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Preferential solvation of Ca 2% in aqueous solutions containing ammonia:
A molecular dynamics study

F. M. Floris, José M. Martinez,® and J. Tomasi
Dipartimento di Chimica e Chimica Industriale, Universita Pisa, Via Risorgimento 35, 56126 Pisa, Italy

(Received 16 July 2001; accepted 7 January 2002

Ca" aqueous solutions containing different proportions of ammonia have been studied by means of
molecular dynamics simulations. Previously developédinitio effective pair potentials, in the
framework of the polarizable continuum model, and only tested at a cluster computation level, have
been employed to describe ion—ligand interactions. Structural and dynamic changes present in the
neighborhood of the ion as a function of the ammonia concentration have been followed. Results
show a preferential solvation for ammonia, even at very low concentrations. For the pure aqueous
solution, calcium ion is coordinated by eight water molecules, while the presence of ammonia favors
an equilibrium between an octa and enna-coordinated situation when this ligand becomes
predominant, confirming the prediction of cluster calculations. However, the increase in the
coordination number is followed by an intrinsic loss of stability for the identifiable solvated
structures because of the larger tendency of ammonia to participate in solvent exchange phenomena.
Solvent exchange events show, for the most simple ¢aster—water exchangiea marked
mechanistic variety. €2002 American Institute of Physic§DOI: 10.1063/1.1453957

I. INTRODUCTION energetic analysis was done for a set of clusters accounting
. ) ) for different coordination situations. Now, a set of MD simu-
) Nowad_ays, empmgal or theory basgd |on—wat.er InteraCIations, using those potentials, are presented for aqueous so-
tion potentials are available for many different cations, fromy yions containing small quantities of ammonia, focusing our
alkalln_e to Ian'ghanldes. One of_ the _cat|0ns_ that h_as meritédiantion on structural and dynamic aspects.
much interest is Gd . From a biological point of view, the
importance of calcium ion is beyond question. Among other
features, this ion is involved in the structure and functional—“' MOLECULAR DYNAMICS SIMULATIONS
ity of metallo-enzymes, has an active role as an electrolytic  Molecular dynamics simulations were performed in the
message carrier or is used to maintain the osmotic pressure jfiicrocanonical ensembl®&VE) using cubic cells with peri-
the cells by means of the pumps working across the celbdic boundary conditions. Different simulations containing a
membrané=3 A proper understanding of all the processesCg* ion with 400 solvent molecules were performed, the
Ca" is involved in, implies a deep knowledge of its solva- difference among them being the ammonia/water proportion.
tion features. Most of the statistical simulations performed san this way, the influence of the solvent composition in the
far and dealing with the solvation phenomenon of this catiorset of properties considered has been studied. Calcium—
are specifically devoted to the study of the hydratidfiof  water and calcium—ammonia potentials developed in the pre-
calcium ion, and, marginally, solvation properties includingvious work® are used to describe ion—solvent interactions.
other solvents have been considered at a quantum chemioglater was modeled by the SPC/E md8eind ammonia by
level**=** To our best knowledge, only the work done by means of the recent OPLS type of potential of Rizzo and
Sidhisoradejet al?* studies the solvation of €4 in liquid  JorgenseR’ Lorentz—Berthelot rules are applied to describe
ammonia by means of molecular dynami4D) simulations  water—ammonia interactions. Table | labels and summarizes
using a potential function which explicitly considers three-the set of performed simulations. In all cases the box igle
body effects in the ion—solvent potential. However, studiesyas 22.924 A, yielding densities in the range 0.995-0.998
including more than one solvent have not been considered sgycn?_ All systems were equilibrated at 298 K for 50 ps
far, despite being the most common situation in the biologi-before the production period. In order to be coherent with the
cal media. The work presented here supposes the naturgée of the water dielectric constant in the development of the
extension of the preceding wdrkin which calcium—water cation—solvent interaction potentials as detailed in Ref. 25,
and calcium—ammoniab initio effective pair potentials the ammonia/water ratio in the simulation box was main-
were developed to account for such situations. The polariztained low enough. This low content of ammonia can create
able continuum model was employed, for the first time in aconvergence problems if these molecules are randomly dis-
multicomponent medium, to take into account the many+ributed in the simulation cell: the probability of interacting
body effects present in the ion neighborhood. Structural angiith the ion could be too low to be observed in a reasonable
time (<1 n9. In order to reduce this potential problem, am-
90n leave from Departamento de Quica Fsica, Universidad de Sevila, Monia molecules were located in the neighborhood of the
41012-Sevilla, Spain, electronic mail: josema@simulux.us.es metal ion. In this way, during the equilibration period the
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TABLE |. Summary of the performed simulations. 10 — T T T T 400 ——— T T T
Simulation System Ry,* Free dynamics Analysis
code composition (R) (ps (ps) & — A 1 el P
L o B - C
A Ca*+400 H,0 500 500 - - C . i — D
B Ca&*+399 H,O+1NH; 4.75 750 Last500 £ o - D 2 i
C, Ca&*+392 H,0+8NH; 2.65 1000 Last500 o Z20
C, Ca&*+392H,0+8NH; 4.75 1000 Last 500 & 4} 3 i
D C&*+380 H,O+20NH; 2.69 750 Last 500
475 100 i
o i
#Ca—N distance used in expressidn during the equilibration period. ! “
PEight ammonia molecules were constrained during equilibration to the har- ) ol | ! ,‘l\ [P B
monic potential at thik, value. 0 0 2 4 6 8 10
“Twelve ammonia molecules were constrained during equilibration to the R (A)

harmonic potential at thi®, value.
FIG. 1. Ca—0O and Ca-—N radial distribution functions.

dynamics of NH molecules was constrained by amxtra
harmonic potentialV,,,,m, that defines an effective range for
the Ca—N distance:

the free dynamics was that in which eight molecules of am-
monia were located in the first solvation shell and the re-
maining twelve were positioned in the second.
Vham= K(Rea_n— RO)Z. (1) All MD simulations were run with a modified version of
he MoLDY progrant® that implements a symplectic integra-
ion algorithm of the leap-frog type to integrate equations of
motion. Orientations of solvent molecules, which were as-
sumed to be rigid, were described by the quaternion
Yormalism? The time step was set up to 2 fs, and Coulombic
interactions computed by the Ewald sum technitfué
Spherical molecular cutoff of./2 was applied to the real
pace part of the Ewald energy as well as to the short range
Eontributions.
The evolution of the properties with the system compo-
sition will be considered at three different levels regarding

go_llf\év_efl_Etrtyctufrallyt_by m_elz_an_s cilf the CaBO an dcaf_N "the structure, dynamics, and solvent exchange phenomena in
ial distribution functions. Typically, some hundreds of pico- . <o\ ions considered.

seconds were needed before convergence in the radial distri-
bution functions(RDF9 (Table ).

In the case of the simulation containing eight ammonia!- RESULTS AND DISCUSSION
molecules, two simulation&C; and G) were done, the dif- A structure
ference being just the position of the ammonia molecules o
during the equilibration period. In simulation, Cthese were 1. RDFS and coordination numbers
located in the first solvation shell, while in the second case, RDFs obtained in each simulation for the Ca—O and
they were constrained to remain in the second shell. After £a—N pairs are plotted in Fig. 1 while Table Il collects the
half nanosecond of free dynamics, both simulations showegositions of maxima of each distribution and the correspond-
Ca-0 and Ca—N distributions close enough to be considerddg integration numbers, including individual contributions
equivalents and, moreover, they remained stable during thef each solvent, for each shell. In all cases, well-defined first
next 500 ps. For this reason, results concerning the systesolvation shells are observed from both Ca—O and Ca-—N
composed of one calcium ion, 392 waters, and 8 ammonidistributions.
molecules will be the average obtained from simulations C Results from simulation A, which constitutes our refer-
and G. In the case of simulation D, the initial situation for ence, define a first hydration shell containing eight water

The harmonic constraint was switched off at the end ori
the equilibration period allowing molecules to follow normal
dynamics. A value ofK equal to 10 kcalmol A% was
enough to maintain ammonia molecules in the desired ran
(first or second solvation shell regign&ithout observing
any shifting in the temperature after removing the constraint
Table | also collects the values Bf used during the equili-
bration period in each case. The production period for eac
simulation was determined then as a function of the evolu-
tion of the systems after removing,,,. This evolution was

TABLE Il. Ca—0 and Ca—N RDF maxima position&) and integration numbers.

First shell Second shell
RDF maximum Integration number RDF maximum Integration number
Simulation Ca-0 Ca—-N HO NH; Total Ca-0O Ca-N 28] NH; Total
A 2,51 8.01 8.01 4.71 17.4 17.4
B 251 2.72 7.12 0.86 7.98 471 4.50 16.9 0.1 17.0
C 2.49 2.70 2.55 5.90 8.45 4.80 4.65 135 0.8 14.3
D 247 2.69 1.00 7.70 8.70 5.0 4,71 104 3.3 13.7
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molecules at a mean distance of 2.51 A. A quite less defined Positions of the first maximum in both Ca—@imula-
second hydration shell is centered around 4.7 A containingion A) and Ca—N(simulation D distributions are roughly
almost 17.5 water molecules, providing a picture in which0.05 A shorter than the distances found when optimizing the
each water molecule of the first shell interacts with approxi{ Ca(H,0)g]?" and[CaNH5)g]?" clusters using the effec-
mately two water molecules of the second one via two hy4ive pair potential$® This shrinkage of the solvated ion, due
drogen bondings. to the effects of the condensed medium, is markedly larger

Experimentally, techniques such as x-ray diffractionthan that observed in cations with the same charge but with a
(XRD),*3132 neytron diffraction(ND),®® or extended x-ray more tightly bound first hydration shéf.

absorption fine structuréEXAFS), and large angle x-ray Composition of the first two solvation shells is clearly
scattering (LAXS),!” spectrocopies have provided a wide altered with the presence of ammoriiable II). Interest-
range of values for the most probable mean distd@c&3—  ingly, not only the composition of each shell is changed, but

2.49 A) and number6—-10 of molecules in the first hydra- also the total number of molecules found in each region. In
tion shell® Facts like the dependence of the coordinationthis sense, opposing effects are observed in each sphere
number with the salt concentration are not clearly stated yetvhen increasing the quantity of ammonia present in the so-
and results depend on the experimental technigievious lution: while the first solvation shell increases from 8 to 8.7,
statistical mechanics simulations dealing with the?Ca the second decreases from 17.4 to 13.7. In both shells, the
hydratiorf ~‘8 also offer a nonunique picture of the hydration number of water molecules is reduced when going from
structure around the calcium ion. In particular, the previoussimulation A to D, while the content of ammonia follows the
calcium—water potential developed using the PCMopposite trend. In simulation B, the single ammonia mol-
methodology defined a first hydration shell centered at theecule present in the solution spends 86% of the time in the
same distance as the one here obtained but with a coordinérst shell, replacing one of the water molecules, and the re-
tion number slightly larger, 8.6, which came from the equi-maining 14% in the second, not leading to marked differ-
librium between structures containing eight and nine wateences with respect to simulation A. For simulation C, almost
molecules around the ion. Both potentials present the minisix of the eight ammonia remain in the first shell, and in the
mum of the ion—water interaction at the same distance butase of simulation D, this figure is increased up to 7.7.
differ in 4.9 kcal/mol in the depth of the potential well Therefore, a preferential solvation in the coordination sphere
(—47.7 vs—42.8 kcal/mo), the new potential being less at- of C&" ion is observed, favoring the presence of ammonia
tractive. This fact shows how slight differences in the inter-in the neighborhood of the ion, even at concentrations as low
action potentials may produce non-negligible differences iras the ones used here.
coordination numbers when energy differences between dif- The analysis of the first shell coordination number dis-
ferent plausible structures are low, as is the case of tké Ca tribution (Fig. 2) as a function of the ammonia content shows
ion.? that, in simulations A and B, the situation with eight mol-
The most recent experimentatesults propose eight as ecules in the first shell is almost the only one present. How-
the most probable coordination number with a broad ancekver, when the ammonia concentration is increased a shift to
asymmetric distribution of Ca—O distances centered at 2.46oordination number equals nine is observed, becoming the
A. MD simulations based on a combined quantummost probable situation in the case of simulation D. The
mechanics/molecular mechanics strafédgind a coordina- marked decrease in the number of molecules defining the
tion number of 8.3 with a mean distance of 2.45 A, and showsecond shell, from 17.4 to 13.7, can be understood on the
the dependence of the results on the accuracy of the quantubasis of two facts. On the one hand, the presence of ammonia
mechanically described part of the system as well. Our remolecules in the second shell may disrupt the water structure
sults agree with this picture of eight water molecules in thepresent in the infinitely diluted aqueous solution of CaOn
first shell, although the mean Ca-O distance is slightlythe other hand, the lower ability of the ammonia molecule to
longer. Experimental evidence of a less defined second hydonate its hydrogen atoms to form hydrogen bonds between
dration shell, centered at4.6 A, has been pointed out by the first and the second shells reducesahiity of the first
XRD®! and LAXS! measurements. Our Ca—O RDF shownshell to fix molecules of the second, reaching a value of 1.6
in Fig. 1 reveals, as already pointed out, the presence of thi®r the ratio second/first coordination numbers. This value
second maximum. has to be compared with 2.2, the value obtained in pure
The introduction of ammonia in the solution progres- water. This explanation should not be identified with the ab-
sively reduces the position of the first maximum in the Ca—Osence of specific binding sitédhydrogen atomsin the first
distribution, and has the opposite effect on the peak defininghell. These are present when the first solvation shell is
the second hydration shell. However, from system A to sysmainly composed of ammonia as well, but the energetics
tem D, the displacements are quite different in magnitudeassociated with the interactions in such bindings points is
—0.04 and+0.29 A for the first and second maxima, respec-different. As previously show#, the absence of such spe-
tively. In addition, the presence of ammonia clearly reducegific binding sites for the first—second shell interactions leads
the definition of the second water shell, which practicallyto a marked increase in the coordination humber associated
disappears in the simulation with the highest content of amwith the second solvation shell. The orientation of water
monia. The evolution of the maxima in the Ca—N RDFs withmolecules is in that case very different from what is found in
the ammonia concentration is the same as that found fogimulations containing an explicitly defined ion first solva-
water. tion shell(see Sec. IIIA2
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Simulation A Simulation B Simulation C Simulation D
T T T T T T T T T T T T T T
= 90%
71%
56%
44% FIG. 2. Coordination number distributions.
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2. First shell structure solvent interaction is reduced, and the valueddbr water

Figure 3 shows the orientation of the solvent moleculednolecules in the first—second shell region is shifted to higher
as a function of the metal—solvent distance, defined by th¥alues, as a consequence of the radial orientation imposed by

orientational paramete(é), i.e., the angle formed by the the ion(see Figure B

Ca—X (X=N,0) vector and that defining the dipole moment The last structural parameter analyzed is the X—Ca—X

of water or ammonia. For water molecules in the first shell(X.X'=O,N) angle distribution. It provides information
the mean value of) is 161° in simulations A and B, while about the possible coordination polyhedra adopted by the

this figure is increased up to 170° in the case of amm(®ja first shell solvent molecules. Figure 4 shows the distributions
C, and D simulations obtained for the four simulations, regardless of the pair of

Experimentally, this out-of-planarity for the metal—water Molecules involved. Simulations A and B provide exactly the
arrangement is found by means of neutron diffraction meaS@me distribution, while in simulations C and D the two
surements, which report a value of 1459° for a concen- weII-deflne_d maxima present in all cases are shifted to lower
trated aqueous solution of CaCl® The theoretical value yalues_. This displacement is fch_e consequence of t_he increas-
predicted for a pure ion—dipole interaction, and found in pred"9 weight of structures containing nine molecules in the first

vious cluster calculatior®, is 180°. However, the thermal Shell. - _ o _
energy and the solvent—solvent interactions promote the ap- 1S effectis clearly shown in Fig.(8) in which contri-
pearance of this tilt angle, more pronouncedly in the wateputions coming from structures with eight and nine solvent

case. This effect is more prominent in the second solvatiofnolecules in the first shell are plotted for simulations C and

shell in which this parameter lowers down to 120° for waterD- The two maxima are centered at 74° and 141° for solva-
molecules while in the case of ammonia a mean valudion shells with eight molecules, and at 71° and 137¢ for the

around 160° is found. These results give an indication of th&2S€s With nine molecules. Figuréabalso reports the dis-

balance between the two types of interactigim—solvent crete distribution of values obtained when considering two
and solvent—solveptshowing the dominant contribution in different regular polyhedra: square antiprism, with eight ver-

each case, even at relatively large distaree5 A). As long tices, and tricapped trigonal prism, with nine vertices. In the

as the number of ammonia molecules in the first and second
solvation shells increases, the relative role of the solvent—

180 — , . .

Probabiliy

8 (degrees)

100

80

solvent-metal-solvent angle (degree)

FIG. 3. Mean value of the anglé formed by the Ca—X (%X O,N) and FIG. 4. First shell solvent—metal—solvent angle distributions for simulations
solvent dipole vectors, as a function of the ion—solvent distance. A-D.
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TABLE IIl. Self-diffusion coefficient of C&", computed from the mean-
square-displacemei@MSD) and velocity autocorrelation functiofVACF).
Values in 10° cn? s™1. Statistical uncertainties are7%—10%.

Simulation MSD VACF
A 0.52 0.52
B 0.68 0.68
C 0.61 0.60
D 0.67 0.71

one type of ligand is present in the coordination sphere, is
the the contribution of each pair of ligands. Figuré)5
shows the contributions obtained in simulations B, C, and D
for the three possible pairs, i.e., water—water, ammonia—
ammonia, and water—ammonia. Such distributions are re-
markably similar in all cases; the only exception is given by
the water—Ca—water distribution of simulation D where
there is a large noise due to the very low probability of
finding two water molecules in the first solvation sHatble

II). The only appreciable difference is the slight preference
of water molecules to occupy relative positions with large
water—Ca—water angles. This can be explained by looking at
the ordering of repulsive energies of ligand pairs in the first
solvation shell. Cluster computations of the type presented in
the preceding pap& show that repulsive interactions be-
tween molecules in the first solvation shell decrease in the
order water—water water—ammoniz ammonia—ammonia.
Nonetheless, differences are very small, and no specific ar-

solvent molecules in the first coordination sphere in simulations C and Drangements for the relative distribution of the different sol-
The botton panel shows the discrete histogram obtained for the square agent molecules in the solvation sphere of the ion can be

tiprism and tricapped trigonal prism, compatible with the previous distribu-
tions. (b) Contributions of the three different possible solvent pairs to the

angle distribution of Fig. 4simulations B—D.

case of the square antiprism, when sqitherma) disorder is

included, the two maxima appearing at 73° and 77° should

define a broader peak centered-af4°-75° with roughly
double intensity compared to that observed-dt42°. This

inferred.

B. Dynamics

1. Translational and librational motions

Mobility of the calcium ion in terms of the self-diffusion
coefficient O¢2+) in the different simulations have been
estimated from the slope of the ionic mean square displace-

is, in fact, the image supported by the angular distributionsnent and from the integration of the velocity autocorrelation

provided by the simulations, and in agreement with previousunction (VACF

resultst338

).2% Results are shown in Table Ill. Both ap-

proaches provide the same results, whose differences, when

Interestingly, the presence of the two solvents, and irpresent, are below the statistical uncertainties. The replace-
different proportions in the first shell, does not alter the av-ment of water by ammonia in the first hydration shells in-
erage structure. In the case of nine-coordinated distributiongreases by 16%—35% the mobility of the calcium ion but

in addition to the shifting of the two maxima to lower values,

without a clear pattern for the evolution &f-2+ with the

a clear increase in the intensity of the distributions in theammonia content. The available experimental value for
region between 120° and 145° is observed. The distributio .+ in water is 0.7% 10" ° cn? s~ %, so in our casésimu-

of angles observed in the tricapped trigonal prism is in agreelation A) the mobility of the ion is underestimated. This fact
ment with this shifting of the maxima to lower values ashas been previously observed in other calcium—water

well; taking into account the relative intensities, both potentials’

1518 gither with an empirical or quantum me-

maxima should appear around 72° and 137°, and a decreasbanical origin.

in the first/second maxima intensities ratio should also be

The power spectra for the calcium ion and the first shell

observed. Although differences between both theoreticasolvent molecules have been computed by means of the Fou-

structures are smalldisplacements on the order of 3°34°

rier transform of the center of mass VACF and displayed in

distributions obtained for each coordination number strictlyFig. 6. The spectral densities obtained for the metal ion in the
follow the predicted changes. Therefore, both regular strucdifferent simulations are characterized by the presence of
tures can be considered as representative ones for the twioree maxima in all cases. The first one, located 30 cm *

situations.

is independent of the solution composition. However, this is

An interesting feature, only available when more thannot the case for the secorid-150—160 cm?) and particu-
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. I . T . T jection of the instantaneous center of mass velocity along the
’ oxygen(nitrogen—calcium direction was performed as well.
The corresponding Fourier transforms of this projected
VACF, provided as supplementary mateffalshow in all
cases that the relative intensities of the maxima are changed,
the region above-200 cni! showing higher relative inten-
sities. In contrast to what was observed in previous MD
simulation§®#243 with more rigid cation first hydration
shells, even the projected velocities provide spectra with
broad and not resolved maxima, probably due to a mix of
frequencies associated with solvent intermolecular normal
modes that appear at similar frequencies. This fact compli-
cates the analysis and make conclusions less obvious. None-
theless, for the water case, the indexing of the maximum of
highest frequency with the metal—water vibration is coherent
with the results of simulations C and D, in which the main
component of the maximum located 800 cmi ! is asso-
ciated with the metal—oxygen vibratigprojected VACFH. In

the case of ammonia, however, Fourier transforms of the
projected VACFs do not define in a clear way the shoulder
appearing at highest frequency.

Intensity

0 100 200 300 400

Intensity

2. Solvent reorientational motions

With the aim of analyzing the reorientational motion of
solvent molecules in the first solvation sphere, a set of reori-
entational time correlation functions defined as

Ci(t)=(P,(ui(0)-u;(1))), ®)

o where P, is the Ith Legendre polynomial and; is a unit
200 vector that characterizes the orientation of the molecule,
wavenumber (cm’) have been calculate@,(t) values are computed using a co-
ordinate frame based on the molecule and the reorientational
FIG. 6. Fourier transforms of the velocity autocorrelation functions of the

calcium ion and the first shell water and ammonia molecules for simulationé[ImeS by fitting the long time decay of the function to an

A-D. Spectra of pure watefbulk) and highly dilute ammonia aqueous €Xponential form. o _
solution (NH5 in watep are shown as well. In the case of water, a vector defining the dipole moment

of the moleculg ), the intramolecular proton—proton vector

(H-=H), and a third one perpendicular to the solvent plane
larly the third (~250—280 cm?) maximum, that evolve to (L) were used, while for ammonia, due to the higher internal
lower values when the ammonia content is increased, in cosymmetry(two moments of inertia are equabnly the com-
respondence with the tendency observed in the VACFsponent along the dipole moment and one perpendicular to
Spectra obtained for the first shell solvent molecules, althat have been usedhe third is equivalent to the latter
though quite less structured, show similar maxima as wellC,(t) functions withl=1,2 may be related to spectroscopic
sometimes transformed into simple shoulders. The spectrumeasurement$* and results obtained for these two orders
corresponding to a pure water solution and a highly diluteare shown in Table IV. For comparative purposes, MD reori-
solution of ammonia in water are included as well. In bothentational times, using the same interaction potentials, for
cases clear differences between the reference sp@eitar  pure water and a dilute aqueous ammonia solution are in-
in water and ammonia in wateand those obtained in the cluded as well.
different solutions containing the ion are observed. The evo- In the case of water, as previously found for other prop-
lution of the spectra with the ammonia content shows in theerties, simulations A and B provide the same results. The
case of water a better definition of the third maximum ap-increase of ammonia content in the first and second solvation
pearing at~300 cm . For ammonia, a similar behavior is shells is followed by an increase of the differerg com-
found, although in this case the maximum is transformecputed for water, reflecting a slower rotational dynamics.
into a shoulder around 250 ¢rh By means of Raman mea- Anyhow, the reorientational motion component associated
surements, symmetric metal—solvent stretching vibrationsvith the dipole moment of the water molecule is the one
can be determined when the interaction between the metalighly hindered by the ion—water interaction, with respect to
ion and its coordinated solvent molecules is strong enoughthe bulk case: the ratios first-shell/bulk are in the range 6—8
For a C&" aqueous solution, a value of 290 cwas for such component. This is just another way of visualizing
found®*while in the case of an ammonia solution containingthe radial orientation imposed by the ion field, previously
this ion, that figure was reduced to 260—266 ¢f A pro-  discussed in terms of theé angle.

Intensity
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TABLE IV. Reorientational correlation time@s).

First shell HO First shell NH
Simulation i 7-’1‘ I H 7-‘2‘ 5 ﬁ ri‘ 5 %
A 4.9 319 4.7 3.0 10.8 3.0
B 5.1 32.2 4.7 3.7 11.0 3.4 0.7 37.6 12.6
C 7.2 39.0 7.1 4.6 13.3 4.1 1.0 38.3 10.3
D 8.5 384 8.2 5.2 13.0 14.1 1.2 30.1 0.8 10.8
NH3? 0.6 2.6 0.5 0.9
SPC/E 4.8 5.0 2.6 2.2

#Reorientational times for OPLS NHRef. 27 in SPC/E water. See the text for details.
PReorientational times for SPC/E pure wat&ef. 18.

In the case of ammonia, the component is just slightly only the upper limit,7.,,<100 ps, of mean residence times
higher than that obtained in a highly dilute solution of am-of water molecules in the first hydration shell of Cahas
monia in water. However, the component presents reorien- peen determined by means of NMR measurem&hi&he
tational times in all cases much larger than the referencgange defined by our results obtained for the aqueous solu-
values, even more than in the water case. Again, this is ifion, simulation A, is in very good agreement with this find-
agreement with the higher response observed by the ammgng. It is interesting to notice that Koneshanal ' estimated
nia solvent to the cation fiel@Fig. 3). The increase of the a MRT of 700 ps for waters in the first hydration shell per-
ammonia content in the solution, however, slightly reducegorming MD simulations of dilute aqueous solutions ofCa
the computedrs for the u component. using theory based potentials as well.

The experimental information available regarding the ro-  |n contrast to what has been observed in the structural
tational dynamics of the solvent comes from aqueous soluproperties previously analyzed, there is no clear pattern in
tions nuclear magnetic resonan@MR) relaxation data, the evolution of the first shell water MRTs when increasing
that can be compared with the'™" values. Chizhik® esti-  the ammonia content. However, the computed first shell am-
mated the reorientational time of water in the first hydrationmonia MRTs are progressively reduced. The shifting to lower
shell of the calcium ion as the ratio between the value in thealues is particularly clear when transient periods (
first shell and that found in the bulk, obtaining 3.3. Using the=2 ps) are allowed. Values obtained for molecules in the
MD data of Table IV, that ratio reports 1.2, so, in principle, second shell are almost insensible to the composition of the
our potential underestimates such property. However, it igirst solvation shell, ammonia having a larger tendency to
worth pointing out that in that work hydration numbers of 6 remain in this shell for longer periods than water. These re-
and 12 were supposed for the first two hydration shells okults seem to indicate that the evolution of this property with
Cé&" (to be compared with results of Table Bnd that the  the water/ammonia ratio is complex and, possibly, related to

experimental range of concentrations covered solutions onge probabilities for the different first—second shell exchange
order of magnitude more concentrated than that of simulaphenomena.

tion A. Mean lifetimes(see Table V) for the different coordina-
tion numbers identified in the first solvation shell supplies
3. Lability of the solvation shells information about their lability. Lifetimes with* =2 ps have

One of the properties that can provide information abouf/SC been computed, defining in this case the maximum pe-
the lability of the solvation shells of a given ion is the meanfiod in which transient changes in the coordination number
residence time(MRT) of solvent molecules inside those &€ allowed. Although there is no physical basis for this
shells. This quantity informs about the probability a givenChO'Ce* it will be interesting to check the effects of allowing
molecule has of remaining inside a given solvation sphere.

Calculations have been carried out using the method of IMsag, £ v Mean residence times of first solvent moleculps).

pey et al,*® which is based on the definition of a function,
Nion(t), Which measures the number of molecules belonging o First shell Second shell
to the considered region around the ion after a period of time ;. 1ation ©®S H,0 NH, H,0 NH;
t. Excluding an initial period for which the function decays
rapidly, njo,(t) follows an exponential form, i.e.nj, A 0 44 4
xe~ Y7 whererrepresents a characteristic relaxation time of 2 132 1
the persistence of the molecules in the considered regiisn. B 0 55 44 4
the quantity defined as the mean residence time. 2 136 262 11

MRTs for water and ammoni@rable V) in the first two c 0 37 43 4 8
solvation shells of calcium have been computed ugihg 2 80 165 10 21
=0 pg® and t* =2 ps*® This parameter defines the maxi- o 5 20 5 13
mum transient period a molecule can leave the considered 5 171 o1 1 15

region without losing its ascription to it. Experimentally,
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TABLE VI. Mean lifetimes of first shell coordination numbefss). 160 . r —
> Coordination number
Simulation (p9 n=7 n=8 n=9 n=10
A 0 0.3 6.1 0.4 -
2 1.2 472. 1.6 %}
)
B 0 1.3 6.1 0.5 )
2 1.9 75.8 1.7 3
Q
c 0 3.9 1.7 °©
2 14.4 13.2
D 0 1.8 1.5
2 5.6 34.9 1.2

. 1 L 1 I | ) I ) | L
600 5 10 15 20 25 30

relative time (ps)

FIG. 7. Evolution of all the first shell oxygen—calcium—oxygen angles in a
transient situations. The analysis performed does not tak® ps period of simulation A in which no water exchange was found. The

into account the chemical composition of the first coordina-distribution of Fig. 4 is shown on the right-hand side.

tion sphere. In fact, except for simulation B, the representa-

tive possibilities for each coordination number are far from

being unique(See supplementary matefiafor the distribu- ~ C. Solvent exchange

tion of the first shell species found for simulations B, C, and  From an experimental point of view, the kinetic charac-

D that provides a clear picture about the heterogeneity founghyization of simple ligand exchange around®Caupposes a

in the first solvation shell of calcium ion for simulations with major challenge because of the high lability present in the
both solvents For simulations A and B, Table VI shows that first coordination shell for solvents like watrinterestingly,
octa-coordinated structures present a lower lability thanps fact represents an advantage when a theoretical approach
those enna-coordinated. However, the situation abruptlys followed, making the MD technique a useful tool to pro-
changes when more ammonia is added to the solution and\gge a microscopic information of the exchange phenom-
clear stabilization of situations with nine molecules is 0b-gngn, as has been previously proved for other metal4dffs.
served in the last two simulations. Particularly interesting argp, the case of the aqueous solution, the simplest ligand sub-

the results obtained for simulation D. Wittf =0ps, the  stitution can take place, i.e., the exchange of one water mol-
eight and nine coordinated situations show lifetimes rathegcyle of the first shell by another of the second one:

similar, but whent* is increased up to 2 ps, the mean life- - . ol

times obtained are clearly different, and the image supportebca( H20)n]"" + H0* =[Ca(Hz0) - 1H0% 7" + H,0.

by Fig. 2 is recovered. These results provide interesting dy- 3
namic information for the solvation phenomenon of?€a  Using the distributions obtained in Fig. 2, it is clear that in
showing that, if no transient situations are allowed, structureghe above-mentioned equilibrium,is equal to 8. In fact, all
with a coordination number equal to eight are always thdransitions between the first two shells were identified by
most stable ones. Lastly, in spite of the large lifetimes ob-couples of water molecules that exchanged their ascription to
tained for the eight coordinated situations in simulation A, itone of the shells. From a general point of vigigand sub-
should not be identified with a kind of rigidity in the internal stitution reactior>9, substitutions can take place by a dis-
arrangement of solvent molecules inside the solvatiorsociative mechanisnithrough an intermediate with a re-
sphere. Figure 7 plots the evolution of all the first shellduced coordination numbgrby an associative mechanism
oxygen—calcium—oxygen angles observed for a 30 ps periothe intermediate presents a higher coordination number

of simulation A, in which no change in the hydration numberby an interchange procesgthere is no kinetically detectable
was observed. The redistribution of solvent molecules is conintermediate For the interchange mechanism a further dis-
stant, even in relatively long periods without any solventtinction is made between associativie,X and dissociative
exchange or transient excursions to other solvation numberélp) activation modes, depending on the strength of the ion-
On the right-hand side of Fig. 7, angle distribution of simu-leaving/entering water interaction in the transition state
lation A (Fig. 4) is included as well for comparative pur- structure.

poses. Although cluster calculatiGRgredicted as the most The interchange mechanism seems to be the most prob-
stable structure the square antiprism arrangement for an octable one for relatively fast solvent exchange reacti@ee
coordinated calcium ion, in agreement with the average picRef. 34, and references thergiifhe experimental detection
ture found in Fig. 4, no additional information was suppliedof intermediates remains as a major challenge and the clas-
regarding the facility this structure could be distorted. Thissification of the solvent exchange mechanisms is done in an
type of information is difficult to obtain by such computa- indirect way, taking advantage of the sensitivity of the reac-
tions in which the dynamic picture of the minimized struc- tion rates to chemical or physical conditios! In order to
ture is lost. However, MD simulations can recover such typause MD simulations on this point, a criterion must estab-
of information. lished. The structural information provided by the radial dis-
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event in simulation A. — =
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tribution functions of Fig. 1 may be used for that purpose. & =
According to the microscopic reversibility principle, the path 2 8 §
followed by the entering and leaving water molecules must g g
be equivalent. In this sense, and using the simple transition- s
1t H — L | 1 | L =7
state theory, the transition state can be located when the dis e 5 w57 4t e 58 57

tances of the involved water molecules with respect to the time (ps) time (ps)
metal ion are equal. Locating the value at which it happens ) ) )
identifv if both t | | in the first FIG. 9. Evolution of the calcium—oxygen distance for the water molecules
one can iden '_fy I1bo Wall er molecules are in the firs Qrinvolved in three mechanistically different exchange events in simulation A.
second hydration shell regions, and consequently, establisiRight-hand side graphs show the evolution of the coordination number for
ing if the mechanism has an associative or dissociativéhe same period. Dotted horizontal line marks the limit differentiating the
characte?* The limiting radius that separates both shells isfi'st and second hydration shel8.45 A.
the first minimum in the Ca—O RDK3.45 A). Figure 8

shows the histogram obtained following thisgpproach. AlsQnyolved in the exchange process. The reason is the transient
in Fig. 8 is included the histogram of the O-Ca-O angle  yresence of a third water molecule in the first hydration re-
at the instant in which the transition state is located. On th%ion while the exchange is taking place. Different from the
basis of the aforementioned criterion, 45% of the exchangegiher two cases, in this example the structure of the transition

proceed Vi% dissociative activation modesg)( and the re-  giate contains ten solvent molecules. However, following the
maining 55% via associative onek,J. However, it is clear aforementioned geometrical definition, the mechanism is

that a large mechanistic variability is present, srp;;lnnipg theJearly dissociative. This is just an example of the large vari-
Ca-O distance range of the intermediate states3r\. This  4pijity that can be found in the mosimplesituation: water—

large variability is understood more clearly if specific trajec-\, 5ter exchange.

tories are observed. In Fig. 9 some examples of the ex- \yhen ammonia is introduced in the solution, the situa-

changes observed are considered. The time evolution of th&)n pecomes more complex for two reasons. On the one
Ca—O distances for the waters involved and the correspongiapng  the possible exchange events different in nature in-
ing coordination number obtained for that period are showng esse. As long as the ammonia presence increases, the prob-
The first case clearly shows &almos} instantaneous inter- ability of finding a water—water exchange is reduced and
change of dissociative charactdi, in which the coordi- exchanges involving ammonia molecules take pléksble
nation number decreases temporarily during the exchangg ) gven more, for the mixed situatiofexchanges involv-
process. An interchange of associative charadtey €how- ing water and ammonjathere is no clear definition of the

ing a transition state with a finite lifetime is shown in part b. . ioff radius that defines the limit between the first and sec-

The process is accompanied by a temporary increase of thg,q shells: Ca—0 and Ca—N RDFs present the first minimum
coordination number. In both cases we can assume that tr}ﬁ different distances.

structure involved in the transition state presents nine water

molecules:n.+2 for I andn, for 1,. However, together

with these well resolved mechanisms more complex situaTABLE VII. Percentages of the different first—second shell solvent ex-
tions are found as well. As an example, in Figc)® mecha- ~ changes.

nism involving three water mf)leCUIeS is considered. Al- gimulation  Water—water Water—ammonia  Ammonia—ammonia
though the entering and leaving solvent molecules equat - -

their Ca—O distances at 4.94 A, the coordination number at 200/‘; 520/‘; '2'5%

that instant is eight, and not seven as could be expected fora 6% 2504 69%
dissociative interchange where just these two molecules are
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On the other hand, the displacement of the coordinatiomarge variety of exchange mechanisms, with ammonia mol-
number from eight to nine, provokes the appearance oécules, when present, having a greater propensity to partici-
elimination and addition reactions, in which structures withpate in the exchanges.
eight and nine solvent molecules are alternated, not allowing MD results presented here have shown a good perfor-
the identification of the pair of solvent molecules that ex-mance for the potentials developed in the PCM framework,
change their solvation shells. Nonetheless, when possiblenotivating similar strategies for more complicated situations.
the coupled pairs were identified, which can yield interesting
information about the most common exchange events present
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