243 26.1 29.1/20.0 26.1 225 25.7
(£0.08) (£3/+0.7) (£0.7) (£0.2) (£1.1~0.8) (+0.5) (£1.0) (£0.2)

hydrogen shielding asymmetry paramejer
0.0494 0.027 0.065/0.07 0.055 0.0324 0.046/0.070 0.028 0.031 0.0347
(40.0006) (£0.0064:0.02) (£0.007) (£0.0014)  (+0.00740.008) (£0.003) (£0.007) (£0.0013)
deuterium nuclear quadrupole coupling consjatkHz)
243 224 163/254 197 182 178/211 181 188 184
(£3) (£11/+16) (£8) (£2) (£134:8) (£5) (£7) (£2)
deuterium nuclear quadrupole coupling constant asymmetry parameter
0.1498 0.152 0.164/0.108 0.144 0.135 0.141/0.118 0.141 0.118 0.1353
(£0.0009) (£0.01540.009) (£0.006) (£0.002) (40.008£0.006) (£0.004) (£0.006) (+0.0014)

@ The error limits are in parentheses. See the footnotes to Table 1.

hydrogen-bonded cases. After the 4-fold species, the trend is For the hydrogen/deuterium in the gas phase and liquid state
stopped, and the average 5-fold instances have approximatelyand for specie8d, 4, 5d,and6, the error limits are calculated
the same shieldings and NQCCs as do the 4-fold cases. by first taking the average value of the property for the two
In the upper-left panel of Figure 6, crowding in the environ- equivalent nuclei in the same molecule, followed by averaging
ment with six neighbors increases the oxygen chemical shift over the species in question and computing the error limit as
beyond the average liquid level. TREO shifts of the3a/3d the standard deviation of the mean value in the latter averaging.
species differ only a little from each other, as do those for the For species3a0, 3al, 5aland 5a2 with the nonequivalent
5a/5d species. Case8d and 5a with fewer hydrogen bond  hydrogen/deuterium nuclei, the error limit is the standard
donors always have properties closer to the gas-phase valuesleviation of the mean value when averaging over the species
than those of the8a and 5d cases in which there are more in question. For specie® the error limits have been omitted
neighboring molecules hydrogen bonded to the oxygen nucleus.because of the small size of the statistical sample.
This holds both forl’O shielding constants and for NQCCs. 3.4. Full Average Tensors of Hydrogen-Bonding Species.
These results can be compared with those found by Klein et 3.4.1. Shielding Tensors féfO and!H. Figures 7 and 8 show
all® using a cluster approach with a varying number of the full average shielding tensors for the different hydrogen-
neighbors at optimized geometries: As the number of hydrogen bonding species fdO and*H nuclei, respectively. The tensors
bonds is increased from zero to four, a monotonic decrease ofare the averages of the instantaneous shielding tensors expressed
the 170 shielding constant is observed. They also found small, in an Eckart coordinate frarfechosen to coincide with the
systematic differences betweéf© shielding constants of the  principal axis system of the moment of inertia tensor of the
3a and 3d species. H,0 molecule at rest. The common frame of reference for each
For the hydrogen shielding constant in Figure 6c, the vicinity instantaneous configuration enables a component-wise summa-
of the neighboring oxygen of a hydrogen bond acceptor has ation of the individual tensors to form an average terfsbr.
huge effect on the chemical shift: when the hydrogen does notthis frame, the molecule is in they plane, with theC, axis in
participate in a hydrogen bon@40 instances), the shielding they direction.
and NQCC are very close to the gaseous value, as noticed The average gas- and liquid-staf®© shielding tensors are
earlier. On the contrary, in th8al instances in which the diagonal, at least to within doubled error limits. This need not
hydrogen in question is hydrogen bonded to an acceptor, thebe the case, however, for the various hydrogen-bonding species
chemical shift and the change in the NQCC are much larger where the oxygen nucleus in general does not hayesite
than the shift or coupling difference (from the gas-phase value) symmetry. The tensor of specidsclosely resembles the total
in the 4-fold hydrogen-bonded cases. It thus appears that theliquid tensor. All of the diagonal’O shielding tensor compo-
proximity of oxygen atoms of acceptor molecules to both nents feature a decreasing trend with an increase in the number
hydrogens balances the hydrogen shift in the 4-fold hydrogen- of hydrogen bonded neighbors. In particular, Xxecomponent

bonded cases and beyond. (in the plane of the molecule, perpendicular to @eymmetry
The3d configurations fall into a decreasing trend that displays axis) is rather sensitive to the details of the environment. In the
the average value of each of specks3, 4, 5,and6 without 3d configuration, the resonatindO nucleus has a “hole” in its

further classification into subcategories. The difference of the local coordination shell, hence tlwg, component is close to

3d results and those for the 4-fold species reveals thattthe  the locally similar 2-fold hydrogen-bonded case. Tha
shielding anc®D NQCC are also sensitive to the coordination instances with crowded hydrogen-bond acceptors also feature
of the oxygen nucleus in the same molecule. Whereasihe a slight deviation from the decreasing trend.

shielding anc?D NQCC of the5d configuration with an extra The 2-fold hydrogen-bonded configurations have large off-
hydrogen-bond donor are very similar to those in the spekies diagonal components particularly in-plangy (and yx) and
the5alconfiguration deviates a bit further away from the gas- between the direction of th€, axis and the normal to the
phase results, and tha2 configuration again displays the effect molecular planeyzandzy). The variety of local environments

of two rather long hydrogen bonds, with results much closer to in the 6-fold hydrogen-bonded species is reflected in the large
the gas-phase values. error limits of the tensor components. One can confirm that the
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Figure 7. Average!’O nuclear magnetic shielding tensor (in ppm)
for water in the liquid and gaseous states and for the various hydrogen- 34.30 +£0.12 12.02 +0.09 —0.01 + 0.06
bonding species in the liquid at 300 K. The molecule is inxtpplane, oBIYP () = ( 11.02 £ 0.10 24.60 £ 0.14 —0.07 & 0.05 )
with the C; axis in they direction. The error limits for the 2-fold Z0.03+0.07 —0.05+0.05 1549+ 0.13

hydrogen-bonded species have been omitted because of the small size o _ -
of the statistical sample. Figure 8. As in Figure 7 but for théH nuclear magnetic shielding

tensor (in ppm).

weighted average of any tensor component yields the COe" 1o dramatically different cases from the point of view of the

sponding liquid-state tensor component. This is most easily seen; " cleus (wh)(/ether or not the sinale exis?tin hvdroaen-bond

with the diagonal components because they are relatively more 9 ng fydrog .
acceptor bonds to the hydrogen atom with the nucleus in

precise than the off-diagonal components. It is interesting to 8 2
note, for example, how the off-diagonay component in the question), but our small statistical sample prevents us from
' ' presenting separate average tensors for the two casesHThe

plane of the molecule behaves. This component is negative in™ ==~ . L )
specie<2 and increases with more hydrogen bonds, is zero in shielding tensors of specidsand the total liquid are again very
' similar.

the liquid-like state (4-fold hydrogen-bonded case), and con- ) )
tinues to grow toward positive values as the neighborhood 3-4-2. Quadrupole Coupling Tensors fdO andD. Figures
becomes more crowded (5- and 6-fold hydrogen-bonded cases)? and 10 display the NQC tensors f&f0 and D nuclei,
The appearance of large off-diagonal components in'te respt_ectl_vely. The oxygen tensors are dlagonz_al in the gaseous
property tensors indicates significant deviation from@gsite ~ a@nd liquid states. Also, the tensor for the case with four hydrogen
Symmetry for th|s nucleus for the hydrogen_bond|ng Spec|es |n bOI’]dS IS a|mOSt d|agona| W|th|n the error |ImItS The 2'f0|d
question. The similarities of the diagonal elements of the specieshydrogen-bonded case and tBd instances havé’O NQC
with four or five hydrogen bonds are visible. The differences tensors that are closest to the gaseous state, as expected. The
between the species occur in the behavior of the off-diagonal Progression of tensor components follows the above-presented
elements. These alterations are therefore more difficult to discussion for thet’O shielding constant. Thex and zz
observe in NMR experiments. components are mostly affected by the hydrogen-bonding
In the hydrogen Sh|e|d|ng tensors, mandyycomponents pattern. Configurations with a similar local situation at the
remain roughly constant, whereas the off-plarreand off- oxygen site tend to have similar property tensors.
diagonal, in-planexy and yx components display the greatest For deuterium, the situation is different. The most gas like
variation with the local hydrogen-bonding pattern. The lack of species i8a0, in which the deuterium in question is not involved
the hydrogen bond3@0) or, alternatively, an extra bon&#2) in a hydrogen bond. Most of its tensor components exceed even
at a hydrogen center causes ¢ shielding tensor for this  the gaseous values, as mentioned earlier. This reflects the effect
center to resemble the gas-state tensor more than those of thef the presence of the acceptor at the other hydrogen center
other species. The 2-fold hydrogen-bonding instances includeand the donors at the oxygen site.
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Figure 9. As in Figure 7 but for thé’O quadrupole coupling tensor 91.8+1.0 12574+14 —-0.34£0.3
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3.5. Anisotropic Properties. The shielding anisotropy and

tensors of!’0 and 'H/2D are gathered in Tables 1 and 2,

9 Figure 10. As in Figure 7 but for théD quadrupole coupling tensor
asymmetry parameters for both the shielding and the NQC (in kHz).

respectively, for all hydrogen-bonding species along with the |arge: the3a0 value is close to the gaseous-state value, as
gaseous- and liquid-state values. These quantities are experiexpected. Th@alvalue is twice as large, being somewnhat larger
mentally accessible only in anisotropic environments in static than the liquid-state value. The difference betweerbtikand

NMR spectra or, for example, via relaxation rates for bulk liquid 552 species is also significant. The behaviofdfanisotropies
water?! The data in the Tables corresponds to method 1 referredsg|iows the trend ofH shielding constants.

to in our previous work,i.e., averaging the full tensor over the

instantaneous configurations followed by diagonalization of the 4 -onclusions

average tensor. However, the error limits are obtained by method
2, in which the diagonalization of instantaneous property tensors

magnitude of the statistical error.

In contrast to the corresponding shielding constants!ibe
shielding anisotropy is notably different between spe8eand
3d and also betweeba and5d. When the oxygen atom is not
involved in two hydrogen bonds, the anisotropy is relatively
close to the gaseous value, as seen witt8thgpecies. Another

Molecules in the liquid state are surrounded by a dynamically
and the calculation of instantaneous anisotropic parameterschanging environment. In this work, a CdParrinello molecular
precede the averaging of the latter. The error limits obtained dynamics simulation trajectory of liquid water is sampled by
from method 2 are not entirely compatible with the averages quantum-chemical NMR property calculations and used to
from method 1, but they serve as a qualitative indication of the divide the liquid-state water molecules into distinct species that
differ in the number of hydrogen bonds in which they are
engaged. Full average tensors for nuclear magnetic shielding
and quadrupole coupling and the various NMR parameters
derived from these tensors are reported for different 2-, 3-, 4-,
5-, and 6-fold hydrogen-bonded instantaneous water species.
The total liquid-state parameters are the weighted averages of

systematic difference as compared to the behavior of the the parameters of these classes. We also report the distributions
shielding constant occurs between spediesd5a, in which of the individual property values among each species.

the latter has a significantly larger shielding anisotropy. The  The results show how the interaction with the environment,
shielding constants of the two cases are rather similar.!fihe  including thermal averaging due to simulation, affects the NMR
shielding anisotropies increase with the number of hydrogen parameters. Whereas systematic changes in the average NMR
bonds. The difference between tlBa0 and 3al species is parameters occur as a function of the number of hydrogen bonds,
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the distributions of the parameters in the instantaneous con-  (6) Sebastiani, D.; Parrinello, M. Phys. Chem. 001, 105 1951.
figurations overlap between the different hydrogen-bonding __ (7) Mauri, F.; Pfrommer, B. G.; Louie, S. (hys. Re. Lett. 1996

- S . . 77, 5300.
species. This is likely to make addressing the question of the (8) Car, R.: Parrinello, MPhys. Re. Lett. 1985 55, 2471.
average hydrogen bond number in liquid water difficult by NMR (9) Pennanen, T. S.; Vaara, J.; Lantto, P.; Sillanga J.; Laasonen,
techniques. K.; Jokisaari, JJ. Am. Chem. So@004 126, 11093.

; ; : (10) Eckart, C.Phys. Re. 1935 47, 552.
A broken or extra hydrogen bond induces major changes in (11) Vaara, J.; Lounila, J.; Ruud, K.; Helgaker JT Chem. Physl998
the NMR parameters. This is seen by comparing the two 19 g38s.

nonequivalent hydrogen nuclei within species that have either  (12) Wemet, Ph.; Nordlund, D.; Bergmann, U.; Cavalleri, M.; Odelius,
three or five hydrogen bonds. Compared to the 4-fold hydrogen- M-; Ogasawara, H.; Nadund, L. A.; Hirsch, T. K.; Ojarhe, L.; Glatzel, P.;

.cPettersson, L. G. M.; Nilsson, AScience2004 304, 995.
bonded case, the absence of the bond or an excess bond shift3 (13) Smith. J. D.. Cappa, C. D.: Wilson, K. R. Messer, B. M.: Cohen,

the values closer to the gas-state value. For hydrogen/deuteriumg. ¢.; saykally, R. JScience2004 306, 851.
the effect is much more pronounced than it is for oxygen. Itis  (14) Mantz, Y. A;; Chen, B.; Martyna, G. &hem. Phys. Let2005

found that two nearby oxygens for one hydrogen make the NMR 403 294. _
- - (15) Nilsson, A.; Wernet, Ph.; Nordlund, D.; Bergmann, U.; Cavalleri,
parameters of the latter more gas like, reflecting weak hydrogen ; -“odelius, M.: Ogasawara, H.: Naind, L. A; Hirsch, T. K.; Ojania,

bonding associated with large bond lengths. L.; Glatzel, P.; Pettersson, L. G. Mhcience2005 308 793a.
In the present data, completely nonoverlapping property  (16) Smith, J. D.; Cappa, C. D.; Messer, B. M.; Cohen, R. C.; Saykally,

trib ; ) : 1 R. J.Science2005 308 793b.
dlst_nbl_mons betweer_1 differently hyd_rogt_en bonded species, with (17) See, for example, Modig, K.: Pfrommer, B. G.: Halle, Bhys.
a significant population of the species in the underlying-€ar  Rrq,. Lett. 2003 90, 075502.

Parrinello simulation, occur only for thid shielding and the (18) Klein, R. A.; Mennucci, B.; Tomasi, . Phys. Chem. 2004
2D quadrupole coupling constants in the 3-fold hydrogen-bonded 108 5851.

. . . - : - - (19) Cybulski, H.; Sadlej, JChem. Phys2006 323 218.
instances, in which the resonating nucleus either is or is not (20) The simulations have been performed with the FINGER program,

involved in a hydrogen bond to an acceptor molecule. In the which has mainly been developed at the Helsinki University of Technology,
case of 1O parameters, the fact that the behavior of the Espoo, Finland. Itis based largely on techniques presented in the paper by

anisotropic shielding as a function of the number of hydrogen 'éafggé‘e‘l’; 'iaﬁazsquare”o' A.; Car, R, Lee, C.; VanderbilPiys. Re.
bonds is different from the isotropic shielding constant could 1) Becke, A. D.Phys. Re. A 1988 38, 3098. Lee, C.: Yang, W.;

turn out to be useful in designing NMR experiments. Parr, R.Phys. Re. B 1988 37, 785. :
The criterion used in classifying the instantaneous configura- _ (22) Vanderbilt, D.Phys. Re. B 199Q 41, 5048. Laasonen, K.; Car,

; ; ; N ; e R.; Lee, C.; Vanderbilt, DPhys. Re. B 1991, 43, 6796.
tions into different hydrogen-bonding species is a matter of (23) Helgaker, T.. Jensen, H. J. Aa.; Jargensen, P.: Olsen, J.; Ruud, K..

choice and may somewhat influence the conclusions reached Agren, H.; Bak, K. L.; Bakken, V.; Christiansen, O.; Coriani, S.; Dahle,
Presently, we employ a simple and robust one-parameterP.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, B.; Heettig, C.; Hald, K.;

; tari i inati Halkier, A.; Heiberg, H.; Hettema, H.; Jonsson, D.; Kirpekar, S.; Kobayashi,
distance criterion. An investigation of the consequences of R.: Koch, H.: Mikkelsen. K. V.- Norman. P.- Packer. M. J.- Ruden. T. A

different choices is in progress in our laboratory. Saue, T.; Sauer, S. P. A.; Schimmelpfennig, B.; Sylvester-Hvid, K. O.;
Taylor, P. R.; Vahtras, alton, release 1.2 (2001), an electronic structure
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