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Nuclear Magnetic Resonance (NMR) relaxation is sensitive to the local structure and dynamics
around the probed nuclei. The Electric Field Gradient (EFG) is the key microscopic quantity to
understand the NMR relaxation of quadrupolar ions, such_is 2°Na’, 2Mg?*, 3°Cl , 3%*, or

133Cs’. Using molecular dynamics simulations, we investigate the statistical and dynamical properties
of the EFG experienced by alkaline, alkaline Earth, and chloride ions at in nite dilution in water.
Speci cally, we analyze the eact of the ionic charge and size on the distribution of the EFG tensor
and on the multi-step decay of its auto-correlation function. The main contribution to the NMR
relaxation time arises from the slowest mode, with a characteristic time on the picosecond time scale.
The rst solvation shell of the ion plays a dominant role in the uctuations of the EFG, all the more
that the ion radius is small and its charge is large. We propose an analysis based on a simpli ed
charge distribution around the ion, which demonstrates that the auto-correlation of the EFG, hence
the NMR relaxation time, re ects primarily the collective translational motion of water molecules in
the rst solvation shell of the cations. Our ndings provide a microscopic route to the quantitative
interpretation of NMR relaxation measurements and open the way to the design of improved
analytical theories for NMR relaxation for small ionic solutes, which should focus on water density
uctuations around the ion® 2015 AIP Publishing LLClhttp://dx.doi.org10.10631.4935496]

I. INTRODUCTION (>10 ns). In this so-called extreme narrowing regime
(o 1), the transverse and longitudinal magnetizations

Nuclear magnetic resonance (NMR) relaxation is Brelax exponentially with the characteristic rate’s,

powerful tool to explore the structure and the dynamics
of materials over a wide range of time and length scales. P

: . e . . 1 1 3 21+3 eQ
Extracting microscopic information from such experiments === =g — JrcO: (2)
requires a microscopic model whose prediction for the T T 81F21 1 -~

relaxation rates is compared to the experimental data. FOr gjhce the spinl and the nuclear quadrupoleQ
quadrupolar nuclei (with nuclear spih> 1=2), the main  5re tapulated nucleus-specic properties, computing the
relaxation mechanismiis the quadrupolar coupling between thg|axation rates then only requires the evaluation of spectral
electrostatic quadrupolar momea® of the nucleus and the density (1) at zero frequency. Traditionally, relaxation
electric eld.gradient (EFG) a.tthe site of the nucleus. Red e!d processes in molecular liquids are interpreted by invoking
theory provides the connection between the NMR relaxationyarkovian assumptions on the translational and rotational
rates and molecular motion, in terms of the following spectralyynamics of the nucleus of interest and of the surrounding
density: medium, as well as treating the latter as a continuous
1 . polarizable backgroun!
Jrc! = . WV, tVz, O e “dt; 1) While such approximations may be in some cases relevant

h s th . ¢ th for large solutes, ignoring structural and dynamical features
where Vz; is the zz Cartesian component of the EFG, at the molecular scale is inswient for smaller ones,

evaluated at multiples of the Larmor frequentyo=n 1Bo  gch as simple ions or molecules. In these cases, resort to

(Wi_th n. 2) for _the consi(_:lered nucleus of gyromagneticy,,nte Carlo and Molecular Dynamics (MD) simulations has
ratio  in a static magnetic eldBo, and brackets denote ;.\ ijeq a wealth of information on the EFG experienced
an ensemble-average. The spectral density is the Laplagg, e considered nucléf-26Some predictions of continuous

Transform (t?‘ke” at .imaginary frequendy) of the EFG theories were challenged by these results, such as the nding
auto-correlation function (EFG-ACF). In the case of simple ¢ o two-step decay of the EFG-ACF for'LiNa", and Cl

molecular liquids, the EFG-AC_F decays within a typical time . o evidence of the in uence of symmetry in the rst
1 ps much shorter than the inverse of the Larmorfrequencgolvation shell on the EFG. We have recently shown for

Li*, Na', K*, and Md"* cations in water that a quantitative
apenjamin.rotenberg@upmc.fr prediction of the relaxation rate can be obtained from classical

0021-9606/2015/143(19)/194504/9/$30.00 143, 194504-1 © 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
http://dx.doi.org/10.1063/1.4935496
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
mailto:benjamin.rotenberg@upmc.fr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4935496&domain=pdf&date_stamp=2015-11-17

194504-2 Carof et al. J. Chem. Phys. 143, 194504 (2015)

MD simulations with an accurate polarizable force eld, after B. Simulation details

properly connecting the exact EFG to the one induced by, Jine (j+ N, K*, Rb* and C4) and alkaline Earth
the classical charge distribution corresponding to the solven(tMQB’ C& and S#) cations and the chloride Chnion in

i 7
around the orf. water at in nite dilution are modelled by a single ion and

While molegul_ar simulation provides to date the. most215 water molecules in a cubic box of length:88 A. We
accurate description of the structure and dynamics on

: . —use a recently developed force eld, based on the Polarizable
the molecular scale, the large amount of raw information

30 . : . :
contained in the atomic trajectories should be thoughtfullyln(zg d“g??)?llgzlnl\g)'ar:g ?ﬁg:%ﬁ%‘;vgmt?s Eglrznnf:t?ilzeevga(t)?]r

interpreted in order to uncover the relevant processes. Her : . o
we investigate using classical MD simulations the uctuationszf;;a;ﬂj;agi(:)g?elsn aor:ge\:v;cs) ;ehigv?/?]utcs :gézr;?(?l;ng:aoscribe

of the EFG experienced by alkaline {LiNa’, K, Rt', and the thermodynamic, structural, and dynamical properties of
Cs') and alkaline Earth (Mg, C&*, and Sf*) cations as 1ody ’ : y prop
. N o e aqueous iong’

well as the chloride Clanion in water at in nite dilution. . . . .

: o : Classical MD trajectories are generated using the CP2K
We rst quantify the statistical and dynamical features of _. ; : ; : .

. i L . simulation packagé? For each ion, 5 independent trajectories
these uctuations, discussing in particular theeets of the . ;
. ) . - .. of 500 ps in theNVE ensemble are generated, obtained after
ion radius and charge. We then analyze in more detail the

microscopic origin of the observed properties and propose gnnealmg at 1000 K for 150 ps followed by 50 ps equilibration

) . . at298 K, using atimestep of 1 fs. Periodic boundary conditions
simple model accounting for the uctuations of the EFG, . S i A )
. . . in all directions are used. A cutmf 9:325 A is used for short
which demonstrates the essential role of water den3|t¥ . : . o ;
. . . . ange interactions, while electrostatic interactions and the EFG
uctuations in the rst solvation shell of the ions. . .
are computed with Ewald summatiéhWater molecules are
treated as rigid using the SHAKE algorithth®® During
Il METHODS equilibration the temperature is maintained at the target value
' using a Nosé-Hoover thermostat’ with a time constant
A. Theory of 1 ps. The EFG-ACF is computed from the EFG every
sampled every 5 fs along the trajectories. Error bars indicate

In order to compute the relaxation rate using Eq (2)'the standard deviation among the 5 independent trajectories.

it is necessary to evaluate the EFG-ACEFc 0. To that
end, one must overcome the challenge of simultaneously

accurately predicting the EFG for any given con guration andIII RESULTS AND DISCUSSION
simulating its dynamics over stciently long time scalesto

ensure the statistical convergence of the ACF. The former task. Statistical properties

requires in principle all electroab initio simulations, but the We begin our examination of the properties of the
entailed computational cost is to date not compatible WithEF

the latter constraint. Several approaches have been pro osedG tensor induced by the external charge distribution
) bp PrOPOSEthund the ions by considering its statistical distribution.

FO estimate _the EFG in classical MD. simulations, such aﬁn principle, it is fully characterized by the joint probability
its computation on selected con gurations from calculatlonsPV Ao N Vs Voo Ve Voo Ve Voo of its 9 Cartesian
XX VXY VXZy VY Xy VYYs VYyZy VXZy VYyZy VZ2Z

- 25
at the Hartree-Fock and QMMM levels, or the use of a components. However, the EFG is a symmetric and traceless

function of positions tted to prioab initio computations on a ; C
: 9 ) . tensor, so that only 5 components are independent. In addition,
simpler systent? However, most classical MD studies rely on . ! . i o
) o . the considered systems are rotationally invariant and it is
the so-called Sternheimer approximation, which postulates the

linear response of the electronic cloud to the EFG arising fromy o mon to de ne the 5 spherical components as follg#s.

the “external” charge distribution of the classical molecular Uy = V,,=2: (43)
model describing the surrounding solvent. This leads to the o
following expression of the relaxation rate: Uz = Viz= 3, (4b)
L Us=Vy,= 3 (4c)
1 1 3 21+3 eQ 2 S
—==—=—-—— — 1+ ; Ug = Vey= 3; 4d
. T, 81221 1 ~ 19003 T p_ @
Us= Vux Vyy =2 3 (4e)

with 3 the Sternheimer factor an@ithe spectral density of

the “external” EFG. For the classical force eld used in thelt is therefore su cient to consider the joint distribution
present work, described below, we have recently shown th® U;;U,;Us;Us;Us , which should satisfy the following
validity of the Sternheimer approximation in the case ofproperties®® (1) HJji = 0 fori =1:::5; (2) UU; = 2
the simple ions in water by comparing the classical externafori;j = 1:::5 with the same variance? for all components;
EFG to theab initio result computed at the Density Functional (3) the four marginal distribution® U; for i =2:::5 are
Theory (DFT) level with Projector Augmented Wavéghis  identical.

further allowed us to determine numerically the corresponding  Figure 1 shows the marginal distributiof®3U; for
Sternheimer coecients. Here, we focus only on the propertiesi = 1:::5 for the potassium ion. Not only are the 4 last
of the external EFG and the implications for the correspondinglistributions identical as expected for an isotropic system,
spectral density at zero frequeng\0 . but U; is also identical to the others. It follows from
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2 — P D 2 E_ I:)5 2 — 2
' ' ' ' ' PU as V- = . V2 =6 7, U” =30 ¢. Amore
i guantitative assessment of the Gaussian character of these
distributions can be obtained by computing the normalized
kurtosis ;= U* =U2? 3. The normalized kurtosis is only
of a few % for most ions, con rming the Gaussian behaviour.
The largest deviations are observed for the smaller ions and
the more highly charged ones,(= 14%, 8%, and 37% for
Li*, Na', and M¢f*, respectively).

23 | . L Both Figure 2 and Table | show that the variance of
0004 'O’ng(izlfs) (3.3’)002 0004 the external EFG decreases with increasing ion radius for a

' given ion charge (from Lito Cs and from M@ to SF*). In
FIG. 1. Distribution of the 5 spherical components (see Eq. (4)) of the  addition, in a given row of the periodic tabl&? increases
Electric Fi.eld Gradient (EFG).experienced by a potassigm iqn ir} wgter (i_”with the ionic charge (from Nato Mgz+, K*to C& and RB
f‘rfgn;:m“encz)riai%reeigzuj&:e(:i'ﬁgls)c_ompo”ent’ the Gaussian distribution with, g2+y This can be understood by noticing that the EFG

due to a water molecule is stronger when its distande

the ion is shorter: For a radially oriented dipole, it scales as

100

P(U)

10

@ 1. (b) r 4 This distance, for water molecules in the rst solvation
100 ke ] Ng* L shell of the ion, increases with ion radius and decreases

CK with increasing ion charge (radial distribution functions for

- 2:* the force eld used in the present work can be found in

& 10 - M Ref. 30). Finally, comparing the isoelectronic¢ Knd ClI,

Ca2t we observe an asymmetry upon charge inversion, due to the

- g2 asymmetry of the charge distribution on the water molecule,

i3 {-C F as discussed below. Higher order electrostatic multipoles of

0 o,ooé 0.01 0 0,005 6,01 the water molecule are known to play a role in the solvation

U, @u) U, @u) of ions, in particular, on their hydration free eneffy.

o ) i Such a Gaussian behaviour has already been reported for
FIG. 2. Distribution P U; of the rst spherical component of the EFG (in th lectrostati titi The G . tuati fth
atomic units) at the site of an ion in a in nite dilute electrolyte (symbols): (a) other elec !’OS atic q_uan lies. . € Gaussian uc E"a Ions o P:
alkaliions and (b) alkaline Earth and chloride ions. For each ion, the Gaussiaglectrostatic potential on an ion are at the basis of Marcus
distribution with the same variance are shown (lines). theory of electron transfer in solutibi? and it has been
con rmed in DFT-basedb initio MD.*3 The uctuations of
the electric eld in liquid water have also been investigated:

While the eld experienced by a proton displays non-Gaussian

In addition, it is clear from the parabolic shape on ac .. ... which can be evidenced by IR spectrosttdy
logarithmic scale that this distribution is Gaussian. It further . . .
and its rare uctuations are at the origin of water auto-

has a.van|sh|ng_ average. All these re;ult_s also apply to thflE:‘)nizationf“i47 the statistics of the eld experienced by ions
other ions considered here, so that it is sient to analyze

o . are Gaussian in the bulk liquid. Its uctuations play a role in
the distribution for only one of the spherical components, . ; Lo . :
. . . . .~'the behaviour of ions near the liquid-vapour interf&@ad in
illustrated in Figure 2, which also reports the Gaussia

distributions with the same variance as the MD data. "the mechanism of ionic pair dissociatithit should be noted

Table | indicates the variance of the external EFG., whichthat’ while the Gaussian behaviour extends to relatively large

is the initial value of the EFG-ACF and is simply obtained deviations from the mean (at least 3 standard deviations),

. . . .. the present equilibrium simulations only probe uctuations
from the common variance of the marginal distributions . .
around the mean and that advanced sampling techniques

would be required to probe rare uctuations.
TABLE|. Variance V2 ofthe electric eld gradient (EFG) at the nucleus for In contrast, the statistics of th_e EFG on the oxygen and
the spherical componerits; of the EFG (see Eq. (4)). For each ion, average hydrogen of water are not Gaussian, as a result of the local
values and standard deviations correspond to 5 independent trajectories. anisotropy of the charge distribution (see the supplementary
materia?®). The fact that the components of the EFG

this observation that all 5 variances)? = 2 are equal.

lon V2 (10%S.1) experienced by the ions follow a Gaussian statistics, while
Lit 521 10 not surprizing from the known behaviour of the electrostatic
Na' 109 2 potential and of the electric eld, is not trivial since these

K* 58.5 0.6 guantities do not scale similarly with the distance to the
Rb* 412 05 ion. Therefore individual molecules in a given con guration

Cs' 273 03 contribute di erently to the various observables, which in turn

Mg?* 150 5 obey di erent statistics. As an illustration, Figure 3 reports
ce* 727 0.8 the statistics of the force on the ion, which displays fat tails
set 60.1 1 (leptokurtic behaviour) arising from the short-range binary
Cl 154 2 collisions with the closest molecule—a feature analyzed in

detail in the case of simple uid3.°2
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ion radius and charge on the variance, which captures the

simulation results by accounting only for the bareeset of
the distance from the ion and neglecting symmetreas,

suggests that the former may play the dominant role in the

present case.

B. Dynamics of EFG uctuations
We now turn to the dynamical side of EFG uctuations

and analyze the normalized ACF,

\/i X
FIG. 3. Distribution of the Cartesian components of the force=(x; y; z) on chom - v L Vi - 1 \V; \V; 7)
alkaline (a), alkaline Earth and chloride (b) ions at in nite dilution in water. EFG V2 V2
For each ion, the Gaussian distribution with same variance is also shown to
highlight the leptokurtic behaviour of the force distribution. and its running integral
B = CREtd ®)

The fact that all marginal distributions of the spherical

components are equal and Gaussian suggests that the EFG
tensor itself may follow the statistics of the Gaussian Isotropigg 1, quantities are shown in Figure 5 for the ions considered
in the present work. For all ions, the normalized ACF decays

Model (GIM) developed by Czjzeét al,38:3%53
to zero within a few ps. This decay occurs in a non-trivial way,
suggesting that several processes are at play. Such a multi-

Yo quUZ2 ¢
Poim UpsUUgUgUs = p—— ()
=1 2 2 step was already reported by Engstréom and JonSs$Raberts

Such a model not only implies the equality of the margina/@d Schnitket? and Odelius:” Importantly, this observation
distributions but further requires the absence of correlation§validates simple continuous theories usually invoked to
between the 5 spherical components. This stronger constraifftierPret the NMR relaxation of agueous ions, which predict

can be tested in the present case by analyzing the statistifsMOno-exponential decay with a single characteristic time
of the eigenvalues of the EFG tensor. Indeed, under th&cale. However, the molecular mechanisms leading to the

assumptions of the GIM, the largest positive eigenvaluéJbserved multi-step decay remain to be clari ed. To that end,
we rst analyze quantitatively the EFG-ACF.

(v > 0) tensor should be distributed according to
ro_m I
2 ) 2
pv=t 2 3V 4oV
c 8 2
5 ! ) 2#
V=6 c (6)

%
+ 1 32 e
Figure 4 shows the marginal distributions of the three
eigenvalues of the EFG felt by a potassium ion, together with
the prediction of the GIM. While not perfect, the agreement
with Eq. (6) is very good. It suggests that correlations between
the spherical components may be limited. In turn, this implies
some correlations between the Cartesian components of the
EFG, which re ect the local structure of the solvent around
the ions. Nevertheless, the above discussion of tleets of

T T T
100 I
o
= 10
2 :
; v
4 .V
1F H E vi
z —v, (GIM)
" 1 "
0,005 0,01
FIG. 5. Normalized correlation functions 22" and their integrals (inserts)
of the EFG at the nucleus site of dirent ions at in nite dilution in water: (a)

L 1 L 1’

-0,01 -0,005 O
Eigenvalues (a.u.)

alkali ions (b) alkaline Earth and chloride ions. Error bars indicate standard

FIG. 4. Distribution of the three eigenvalueg > v > v3) of the EFG at the
site of a potassium ion in water. The analytical result for the largest eigenvaludeviations over 5 independent trajectories, while dotted lines correspond to a

in the Gaussian Isotropic Model of Czjzek, Eq. (6) is also shown (blue line). t of the data to Eq. (9).
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TABLE Il. Characteristic times for the fast() and slow (s) decay of the
EFG, fraction s of the decay arising from the slow mode, spectral density
at zero frequencyd 0 and fraction of the latter due to the slow decay,
Js0=J0=V2 5 4330.

f s s Jo Js0=J0
lon fs fs (%) 1077 s (%)
Li* 22 950 14 9.37 75
Na* 63 1070 21 311 81
K* 91 1140 26 2.19 79
Rb* 97 900 29 1.54 69
Cs 86 760 34 0.90 78
FIG. 6. Normalized correlation functions for the aqueous lithium ion: EFG at
the site of the nucleus (black) and velocity (red). Error bars indicate standarMd 26 1990 4 1.65 72
deviations over 5 independent trajectories. ce* 45 1300 17 2.0 80
st 55 1180 19 2.44 54
While the decay is monotonic for most ions, the C! 74 1370 31 7.57 87

EFG-ACF displays oscillations for lithium and magnesium.
Inthe Li* case, the origin of these oscillations can be assessed

by comparing the auto-correlation of the EFG to that of the4% for Mg?* to 34% for C&. Nevertheless, the slow process
ion velocity (VACF). Both normalized correlation functions accounts for most of the contribution to the integdaD ,

are reported in Figure 6. Both these correlation functionsyhich is the quantity appearing in expression (2) of the
oscillate in-phase at short times. This striking result can beelaxation time. Indeed, the ratidy 0 =J 0 (for which no

traced back to the smaller mass of the ion$ihgl) compared clear trend emerges from Table Il) is usually larger than 70%,
to water molecules (18=gnol). Due to the larger inertia of with the exception of St (54%).

the solvent, the motion of Lican be thought of, over a short The above analysis suggests that the evolutiod 6f
lapse of time (200 fs), as one in a frozen external potential.= V2 lim |2 can be rationalized by considering the

As the Li* ion oscillates in this potential, it runs through the e ects on the one hand o¥/2 , already discussed in Sec.
EFG hypersurface and consequently the EFG-ACF oscillate| A (see Table 1), and on the other hand on the produgt.
in phase with the VACF. In particular,J 0 decreases by a factor of 10 from'ltb Cs,
For all ions (leaving now aside the oscillations fof Bhd  while it increases by 50% from Md* to SP*. This should be
Mg?*), the EFG-ACF decays approximately in two steps, withcompared to the decrease M2 for both series, by a factor
a fast and substantial decrease within a short characteristigf 20 for the alkaline ions and 2.5 for the alkaline Earth ions
time ¢ 100 fs and a slower second regime with a longer(see Table ). Given the moderate variationsgfompared to
characteristic time s 1 ps, corresponding to a fraction thatof ¢and V2 ,we can conclude that the evolutiondD
s 20%-30% of the decay. More precisely, in the absencés dominated by the competition between these last two terms.
of a de nite molecular mechanism to interpret the data at thiswhile at this stage it is impossible to assess the microscopic
stage, we t the normalized EFG-ACF by two exponentials origin of the two-step decay, we can hypothesize that the two
corresponding to the above-mentioned two steps, regimes arise from distinct processes, each contributing to the
crom 1 e f+ o= ©) yar_ianc_e V2 . Both contributions de_crease with increasing
fit s s : ionic size, but the one corresponding to the slow process
The resulting characteristic times and amplitudes areglecreasing less than the other one.
summarized in Table II, together with the integral of the =~ We conclude this quantitative study of the dynamical
EFG-ACFJ 0 and the fraction of this integral arising from the uctuations of the EFG by mentioning that at very long times
slow contribution obtained by integrating the correspondinga mode-coupling theory of Bos al. predicts an algebraic
partin Eq. (9):Js 0 = V2 .. decay (as$ %) for the EFG-ACF® Such a decay should arise
The characteristic time; for the fast process increases from the hydrodynamic uctuations of the solvent, which
when going down in a given column of the periodic tableresult in particular in the well-known 3= scaling of the
(except for C8), while it decreases (by a factor oR) along ~ Velocity auto-correlation functiof’. However, the eect of
rows. In contrast, the characteristic time for the slow these uctuations can only manifest themselves for siently
process decreases along the alkaline Earth series (fiops  large systems and time scales covering several orders of
for Mg?* to  1:2 ps for Sf) and displays a non-monotonic magnitude, so that we could not identify such a scaling in our
behaviour along the alkaline series, with a maximum fér K simulations (results on a logarithmic scale not shown).
similar to that already reported for the mobility of these ions
in water>*° For the only considered anion, Clthe short
time ¢ is comparable to that of alkaline cations, while the
long time g is closer to that of alkaline Earth cations. Finally, we examine the microscopic origin of the
The weight ¢ of the slow process in the EFG-ACF uctuations of the EFG. Speci cally, we aim at identifying the
increases along columns and decreases along rows of tlmeain contribution to the EFG in the charge distribution from
periodic table. It remains small for all ions and ranges fromwhich it arises. In the discussion of the statistical properties

C. First solvation shell
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of the EFG, it already appeared that the EFG is a rathefABLE lll. Proportionality coe cient k between the exact EF& and

short-ranged quantity. This suggests to determine, as dorjwo EFGs calculated from restricted charge distributions, corresponding to
. 213.15 N ] the rst solvation shell only (SSM) and to the radial dipole model (RDM,
previously by other$?1315the contribution of molecules o ) )
. . . . . . see text). For the RDM, the slope is given in terms of theative radial
closest to the ions, i.e., in their rst coordination shell. The gipole ¢ = KROM=3 and compared to the average radial dipole from the full

latter can be de ned from the radial distribution function atomistic modelh ;i. Errors on the slopes are smaller than 1%. The errors
and we refer the reader to Ref. 30 for the present model ofetween the two model EFGs relative to the exact on&/ (see Eq. (11)),
ions at in nite dilution. Therefore, we investigate here the @€ also indicated.

EFG computed for each con guration by considering only

o ) ¢ = kRDM=3 h i

midv;itgrsrpﬂ())llecules in its rst solvation shell (Solvent Shell lons K SSM ssMy/ @u) RDM y/ @u)
In addition, the charge distribution associated with these-i* 0.92 0.42 0.77 0.56 0.89
few molecules may be further simpli ed, by replacing the N&' 0.64 0.77 0.63 0.62 0.58
partial charges and the induced dipole of the Dang-ChanK’ 053 0.94 0.64 0.64 0.54
water model by a single radial dipole identical for all Rb+ 0.47 1.06 0.60 0.68 0.47
molecules, placed on the oxygen atom, of norfn to be 0-43 112 0-47 0-77 041
determined. This Radial Dipole Model (RDM), schematically Mg**  0.97 0.37 0.99 0.70 1.16
illustrated in the inset of Figure 7, is thus a very crudeC&” 080 0.55 0.89 0.68 0.97
approximation of the charge distribution. The correspondinc®”™ 049 1.0 0.87 0.67 0.92

EFG at the site of the ion reads cl 0.80 0.55 1.52 1.16 0.67

X 3 1 ra

VRDM =3 (re SRDM =3 ? —6|1 (10)

i2s i
the accuracy of the models = SSMandRDM describing the
contribution of the rst solvation shell.

Despite the simplicity of both models, the linear
correlation conrms that the rst solvation shell plays an
important role on the EFG at the nucleus site. Considering
%rst the full charge distribution of tfgse molecules (SSM), we

. ) _ bserve that the slope forLand Mg is close to unity, with
EFGV as aséﬂ”Ct"’”Rthhat of the two simple models just e gma|jest relative errors (409%) between the contribution of
describedV=""andS . el ‘;";‘fes’ aRIlljr’:Aear reelatlon 'S molecules in the rst solvation shell and the total EFG. For a
found. The corresponding slop§§ and k. =3, are given ion size the contribution of molecules beyond the rst
reported in Table lll, together with the relative errors, solvation shell is less important for more highly charged ions
S For isovalent ions, the slope decreases with increasing ionic
(11) radius and the correlation between the SSM and exact EFG
deteriorates. Nevertheless, the fact that a linear correlation

) remains suggests that it may be possible to encompass the
where the sum runs over the Cartesian components of the EFG htribution of molecules beyond the rst solvation shell

tensor for 18 con gurations. This quantity allows to measure

where the sum de ning the tens@PM runs over oxygen
atomsi in the rst solvation shellS, at positionsr; relative
to the ion, and wheré is the identity tensor. In particular,
changes invRPM re ect only the translational dynamics of
water within the rst solvation shell.

Figure 7 shows the Cartesian components of the exa

14

v VL RTEM VR

Vo= V2 - 1N iVii2
N i=1JVil

within the framework of a polarizable continuum. Conversely,
one may also consider the response of the rst solvation shell
as resulting from the competition between its polarization by
the uctuating polarizable continuum around®itand that by
the electric eld of the ion, as well as more molecular packing
and orientational eects. The stronger the eld of the ion, i.e.,
larger charge or smaller radius, the less important the impact
of the surrounding solvent on the structure of the rst solvation
shell — hence on the EFG experienced by the ion. To our
knowledge, the implications of the now standard discussion of
speci c ionic e ects on the structure of water (“kosmotrope”
and “chaotrope” ion§¥-%'on the EFG and NMR relaxation
of ions had not been considered previously.

We now turn to the even simpler RDM. The linear
correlation between the EFG and t8%M tensor may be alll
FIG. 7. Correlation between the exact ERGand two models calculated th€ more surprizing that the associated error is smaller for
from restricted charge distributions, corresponding to the rst solvation shellmost ions than with the SSM model, which describes the full

only (SSM, left) and to the radial dipole model (RDM, right). For the latter, charge distribution in the rst solvation shell. However, one

the EFG is reported as a function of t88°M tensor de ned by Eq. (10). The - . DM_ o € :
inserts depict the two models. The slopes of the linear regredsiiland Sh,o,u'o,' keeP in mind that the SlOp@ M__ 3ris tFed to
kRPM=3 € are given in Table Iil. For each ion, 6 Cartesian components of MINIMIZE this error, whereas the slope®is not an adjustable

the EFG (in atomic units) are shown for 100 con gurations. parameter. The fact that the slok8V is in the range 1.5-3
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TABLE IV. Spectral density at zero frequendyO computed using the
exact EFG and two EFGs calculated from restricted charge distributions,
corresponding to the rst solvation shell (SSM) and to the radial dipole model
(RDM, see text).

Jo 107'sl:
lons Exact SSM RDM
Li* 9.37 6.91 9.79
Na* 3.11 4.40 2.46
K* 2.19 2.43 1.86
Rb* 1.54 1.77 1.07
+
FIG. 8. Distribution of the radial component, of the dipole of water cs 0.90 0.94 0.47
molecules in the rst solvation shell, including the induced dipole (in atomic mg2* 1.65 2.04 1.29
units), for selected ions. Vertical lines indicate the value of thecéive radial cat 2.00 1.67 1.79
. e S . . .
dipole [ of the radial dipole model. SR+ 244 276 292
Cl 7.57 5.0 6.78

(or 4.5 in the case of C| discussed below) indicates that
several (possibly competing) ects are lumped together into
the e ective radial dipole ; , such as the orientation of each .

. ) o . .. in Table IV. While not quantitative, the predictions of both
water molecule, its multipolar distribution and its polarization . . .
. models are in relatively good agreement with the exact result,
by the local electric eld, or even the ect of molecules

beyond the rst solvation shell. Nevertheless the predictionsfn particular, they provide the correct order of magnitude _anq
apture the trends along the columns and rows of the periodic

. . . .. C
:)r:‘eﬂ:(l(l)staelz)g::e(r;nely simple model are in good agreement Wlthtable (excepted for calcium within the SSM). Importantly, the

In order to further assess its physical relevance WeRDM provides an even better estimate despite its coarser
compare © to the average radial di)[;ole i of water, description of the charge distribution giving rise to the
! i o EFG. As explained above, this is due to the fact the use
molecules in the rst solvation shell, also reported in Table III. : S :
. . S o of an e ective radial dipole as an adjustable parameter, even
For all cations, the eective radial dipole is in good agreement ) : . o
with the average one (within 10%-20%) con rming the physically relevant since it follows the average radial dipole,
relevance of the RDM in this case. As an illustration accounts for several ects simultaneously. Nevertheless, the
Figure 8 reports the distribution of the radial componentgOOd predictions of the.RDM for the spe_ctral dens.|ty at
zero-frequency) 0 underline that the dynamical uctuations

of the dipole of water molecules in the rst solvation shell of . : :
: . X . ) : . of the EFG experienced by cations can be well described by
various ions (including the induced dipole), together with the . : . . .
a model involving only the collective translational motion of

corresponding § . In contrast, for the chloride anion, despite ' . .
: . . ) water molecules in their rst solvation shell.

the expected negative sign of thé , the magnitude diers
by a factor 2:2 from the average one. In fact, it does not even
fall Wlt_hm the range of vallues sampled d.urlr_1g the §|mulat|9nlv_ CONCLUSION
(see Figure 8). Such a failure for this anion is consistent with
the fact that the water molecules in the rst solvation shell Using molecular dynamics simulations, we have investi-
are not radially oriented but rather tend to donate a hydrogegated the statistical and dynamical properties of the electric
bond to the aniof? eld gradient,. experienced by alkaline, alkaline Earth, and

The good performance of the RDM for cations and thechloride ions at in nite dilution in water. This microscopic
physical relevance of the correspondingeetive radial dipole  quantity is the key to understand the NMR relaxation of
suggest that the EFG experienced by these ions dependsiadrupolarions, such dsi*, 23Na’, 2Mg?*, 3% *, or 137Cs".
primarily on the position of the water molecules around it. Speci cally, we analyzed the ect of the ionic charge and
Indeed, this simple model relies only on the positions of thesize on the distribution of the EFG tensor and on its auto-
oxygen atoms and not on their orientation. The sinfIBM  correlation function. The instantaneous EFG tensor can be
tensor is su cient to capture the ect of the structure of the reasonably well described by the Gaussian isotropic model
rst solvation shell, including the collective symmetryects  of Czjzek et al. and the variance of the EFG induced by
relevant to the EFG. The latter have been shown to play athe surrounding solvent depends primarily on the distance
important role on the EF§and indeed we could not correlate of water molecules to the ions. The decay of the EFG-ACF
the EFG with any quantity (position or orientation) associatecbccurs approximately in two steps, with a fast process on
with single molecules. the 10-100 fs time scale contributing to most of the decay

Overall, the above discussion indicates that the EFG-ACFollowed by a slower one on the 1 ps time scale. The main
re ects the collective translational motion of water moleculescontribution to the integral of the EFG-ACF, to which the
in the rst solvation shell of the cations. We nally consider NMR relaxation time is proportional, is in fact this second
the implications of such an assertion on the NMR relaxatiomprocess. In the case of the lithium cation, oscillations of the
rate by computing the spectral density at zero-frequehby = EFG-ACF correspond to the rattling of this light ion in its
within the SSM and RDM models. Results are summarizedolvation cage.
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