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The connection between diffusion and solvent exchanges between first and second solvation shells
is studied by means of molecular dynamics simulations and analytic calculations, with detailed
illustrations for water exchange for the*Land N4d ions, and for liquid argon. First, two methods

are proposed which allow, by means of simulation, to extract the quantitative speed-up in diffusion
induced by the exchange events. Second, it is shown by simple kinematic considerations that the
instantaneous velocity of the solute conditions to a considerable extent the character of the
exchanges. Analytic formulas are derived which quantitatively estimate this effect, and which are of
general applicability to molecular diffusion in any thermal fluid. Despite the simplicity of the
kinematic considerations, they are shown to well describe many aspects of solvent exchange/
diffusion coupling features for nontrivial systems.2005 American Institute of Physics

[DOI: 10.1063/1.1863172

I. INTRODUCTION smaller ion$ so that the solvation molecules follow the ion
_ _ motion in time, with occasional exchanges between solvation
Although we are close to the centennial of the first the-shells: one molecule from the first solvation shell escapes to
oretical studies on molecular diffusibthis fundamental pro-  the second shell while a second shell molecule enters into the
cess iS riCh enough to COhStitute an area Of aCtiVe research f%mediate V|C|n|ty of the ion(both events being Simu'ta_
years to come. While the subject has extended in many imeous or asynchronous, with no general priority rule in the
teresting directions, here we revisit some not fully under-gter case The increased drag on the ion exerted by this
stood features of diffusion in thermal fluids. In these condi-.qnort of nearest neighbors explains the breakdown of the
tions Fhe basic picture is one in which the diffusing m0|eCUIemacrOSC0piC approach, with a diffusion constant lower than
I(.h.eremaf;(.erhrek:‘.e r(;ed 'to as t.he soI)J;mdergllo.es random col- what should be expected for the bare ionic radius. Neverthe-
Islons which hinder its mptpn, and rgsut In a mean squarqess, in the strong interaction limismall ionic radius and/or
displacement only linear in t!”‘.e- It IS Interesting _to note thathigh charge, so that the first shell solvation molecules do not
the role and fate of the colliding ne|gh_bcﬁsclva_t|on mol- undergo any exchanpehe macroscopic theory regains at
ecules tend to be often overlooked, as in most instances th? . . - . .
east its numerical validity, as applied to the complex defined

interaction is feeble and only coarse-grained asp@citsh as by the i | t neighbd h K th
solute size and solvent viscositare considered to be of “y elonp E,JS nearest neighbaem approach known as the
solventberg” model

relevance. The remarkable numerical success of the macro- , ) ) L )
The previous considerations highlight the potential role

scopic Stokes law down to the atomic scale for a large vari- e . _
ety of systemzs(including a prominent example such as lig- of the exchanges for the diffusion process in what might be

uid water self diffusiof) might be taken as a reflection of the called the intermediate regime, where the dynamics of the
unimportance of the neighbors dynamics, even when th&olvation shell molecules is highly correlated with that of the
sizes of the solute and the solvent molecules are comparabf@lute and yet, the exchanges are still not r@re the time
However, it has been argued that microscopic aspects of digcale for diffusion. We believe that in this scenario the effect
fusion are in fact importarit® A particular instance in which  Of the solvation shell exchange is not fully understood. Ac-
this Stokes—Einstein macroscopic approach is generall{pally, not even the exchange process by itself can be re-
agreed to fail qualitatively is that of ionic diffusiofof evi- ~ garded as a solved issue: although the exchange times for
dent interest if taking place in watewhere for instance an ions in solution have been the subject of study for quite some
increase of the diffusion coefficient with decreasing radius otime®®*?(by means of molecular dynamics simulatiprtee

the ion is not observeliwhile it is a direct prediction of the mechanisms and stereochemistry of the exchange process are
macroscopic theory. The qualitative explanafidfocuses on  just starting to be scrutinizetd,*® usually motivated by its

the nature of the electrostatic interaction, which for the ion inkey role in other important processes such as ion reactivity.
a polar solvent case is strong enou@pecially for the To evidence some unclear aspects of the influence of ex-
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change on diffusion with an example, an issue such as H. COMPUTATIONAL DETAILS

characterization of the quantitative speed-up in diffusion in- As just described most of the molecular dynantiu)
duced by exchanges remains une_lddre_ssed. Moreove_r, It Smulations correspond to single ions dissolved in water. The
known that the exchange times for ions in water are typ'ca”ysimulated systems consist of an i6bi* or Na') plus 215
larger than(roughly) 10 ps(Ref. 10 while the time span water molecules in a cubic box with standard periodic con-

required to obtain the diffusion coefficient with a high degreeditions. The water model is SP@ef. 17 (if not stated oth-

of accuracy(from the mean square displacement or from theerwise), keeping the water molecules rigid via the SHAKE

velocity correlation functiohis of the order of 1 ps. Itis then algorithm®® The ion-water interaction parameters for ions
somewhat puzzling that the solventberg picture is not mansre those of Ref. 19 for sodium and those of Ref. 20 for
datory in all cases, given that on the time scale required tQnhium. Long-range forces were computed by the Ewald
reach a diffusive behavior there seem to be no exchanges #;mmation methodt and a leap-frog integration algorithm
either casgas for a multiple charged ignThese questions wjith coupling to a thermal bath has been used, wita 1 fs
constitute a first topic of attention in this work. time step, and the value of the coupling set to 0.1 ps.

The main line of study, though, will focus on the inverse A second set of simulations has also been done for pure
problem, namely, on the possible influence of diffusion onsimple liquids(Argon at liquid conditiony with the interac-
solvation shell exchange. The basic question here is if &ion parameters taken from Refs. 23 and 24. A leap-frog
given exchange event is conditioned in some way by théntegration algorithm has been used without thermal control
instantaneous state of motion of the solute, what we believand with a time step of 5 fs. Periodic boundary conditions for
constitutes a rather new approach on this issue. At first sigh00 Ar atoms in a cubic box were applied.
it might be thought that any such effect should be feeble. To
start with, it is easy to show that exchanges are independeit ErFECT OF SOLVATION SHELL EXCHANGE ON
of diffusion in some instances: in the simple case of a masp|FFysION
sive particle(compared with the solvent molecules’ mgss
there will be many exchanges occurring while there is almost ~ AS previously described in the Introduction, within the
no diffusion of the solvated particle. In addition, these ex__regime. of i_nterest .the fir_st solvation shell follows thfa solute
changes will obviously take place with(gery nearly sym- N its diffusive motion, with the exchange events being rela-
metric distribution around the solute so that no correlatiorfiVély uncommon. Thus, we seek to connect two phenomena
will exist with its motion. Certainly this is a limiting case, that take place on rather d|ff_erent_t|me_ scales, and V‘_’h'Ch
but if we consider for instance tHeandom oscillatory mo- c_onsgquently are usually stuphed with _dlfferent tools. Diffu-
tion of an ion inside its cage dfirst shel) solvating mol- sion is usually addressed with lorig/pically hundreds of

ecules while the whole complex diffuses, and that exchange%!colsecomj em'g“‘%m runs, tfr?jm Wth'Ch thet "T‘e?” sqlg a.rte
are rather infrequent, a correlation of thestantaneouson isplacement ) is computed up to a certain time limi

velocity with the exchange between a second shell molecul%-,ml.JCh .Sho.”ef than the total S|.mulat|on timéor lonic dif-

. . L usion in liquid water the typical length required for the
and a first shell one may not seem likelypriori. Remark- MSD is of substantially less than 10 ps, but certaiolyger
ably, it will be shown within that an important aspect of this y bS, Y

roblem allows for an exact analvtical roach. whi hthanzl ps, in order to get a sufficiently accurate value of
pho E‘ a IO ts ° ath c a(lz ﬂa.da )I/t ca ﬁlpp oac :[h i tck:1 the diffusion coefficienD. On the other hand, the onset and
should apply 1o any thermal Tiuld. Tt So happens tha ecompletion of an exchange event last typically less than 1 ps,
stereochemistry of the exchanges is effectively driiena

g ; ) so that exchanges must be studied with short runs starting
probabilistic way by the instantaneous velocity of the sol- from properly selected initial conditiod®® These time

ute: the exchange events occur according to a nonsymmetrig,, o5 s ggest that asking for instance about the value of the
probability distribution around this direction, the countereX- it ,sion coefficient during an exchange does not seem to be
ample starting this paragraph being a limitif@ymmetrio  eaningful, since the exchange event lasts less than the time
case. While most of the results presented to illustrate thest‘nequired to observe diffusive behavior in the MSD. Never-
issues will correspond to the particular case of ionic diffu-iheless, an indirect method is possible to study the signature
sion in water(selected both for its relevance as well as for pf exchanges on diffusion: the portions of the long equilib-
computational conveniengegiven the general character of riym run during which no exchanges take place are used to
the previous considerations, examples corresponding tgompute a new MSD functiofiand a new velocity self-
simple liquids will also be included for the sake of complete-correlation functioin, from which a different diffusion coef-
ness. ficient resultgD’). It should be obvious that the effect of the
The outline of the paper is as follows. A summary of theexchanges on diffusion will be reflected in a quantitative
simulation details is given in the following section. The re- difference betwee® andD': one should expect tha is in
sults and discussion on the influence of solvation shell exall cases larger thaD’, as the latter corresponds to the first
change on diffusion are presented in Sec. Ill, while the inshell moving concertedly with the ion, with no exchanges.
verse problem(the influence of diffusion on the exchange Since it is only needed that the aforementioned portions have
proces$ is addressed in Sec. IV. The main conclusions are length of some 10 ps, and exchanges occur on this time
summarized in Sec. V. An Appendix is also included, withscale or longet® the computation 0B’ is perfectly feasible
the details of the derivation of some analytical expressiongrom a statistical point of view. The interesting feature of this
used in the main text. simple approach is that, to our knowledge, it will provide the
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FIG. 2. Solid line, potential of mean fordé&q. (3)] between Na and a
water molecule; dashed line, same plus the contributioW;@f[(Eq. (1)];
points, same plus the contribution &f,(r)[Eq. (2)].

1(b): the initial backscattering to negative values is stronger
if no exchanges occur, which can be understood considering
that in this case the ion is at all times constrained to an
oscillatory motion within the cage of first neighbors.

A second independent methodology has also been de-
vised to double check the previous results. The interaction
between the ion and its solvation molecules is altered in
order to preclude any exchange between first and second
(b) Time (ps) shells, while trying to minimally alter other properties of the
system. The ion-oxygen interaction potential for water mol-

FIG. 1. N& diffusion in ambient liquid water. Solid line, results from equi- ecules initiaIIy within the first shell is augmented by aterm
librium simulation; dashed line, results only including portions of equilib-

VACF (A’ ps™)

0.0 02 0.4 0.6 0.8 1.0

rium run without exchanges; points, results from simulations including an V(1) = Bea(r—ri) (1)
effective “wall” between first and second hydration she{. lon mean in !
square displacement) ion velocity self-correlation function. while for those molecules initially outside the first shell we
use
first quantitative estimation on the effect of exchanges: al- _a(r-rt
q J Voulr) = pet), 2

though, as argued in the Introduction, it is generally accepted
that diffusion is slower if no exchanges take place, the extenBoth contributions together establish a sort of “wall” be-
of this slowdown is unknown. tween first and second shells, which effectively results in the
We have first addressed the case of Naliquid water, absence of exchanges. The parameters are chosen so that this
a system for which kinetf¢ and dynamit* characteristics of wall has a fairly short rangex=10 A™* and 8=5 kJ/mol,
the exchanges have been studied in detail. The MSD anwith r* corresponding to the limit of the first hydration shell
velocity self-correlation functions have been computed in thér*~3.2 A). The effect of these new potential contributions
manner just described, from a run of 3 ns. Figufe) His-  can be graphically understood upon consideration of the ion-
plays the results for the MSD obtained from the whole simu-water potential of mean forcgmf) defined as
lation, together with the one obtained from trajectories with _
no exchanges. As expected, the latter has a clearly smaller W) = ~kgT In[g(r)], ®
slope, consistent with a slower diffusion, with the actual val-whereg(r) denotes the ion-oxygen radial distribution func-
ues of the diffusion coefficients being=1.37 in front of tion. Figure 2 displays the pmf obtained for the ‘Neater
D’=1.05 (both in units of 10° cn?/s). We see that ex- pair for the case of free dynami¢gso wall included. This
changes increase the diffusion coefficient by 30% with refigure also displays the curves that result when the interac-
spect to the value obtained if exchanges do not occur, whictions embodied in Eq91) and (2) are added to the pmf. It
constitutes a basic result of this work. Identical results for thecan be seen how the molecules within the first shell
diffusion coefficients are obtained from the velocity self-<3.2 A) are effectively constrained to a well with a wall
correlation functions obtained in each case. The qualitativevhich raises steeply for increasing distance, while molecules
differences between the latter functions are evident in Figinitially beyond r* cannot get inside the first shell due to a
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be considered that exchanges are more uncommon for Li
than for Nd: while the lifetime of a first shell molecule is 57
A ps for the forme? (with four hydration moleculgsit is of
- 7% only 34 ps for the lattéf (with six hydration molecules
715 Therefore, the small difference in this case is in part due to
A the increased weight of trajectories which do not contain any
exchange. It is worth noting in this connection that this 10%
= increasg30% in the Na case cannot be directly interpreted
i in the sense that diffusion is faster by 1d®%s 30%9 during
i an exchange: it should be recalled that the concept of diffu-
L sion coefficient during an exchange is ill defined, given that
its duration is shorter than the time required for diffusive
0 ) 4 6 3 10 behavior to become established.
A basic lesson to be learned, though, is that neither the
increased local density during the exchang@elich in prin-
120 ciple should hinder the ion mobilify nor the larger volume
of the hydrated ion complefwhich again should produce a
90} slowdown, since, e.g., from a Stokes—Einstein point of view
diffusion is slower for larger radigisare important factors. In
60 consequence, together with the previous analysis fof, Na
A solvent structure disruption during the exchange seems to be
the basic factor explaining the increased mobility, due to the
more feeble interactions resulting from less than optimal sol-
vent molecule orientations. Finally, comparing the results for
Na* an Li* we see that certainly in the latter case, since the
effect of exchanges is scarce, it is a good approximation to
use a solventberg picture to understand its diffusion.
0.0 02 0j4 016 018 10 _ Thg previous resqlts-allso answer one of the q_uestions
(b) Time (ps) ralged in the Introduction: given that th_e e>.<change Flmes are
typically longer than 10 ps and the diffusion coefficient is
FIG. 3. Li* diffusion in ambient liquid water. Solid line, results from equi- Well determined from a shorter portion of the MSD, it is, as
librium simulation; dashed line, results only including portions of equilib- we remarked there, somewhat puzzling that the solventberg
rium run without exchgnges; points, results f'rom simulations including anpicture is not mandatory in all cases. The answer is evident
e_f'fectlve wall betyveen flrst_ and second hydratlon ;h&)slon mean square Fig. 1(a) (Na* diffusion in watey, the MSD curves that
displacement(b) ion velocity self-correlation function. . . . ! .
correspond to trajectories with no exchanges diverge from
the curve corresponding to all trajectories for times as short
second barrier, which also rises steeply when the distance &s 0.2 ps. The explanation is rather simple, while it is cer-
reduced. The MSD and velocity tcf have been computed fotainly true that molecules take a mean time of some 34 ps to
a system subject to the constraints described above. The rgave the first shell, it is a key point that nothing prevents an
sults are included in Figs.(d) and 1b): the new curves are exchange to take place immediately after a new time origin
almost indistinguishable from those obtained from the subsdg set during the computation of the MSD. Again, Figb)3
of trajectories which do not display any exchange, confirmAllustrates why the solventberg picture is more convenient in
ing the previous conclusions. the case of Li: the curves only start tslightly) diverge for
While exchanges around Na&annot be assigned to any times of the order of 2 ps, when a rather gOOd approximation
well-defined type-* those around Lihave in almost all cases Of the diffusion coefficient can already be obtained.
an associative charactEra second shell molecule enters the
first shell, and after a shoftariable time a second molecule IV. EFFECT OF DIFFUSION ON SOLVATION SHELL
leaves. Therefore, the exchange event is characterized byEa{(C"|ANGE
temporary hydration numbéarger than the mean. This be- We now turn to the inverse problem, summarized in the
havior suggests that, contrary to the *Nease, diffusion present section title. As described in the Introduction, some
might be slower during an exchange for'Lconsidering the arguments suggest a negligible influence of the instantaneous
larger radius of the complex formed by the ion pldise) velocity of the solute on the onset of a solvent exchange
first shell molecules. To examine this point, calculationsevent and, actually, a thought example which supports this
similar to those described for Ndave been performed for view was detailed there. However, a simple link is uncovered
Li* in ambient water. The results displayed in Fig)&nd  if we take upon consideration that the particle velocity and
3(b) indicate that, in line with the results for Nadiffusionis  the relative velocity between the particle and a solvation
again faster if exchanges are includBd&1.2 in front of  molecule are correlated via simple kinematic considerations.
D’=1.1 (again in units of 10 cn?/s). Although the effect For a solute moving inside a solvent, and assuming random
does not seem to be so marked, a 10% speed-up, it needsdivections of motion for each individual, it is evident that

MSD (A%

S = N W ke LN NN
T
)
A\l

-60 :
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there will be a higher probability for head-on collisions with

: : = .V
solvation molecules in front of the solute. It is important to s 2 7
notice that this is a probabilistic statement; collisions from : 4
behind the solute are not precluded, they are just less prob- ‘s 7
able. A different way to put it is that given an instantaneous g
velocity for the solute, say to the right, then all molecules on s

the right are approaching the particle on the averée 7

though of course some of them might be getting farther ‘

away). Note that this alternative formulation is not limited to s

those molecules in the immediate vicinity of the particle, - "‘

molecules far away will be approaching or going away from o s '

it (for each given instantaneous particle velokifyhe for- s, e .
mulation also makes no reference to the phase of the solvent; ’3 "\
they also apply for a low density gas situation. Despite their -
very general character, these simple kinematic considerations vV

have something to say about exchange for a translating sol-
ute in a solvent. If we particularize to second shell molecules|g. 4. Random velocities for solutegray circle and solvent molecule
then we conclude that, for instance, those on the right of thélack circle. Also shown projections of both velocities on the intermolecu-
solute will on the average get closer to the first solvationar axis from whicho, [Eq. (A4)] is defined.
shell (with the maximum approach for those on the line of
motion of the particle Therefore, we see that purely kinetic study can be done for the probability of having a relative
considerations strongly condition the way in whi¢at-  velocity in the opposite directiohp_(6)], and appropriate
tempted exchanges may start: molecules on the right side otlistinctions will be made where required.
the second solvation shell will have a higher probability of A first notable feature is the lack of dependence on tem-
trying to enter the first solvation shell while, on the contrary, perature, which supports a similar behawifor the attempts
those on the left side of thigrst solvation shell will have a of solvation shell exchangeat different temperatures, as
higher probability of attempting to leav@lways assuming long as there exists a similar solvation struct(measured
an instantaneous solute velocity to the rigfihe picture that for instance by the hydration numbeiThis constitutes an
results is one in which, as the solute moves in one directiorinteresting aspect from a computational standpoint, since
molecules in front of it try to enter the first solvation shell simulations of the system at higher temperatures, where ex-
and molecules behind it try to exit to the second solvationchanges are not so rare, might be a convenient starting point
shell. Of course, trying to enter or leave does not guarante gain some understanding for the behavior at lower ones
the success of the exchange but as will be shown within thigsas suggested in Ref. R5although we will not pursue this
is, de factq a driving force. possibility here.
The mass ratigm,/m,) is the single parameter appear-

o o ing in p,(6) and therefore it is relatively easy to understand

A. Equilibrium contribution its effect. Figure 5 displays the behavior pf(6) for three

The above ideas can be expressed in mathematical forgelected valuepcorresponding curves fg_(6) can be con-
assuming thermal equilibrium and a homogeneous phase &ructed as a mirror image with respect to a vertical line at
that, consequently, the formulas that result are of applicatio0°]- The wiggling curve corresponds to,/m;=1 (equal
to any thermal fluid. Figure 4 sketches the typical configuraimasses for the solute and the solvent molegubesd is rep-
tion in which the solute and one of the solvent molecutg#s

a given solvation shellhave random velocities at a given 1.0
time. Taking the solute velocity direction as the origin for

angles, we ask about the probabiligs a function off, see 0.8+
Fig. 4) that a given solvent molecule has an approaching

relative velocity(which we will define as positive and nega- 0.6}

tive when the two particles tend to move awayhis prob-

ability is given by the expressiofsee the Appendix for @ oal N
mathematical details o Var

p.(0) = 1{tan*( \/ L cos&) 0.2¢
T ml
1 m2 ar 0.0 = L T
+ =sin| 2 tan‘l( \— cos&) + =, (4) 0 45 90 135 180
2 my 2

0 (degrees)

wherem,; denotes the mass of the solute, that of a solvent

m0|eCU|€f' and th? angl_@eis defined over the int_e‘rV@O: 180 FIG. 5. p.(6), probability for a solvent molecule to approach the solute.
deg. While we will mainly focus on this function, a parallel Thick line, m,/m,—«; dashed linem,/m, —0; thin line, m,/m;=1.
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resentative of the general situation. It illustrates how the
probability of having an approaching relative velocity is
larger atd=0° and attains its lowest value ét180°, effec-
tively resulting in an asymmetric distribution around the in-
stantaneous solute velocity, which constitutes a central result
of this work. Two interesting limiting cases are also included.
For my/m; —0 (particle mass much larger than that of a
solvent molecule we recover the limiting case that was
qualitatively discussed in the Introductigwith no real dif-
fusion. We see how the probability distribution is flat
[p+(#)=1/2]: all molecules around the central massive par-
ticle have an equalsymmetrig probability of attempting to

get into its vicinity (and similarly for the probability of at-
tempting to escapeThe second limiting case corresponds to .
m,/m;— oo, a very light solute in comparison with massive .

(and slow solvent molecules. Here we obtain the step func- 0 45 90 135 180

tion depicted in Fig. 5, defined by 0 (degrees)

p.(6) = {1 for 0= <90 (5) FIG. 6. p.(0), fraction of molecules having an inward velocity for eagh

0 for90°<9<180°, Thick line, my,/m; —o0; dashed linem,/m;— 0; thin line, my/m;=1.

which is easily interpreted: the solute undergoes a random . . .
motion in a maze of static scatterers, which will neverWhICh reflects that if the attempted.exchangeg, are mon|.tored
“chase” it and therefore no approaching molecules can b nd collected as function &, a maximum at .thls an_gle V.v'”
found for any angle greater than 9fithe corresponding in- € fo_ulnd,band not a:jo?g the velocity directipms might in
verted behavior would be found fqr (6)]. prlngp € ehexpec;eb_llro_err(a)]. f the f las iust d
Finally, it should be noted that the function just analyzed . 'ven the probabilistic nature of the formulas just de-
corresponds to the probability for any given molecule torlved, it is obvious that by themselvgs they cannot predict
have an approaching relative velocity with respect to the soI‘—Nhen dar;d, how ‘Zn exchange fe“Ve”‘ W'Ill s,'EaAr\t, the;;}shr? uld be
ute. A related, but different, function is the fraction of mol- '€9379€ Instead as a sort of “sum rule.” As suc ! they can
ecules found for each angle of all those that have inWar&1e|p interpret averaged results for the stergochemlstry of the
velocity [which will be denotedy.(6)]. Given that there is exchanges. We take _th? case O.f the hydratlon shell exc_hange
cylindrical symmetry around the solute velocity, more mol- PrOCess around the I|_th|um ion in a“?b'e”t water as an illus-
ecules are found for angles close to 90° than for smalle]irat'\(e 1%>_<ample. Th!s system, which has _pee_n recently
(close to 07 or larger anglegclose to 1807 On the contrary, studied,” is characterized by a tetrahedral equilibrium solva-
p.(6), as we have seen before, has a rﬁaximunﬁ-ah" In " tion structure and a substantial variety of distinct exchange
+ 1 L] . . .
consequence, the maximum pf(6) will be found some- classesA priori arguments would suggest that when the ex-

where between 0° and 90°. The resultsee the Appendix change is simultaneoysne molecule entering the first shell
for detailg ' while another leavesthe mechanism should havet@ns
character. This hypothesis is based on the well-know® S

sin(6) o m reaction mechanisrfWalden inversion in which the attack-
tan — cosd
1

9+(0) = ing and leaving groups form 180°. But in contradiction with

this hypothesis, it is fourfd that the number ofis ex-
1 . 1 m, T changes is more than half of those assignedrams ex-
+§sm 2 tan Hcosa +E , (6)
1

T

changes. While a satisfactory explanation could not be given

in Ref. 15, it now seems clear that this finding is due to the
where the only difference witlp,(6) is the sine function kinetic constraints just described. As we have sgeftf)
preceding the braces. peaks at an angle o60°(applying formula 6 to the pair

Figure 6 displays the functiop,(6) for each of the three Li*+H,0), while p_(#) would have a corresponding maxi-

examples that were just discussed above in termg, ). mum at a value of 120°. This implies that the angle between
For my/m;— 0 the distribution displays a maximum at 90°, the entering and leaving water molecules may span the range
showing thatp.(6) can be somewhat misleading about thefrom 60° (=120°-60°, assuming a null dihedral angle be-
process: although all moleculg$or any angle have the tween the plane defined by the ion velocity and the leaving
same probability of having an approaching velodity this ~ molecule velocity, and the plane formed by the ion velocity
particular limiy, collecting all the molecules for a given and the entering molecule velocityp to 180°(for a dihedral
angle results in an apparent nonsymmetric distribution ofingle of 180}. This broad range of possibilities results as-
molecules trying to enter. With this cautionary note in mind,suming the most probable entrance and exit angles, and thus
we see how in the opposite limim,/m; — ) the distribu- is further reinforced if we consider the broad dispersion of
tion also peaks at 90°. Finally, all the intermediate cases arangles apparent in Fig. 6. Therefore, we see ttiatex-
characterized by a maximum at an angle lower than 90°changes are not precluded at all and that, instead, a con-
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tinuum betweertis andtrans is most probably the general rather low in the cases that have been studied so far, with
rule. In short, the substantial numberai$ exchanges found values ranging from=0.4 (for Li* in supercritical water)
in the simulations is due to the fact that more molecules arelown to 0.14(for Li* in ambient WatéS), so that its effect
available at angles larger than 0°. Actually, the considercertainly has to be considered. However, this correction will
ations above suggest that a classification in termsiond  affect the estimated distribution of successful exchanges
trans exchange classes is a concept which should not bfp,(6) or ¢.(6)] only if a sort of angle-dependent transmis-
pursued for exchange processes, at least for the types of exion coefficient is found, so that the probability for an at-
changes considered hélﬁel.:inally, as explained above, if the tempt of being successful would depend on the amiglEhe
exchanges would be normalized by the number of water molenly way to ascertain this point seems to be a case by case
ecules available at each angle, then the distribupigdid) is  analysis, performed by MD simulation of the systems. In
obtained for the entering molecules gnd6) for those leav-  principle, this could be done but it is a computationally dif-
ing (which peak, respectively, at 0° and 180 conse- ficult task, for example, the computation has to be performed
quence, the most probable exchange would haveaas separately for each angle, so that it has to be lengthened
character as initially expected. proportionally to the number of intervals in which the inter-
val [0°,1809 is divided (for a given statistical tolerange
o o With these considerations in mind we have chosen three ex-
B. Nonequilibrium contribution amples where this study is still feasible.

The previous discussion provides an “equilibrium” esti-  In each case we have computed the previously defined
mation for the exchanges, in the sense that we have confunction ¢.(6) (the fraction of molecules found for each
puted the probability that a given second shell solvent molangle of all those with inward velocitywhich as previously
ecule might attempt to enter the first shit,(6)], or the  explained takes into account the equilibrium effects. To scru-
fraction of molecules trying to enter for a given angle tinize the nonequilibrium effects we have also computed the
[¢.(0)]. However, we now have to consider nonequilibrium fraction of molecules found for each angle of all those that
effects, meaning that the attempted exchange will fail or sucfinally become stabilized within the first sh¢llienoted as
ceed depending on the detailed dynamics of the system. 1n2¥®(6)]. It is important to note thap$®® s not the fraction
the end, the success or failure depends on the combination of successful molecules frorall those that tried to enter
equilibrium (probability of attempting an exchangand non-  initially. If defined that way, because of the strong reduction
equilibrium contributiongdynamics starting at the attempted embodied in« (transmission coefficiehtp?®(6) would be
exchangg A pessimistic view would anticipate that the non- very low for any angle and not easily comparable witfi6).
symmetric distribution just discussed might get blurred byWith these definitions, the basic idea is thatxifs not de-
this additional contribution so that, finally, no noticeable cor-pendent org, then we should obtaip,(6) =% 6), i.e., all
relation will be found betweeltsuccessfyl exchanges and the molecules trying to enter have the same chance of being
the instantaneous solute velocity. However, there are stronguccessful irrespective of the attack anglény dependence
arguments in the opposite direction stemming from reactiorof « on @ will show up as a difference betwegn(6) and
rate theory. The problem of solvation shell exchange, parp?2/(6).
ticularly in the vicinity of an ion, was first tackled from the First, we have addressed Nim ambient water, a case
standpoint of activated reactive process for the'-Water  characterized by a low transmission coefficiest0.21) and
system'> There it was shown that the exchange réatete  a first solvation shell of six moleculédA long run of 14 ns
that this is a quantity averaged over all anglean be ex- has been performed at 298 K, during whiehl0 000 at-
pressed as the product of equilibrium contributigdster-  tempts by second shell water molecules to enter the first shell
mined from transition state theof(f'ST)] and a nonequilib- have been recorded. The angle between the relative velocity
rium contribution dependent on the dynamitsnsmission and the instantaneous ion velocity has been computed in
coefficientx). This approach has been subsequently applie@ach case, which allows us to estimatg ). As it can be
to the aforementioned case of*lag) in a broad range of seen in Fig. 7), this numerical estimation nicely matches
thermodynamic conditiod8and, at a more detailed level, in the theoretical prediction of formuld). In order to ascertain
ambient watet® A first lesson from this work is that TST the nonequilibrium contribution, each of these attempts has
provides an acceptable estimation of the exchange rate, prbeen followed during 1.5 ps. This time is chosen in accor-
dicting at least the right order of magnitude, which is re-dance with the reactive flux function computed in Ref. 13,
markable if we consider that exchange rates span more thamhere it was shown that after=0.5 ps it levels off and
15 orders of magnitud@. TST assumes, as applied to the reaches a plateau, from which its mean value can be identi-
present case, that all molecules crossing the transition stafeed with the aforementioned transmission coefficiért
(basically the division between first and second solvation=0.21). It has been found that, consistently with the latter
shells with inward velocity will finally end up in the first value(which can also be interpreted as the ratio of successful
shell. We must conclude tha&in this approximatioh p,(6) exchanges over total number of attemptstotal of =2100
[or p.(6)] represents not only the probability of attempted second shell molecules become stabilized within the first sol-
exchanges but the real distribution of successful exchangestion shell. If these successful attempts are assigned to the
and, therefore, all exchangé®r any sort of solute or sol- corresponding anglévith an angle interval of 15 it results
veny obey exactly the same rules. in the curve depicted in Fig.(). Despite the substantial

It must be said though that the transmission coefficient immount of noise, it is rather clear that this curve is rather
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FIG. 8. (a) Thick line, theoreticalp,(6) for Li* in supercritical wate(T
FIG. 7. (a) Thick line, theoreticap.(6) for Na* in ambient liquid water; thin =_683 K,p=0.20dg| cm?); thm. "Ue' compqt_ed from MD _S|ml,_llat|0rib) thlr.\
line, computed from MD simulationtb) thin line, computedy%=(6) for line, computed»$*®(6) for Li* in supercritical water; thick line, theoretical
Na" in ambient liquid water; thick line, theoretical curve for(6). Clg\zg for §+(9)- Similar results are found ap=0.31gcm and p
=0.48 gcm®.

similar to the theoretical curve for attempted exchanges, alperformed, and the SPC/E model for wéterThree differ-
though it seems slightly higher at small angles and closer tent densities were chosen at the temperature of 683 K: 0.20,
zero at larger angles. In conclusion, the probability of at-0.31, and 0.48 g cm. The time interval over which the tra-
tempted exchanges igde factg the one that conditions the jectories are followed before deciding if the attempt is suc-
distribution of successful exchanges, with a possible smaltessful has been chosen as in the previous case. Figiaes 8
correction from the nonequilibrium contribution. and 8b) display the corresponding results. Again, the results
Li* in supercritical water is the second case that has beeare rather similar to the case of Na ambient water.
analyzed numerically. While in ambient water the transmis-  Despite their differences, the previous examples are both
sion coefficient seems to be rather low for the systems anaepresentative of ionic diffusiofalbeit in different phases
lyzed so far;>*>?°it has been found that in supercritical sharing some important common characteristics such as low
water it can exceed by 0% Together with the lower number hydration number and strong interactions. Since the formulas
of hydration moleculedfour), these constitute interesting have general applicability, it is of interest to examine systems
differences with the preceding case. Simulation runs of 6 nghat differ markedly as far as these aspects are concerned. We
were performed during which-4000 trajectories of water have addressed a neat simple liquid, the much studied liquid
molecules entering the first solvation shell were followedargon?>242%3*4yhich has the following interesting character-
(for the simulations of L in supercritical water we have istics: a solvation number substantially larger12) and al-
used the same ion-water interaction parameters as in Ref. 2B1ost no free energy barriers to excharigee below. Fur-
where a detailed study of lithium diffusion in this phase wasthermore, it constitutes a computationally convenient system:
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it is easier to obtain good statistics since now all the atoms 1.0
can be used, instead of a single ion as before. The system is
composed of 500 Ar atoms at a temperature of 112 K and a
density of 1.479 g cit. We have performed an analysis on 081
the solvation shell exchange process.

First, from the radial distribution function we find that
the barrier to exchange, viewed in a unimolecular dissocia- 0.6
tion perspective(as done for ions in watdt'>?, is ~
~1.6kgT [computed from the free energy defined in <
Eq. (3)]. This low barrier shows that the process is not well & 0.4}
described as an activated one, even though we have chosen a
state point where the barrier is probalityose tg the highest
possible in liquid argofA’® Since the velocity time correlation 02
function is known to decay in less than 1 @®@mparable to
the case of an ion in liquid water and to the corresponding
reactive flux function we have also followed the incoming 0‘00
atoms during 1.5 ps before checking if they end up in the
first shell. The results, at each state point, correspond to
equilibration runs of 50 000 steggehere the velocities were
rescaled to get the reference temperature of the simujation 1.0
followed by production runs of 1 000 000 steps. Figurés 9
and 9b) display the corresponding results. Again, there is a
perfect match with the theoretical curve far(6) [Fig. Aa)].
Thanks to the better statistical sampling the deviation of the
distribution of successful exchanggs®®(6)] from the the-
oretical curve is now perfectly discernib(Big. 9), and con-
firms the deviation hinted in the plots corresponding td Na
and Li*. We see that head-on collisiof@mall angleshave a e
(slightly) higher probability of being successfivalues -
abovep, ()] in comparison with those at large ang|esrrve
closer to zero thap,(6)]. A simple explanation suffices to
account for this: the meafapproachingrelative velocity is
larger at small angles rather than at angles close to 180°
(another reflection of the fact that solvent molecules at small
angles are approaching thg solute, on the average, ar)d those 0 45 9'0 1'35 180
at large ang_les are depar_t!ng from it, on the averaghis (b) 0 (degrees)
higher velocity should facilitate the success of the exchange
at small angles, and this is what is actually found for liquidFIG. 9. (a) Thick dashed line, theoreticgl,(6) for liquid Ar (T=112 K p
argon, and is hinted at in the plots for the cations in water=1479 gcgjja)y: thin line, computed from MD simulationb) thin line,
Evidently, the nonequilibrium contribution slightly enhances c°mPutedy«(0) for liquid Ar, thick line, theoretical curve fop.(6).
the difference between entering and leaving angles.

L L

45 90 135 180
(a) 6 (degrees)

definition of exchange tinté** as the time constant of the

exponential fit to the survival function defined
C. Effect on the exchange rate

Np
; ; 1
. The preV|ou§ sgctlons have addressed the effect of .the n(t) = _2 6.(r,1)6,(r,0), 7)
instantaneous diffusive state of the solute on the mechanism Nhiz1

of the exchange process. It has been shown that a symmetric

distribution of enterindand leaving solvent molecules for a whered(r,t) is 1 if the molecule is within the first hydration
static solute turns into an asymmetric one if the solute isshell (defined by a maximum separatioh between the ion
allowed to diffuse. Since exchanges occur in both cases, wand the water molecule center of masnd 0 otherwisel;,

are led to also ask whether the kineties<change timeis  denotes the number of water molecules initially within the
affected as well when the solute mass is increased or ddirst shell, and a molecule is considered to have left the first
creased(without altering the force field It will be shown  shell only if it has been out for more than=2 ps.

that this effect actually exists and can be understood from  Obviously, we now find that for an ion of infinite mass
purely equilibrium considerations. To illustrate this point wethe distribution of exchanges is symmetric and, what is of
have extended our simulations for‘lby artificially increas- interest here, that the exchange time has a valuer.of
ing its mass so that, everything else unchanged, the lithiurs10.8 ps, to be compared with a faster exchange time of
ion is effectively static. In particular, we have taker lim =6.9 ps if the lithium ion is assigned its correct massp
water atT=683 K andp=0.2 gcm?. We adopt the usual that a ratio ofr/ .,=0.6 results. To understand the origin of
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this effect we will adopt the approach that has been cursorilynore feeble concomitant interactions, is a key factor explain-
described within the previous sections, namely, to view theng the increased mobility. Moreover, it shows that neither
exchange as an association-dissociation proe8€>From  the increased local density nor the larger volume of the hy-
this standpoint the exchange rate is written, following thedrated ion complex(in principle relevant from a Stokes
usual reaction rate theory formulas, as a produek™T«,  theory point of view are decisive factors for this particular

wherek™T is obtained from issue, as they would both predict a mobility slowdown. In
2 - pW(r) this work only the Lt and N& cations have been addressed,
KTST = | keT ()% (8) as for these cases the kinetics and dynamics of the exchange
2mp have been studied in detdi.*>*It would be interesting to

r# !
J dr r2e AW

o extend the present study to anidhs;***3especially in wa-

ter where hydrogen bonding effects could introduce new fea-

whereW(r) has been defined in E3). tures. In this connection it is important to note that a proper

Equation (8) shows that the equilibrium contribution modeling of the hydrogen bonds for anions most probably
kTST depends on the square root of the inverse reduced masgquires the inclusion of polarizability,as first shell struc-
the only varying parameter sinc@/(r) will remain un-  tyre seems to be critically dependent on this effect. An as-
changed even if the masses are vafisithe force field has sessment of the different methods available to this end is
not been altered If an infinite mass is assigned to the currently underway?
lithium ion, we will haveu.. =My, i.€., the reduced mass is The influence of the instantaneous diffusive state of the
that of the water molecule, whereas for real masses we wiko|ute on the exchange properties has constituted the second
haveu < u... Therefore, together with E¢8) and assuming  main focus of interest in this work. It has been shown that
that « is the same in both cases, we have the following thepurely kinematic considerations, together with the assump-
oretical (equilibrium) estimation for the ratio of exchange tion of thermal equilibrium, are sufficient to derive analytic

times: laws for the probability of entrance to the first solvation shell
o KST P and, similarly for that of escape. These expressions are of

—= S =14/ =0.5, 9 general applicability and imply that, as a rule of thumb, the

* Muater majority of the solvent molecules will be found entering at

rather close to the previous value of Qdbtained from direct an angle of some 60° with respect to the instantaneous solute
simulation. Given the indeterminacy in the fits of the sur- velocity, while those leaving will be mostly found forming
vival function, we conclude that the fundamental explanatioran angle of some 120°. Despite the generality and purely
lies in the variation of the reduced mass: exchanges arkinematic character of these considerations, they have shown
slower if the solute mass is increased due to the concomitai®@ be extremely useful in characterizing the results for the
larger reduced mass of the pair, with a possibly null effect ofontrivial cation in water systems, as well as for liquid argon
the dynamic correctior. Indeed, the present example con- (as noted above, the case of anions in water remains to be
stitutes an extreme case as far as ionic diffusion in water igwvestigatedl Furthermore, it has been shown that dynamical
concerned; for more massive ions the difference between corrections to these expressions, while being of secondary
and u., is smaller and therefore the ratio will become closerimportance, tend to slightly increase the difference between
to unity (as it is obvious that the larger the ion mass, theentrance and exit angles, with the former becoming closer to
closer we are to the static solute limiFinally, it is impor-  0° (and to 180° the lattgr Finally, it has been argued that the
tant to note how useful the association-dissociation perspeélistinction betweertis and trans exchanges, for exchanges
tive has been in order to easily understand this particulainvolving the instantaneous exchange of two molecules, is
issue. Although the existence of a more optirtiad., with a  probably not possible for simple ionic exchange processes.
higher ) reaction coordinate for the exchange process would
be of interest, it has been just shown that the ion-water dis-
tance results in simple analytical formulpsg. (8)] which  ACKNOWLEDGMENTS
provide usefullquantitative understanding on the trends.
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two independent methods have been devised to quantita-

tively estimate the commonly accepted diffusion speed-up

induced by exchanges. This methodology has been applied BPPENDIX

Li* and N4 in liquid water, finding that diffusion increases We first derive the probabilityp,) for a solvent mol-

by 10% and 30%, respectively. The former case is particuecule to have an approaching relative velocity with the sol-
larly interesting: although exchanges are characterized byte. According to the generic configuration depicted in Fig.
larger than average hydration she(Bssociative process 4, the solute velocity defines the origin for angles. The
mobility is still faster. Therefore, it is reasonable to infer thatmodulus of this velocity will have théhormalized probabil-
solvent structure disruption during the exchange, with itsty density
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FIG. 10. Domain of integration indicated by shaded area. dr
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wherem, denotes the solute mass, and the function is defined "
over[0,e]. FIG. 11. Sketch of the volume of the ring at angle
The velocity distribution function for the solvent mol-
ecule velocity along the axis joining the solute and the sol-

vent molecule is given by p+=f dvf dvp(v,v,), (A5)
0 —oo
—_—
v,>0

— . m, —(m v2)/2k
e 2V2 B , AZ r
p(b 2) 2 BT ( )

Changing variables [x=v(my/2kgT)Y2,  y=uv,(my,/
2ksT)¥?], Eq. (A5) can be rewritten as

wherem, is the mass of a solvent molecule. It should be

noted that, in contrast with the previous case, now this func- 4 (~ =L 2

tion is defined over the intervéiFo,]. 2 de | dyxe (A6)
. 'It follow§ from the previous considerations that th.e prob— ;

ability density that the modulus of the solute velocityvis =

and the solvent molecule has a velocity along the line C08 By el

joining both particles is The domain of integration is depicted in Fig. 10, which

suggests a change to polar coordinates=r cosd,
y=r sin ¢). After this change the 2D integral is separable

MMM, 2ot o2kt = arctart(my/mp)cos 0)
=———"p%e'M Bl @ (Mov2)/2kgT A3 4 2 2/My
’7T(kBT)2 v ( ) P+ = ;Tf drrie™ J d¢ COSZ¢, (A?)

A simple projection of the modulus of the solute velocity , . . )
(see Fig. 4on the intermolecular axis shows that the relativePOth integrals are trivially done, and the final result is

velocity is given by 1 m,
p.(0) == tar}{ \/ —cosh
a my

vy =V COSHO— s, (A4)

p(v,v,) = pv)p(vy)

0 -2

1 m T
the difference defined so that, when both particles approach + Esin{Z tan_l( \/%COSH)} + E} (A8)
each othery, is positive. !
Finally, the probability we are seeking can be found in-We see how the result automatically contains a dependence
tegrating the two-dimensional distributiop(v,v,) [EQ.  on 6. As a first trivial check, in the limit casey,/m; — 0 the
(A3)] under the constraint, >0, i.e., result isp,=1/2,that is, all molecules have equal probability
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of getting closer or further from théstatig solute, as ex- definition, it can be foundexcept for a normalization factor
pected. from the relation

Another function of interest, directly related to the
former, answers the following question: of all the molecules  ¢.(6) « (fraction of molecules at angl®p.(6). (A9)
having inward velocity, which fraction can be found at angle
6? 1t will be denoted asp,(f) and, according to this The term in bracketfn(6)] can be expressedee Fig. 11as

number of molecules in a ring defined gy + dd)and thicknessir
number of molecules in a special shell of thickndss

n(o) = (A10)
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