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Abstract: From our combined experimental and computer modeling study we found a structurally and kinetically
well-defined second coordination shell around chromium(lll) ions in aqueous solution. Strong hydrogen binding
due to polarization of first coordination sphere water molecules leads to a mean coordination number of 12.94 water
molecules in the second shell and to short first shell hydregesond shell oxygen distances of about 1.4 A. The
experimentally measured exchange rate constakf;of= (7.8 + 0.2) x 10° s~ (AH* = 21.3+ 1.1 kJ mof, AS

= +16.24+ 3.7 J K mol™1) corresponds to a lifetime of 128 ps for one water molecule in the second coordination
shell and compares very well with a lifetime of 144 ps as observed from molecular dynamics simulation of a [Cr-
(H20)e]3 complex in agueous solution. The geometry and the partial atomic charges of (gl were determined

by density functional theory (DFT) calculations. Water exchange from the second coordination shell to the bulk of
the solution proceeds between alHsitting in the second shell and an adjacent one which just entered this shell
from the bulk. By a small rotation of the first coordination shell water molecule, one of its two hydrogen bonds
jumps to the entered water molecule and the one which lost its hydrogen bond leaves the second shell of the [Cr-
(H20)e]3*. This associative reaction mode is a model for water exchange between water molecules which are bound
by strong hydrogen bonds, as in the case for strongly polarizingo8s such as A" or R+, Furthermore, the
exchange phenomenon between second sphere and bulk water involving only two adjacent water molecules is strongly
localized and independent of other water molecules of the second shell. In this respect it may be considered as a
starting point for a study of water exchange on a protonated metal oxide surface.

Introduction as high-field and high-pressure NMRieutron diffraction (first-
order difference technigBeor EXAFS (extended X-ray absorp-

It is a common approach in chemistry to separate solvent tion fine structuref,the knowledge about the structure and the
molecules around a metal ion in solution into different coordina- dynamics of the first coordination shell has increased dramati-
tion or solvation shelld. The first coordination shell (or cally in the last two decadés.
coordination sphere) consists of solvent molecules which are The knowledge on the second coordination sphere is scarce.
immediate neighbors of the ion. The second coordination shell Properties of solvent molecules in this coordination shell are
includes all solvent molecules forming neighbors to those in often very similar to those of the bulk, making their investigation
the first shell and having some properties which makes them extremely difficult. lons having a kinetically inert first coor-
distinguishable from pure solvent molecules. Solvent molecules dination shell offer the best opportunity. Among them the
having no such distinguishable properties, and in general all of strongly paramagnetic aqua ion of chromium(lll) is the most

them outside the second coordination shell, are regardediias ~ Suitable. Structural data of [Crg)e]>* i{\gthe solid state and
solent Solvent molecules in the first coordination sphere N solution are summarized in Table®1? From diffraction

interact, depending on the nature of the metal ion and the solvent (4) Frey, U.; Merbach, A. E.; Powell, D. Feobent Exchange on Metal
itself, more or less strongly with the ionic center. This is clearly lons: A Variable Pressure NMR Approattt Dynamics of Solutions and
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Table 1. Experimental and Calculated Structural Data for [G(h#]*+

concn CrO¥A Cr—0Oy /A Cr—H, %A CN,¢ method ref

aqueous Cr(CIQz/Rh(CIQy)s Y 2.03+0.02 4.02+ 0.02 13+ 1 LAXS 8
aqueous CrGl 1M 1.994(3) 4.05(2) 12 XRD 9
aqueous Cr(Ng)s 1M 1.999(3) 4.08(1) 12 XRD
aqueous Cr(Ng)s 2M 1.989(3) 4.06(2) 12 XRD
aqueous Cr(Ng); 05M 1.98 4.26-4.25 XRD 10
aqueous CrGl 0.66 M 1.97(2) XRD 11
aqueous Cr(Clg)s 22M 1.98(2) 4 45 12.0(4) ND 12
aqueous Cr(Ng)s 2.6m 2.01+ 0.008 3.95+ 0.06 13.1+0.9 EXAFS 13

1.5m 2.01+ 0.008 3.95+ 0.05 13.1+0.8 EXAFS

0.1m 2.00+0.01 3.96+ 0.08 13.6+1.4 EXAFS

0.05m 2.00+0.01 3.97+ 0.08 13.4+1.3 EXAFS

0.01m 2.01+0.01 4.02+0.08 13.5+1.2 EXAFS

0.005m 2.01+0.01 4.00+ 0.08 13.6+ 1.0 EXAFS
C(NHy)3[Cr(H20)e](SOx)2 1.950 XRD 14
(NH4)2[Cr(H20)6]Fs 1.966 XRD 15
Cs[Cr(H:0)6](SOs)2*6H,0 1.959(3) XRD 16
Cs[Cr(H:0)6)(SOs)2*6H,0 1.961(2) ND 18
calculation, [Cr(HO)s]®* 2.025 SCF 8
calculation, [Cr(HO)s]**+H,0O 2.050 4.06 4.49 14 SCRF/MC 19
calculation, [Cr(HO)s]** 1.956 DFT/LDA this work
calculation, [Cr(HO)s]** 2.005 DFT/NLDA this work

aDistance between the chromium ion and the oxygen atonud the first shell.? Distance between the chromium ion and the oxygen atoms O
of the second shelf.Distance between the chromium ion and the hydrogen atomeftthe second shell Second shell coordination number.
¢LAXS = large angle X-ray diffraction; XRD= X-ray diffraction; ND = neutron diffraction; EXAFS= X-ray extended X-ray absorption fine
structure; SCF= self-consistent field; SCRFE self-consistent reaction field; M& Monte Carlo simulation; DFF density functional theory.

experiments and from a recent Monte Carlo simuldfiof Cr3*
in water using an ab initio intermolecular potential, it can be . ) ) .
concluded that the chromium(ill) in aqueous solution has awell- ~ Materials and Sample Preparation. Rhodium(lll) chloride
structured second coordination sphere composed-e142vater gydratg (Fluka, puriss), 70% perchloric acid (Merck, pa), and
molecules. Further evidence for a rather strong second solvation  O-€nriched water (2 atom %, Yeda) were used as received.
shell of CB+ was found from infrared spectroscéywhich Chromium(lll) perchlorate (Alfa products) was partially redried
showed formation of strong hydrogen bonds between the first before use. The chromium content of the solutions was checked
and second coordination shells. by atomic absorption. [Rh@#D)s](ClO4)3 complex was pre-

. o . pared by reaction of aqueous RB@lith 70% perchloric acid

Information on the kinetic behavior of second sphere water .

molecules is even more scarce. Easteal ét aBedpa three- according to the procedure of Ayres and Fprre%ﬁte[cr(HZO)e]-
site model ([Cr(HO)g]®" second. shell water, bulk water) to (Cl04)s and [RN(HO)G](CIO4)s stock solutions were prepared

. " ) . .. by dissolving th Its i idié’O-enriched ter. Th
describe their tracer diffusion coefficient measurements. Dif- y CIsSolvIng the sals Ih acidl enriched water €

fusion coefficients of second shell water molecules were found molalities of the solutions are, respectively, 0.84 in [GQ]>*
.83 in [Rh(HO)g] 3 .2in HCIQi h .Th
to lay between that of the first shell and bulk water. An and 0.83 in [Rh(HO)™, and 0.2 in HCIQin both cases. The

. : . ) rhodium solution was heated at 8C for two days in’O-
incoherent quasi-elastic neutron scattering study on aqueous

. ; enriched water to complete the enrichmé&nt.
Cr3* perchlorate solutio$ resulted in a Ci™ second shell Th | P 4 by mixing different weighted
water—proton binding time of<5 x 107° s. A molecular etsarptp;les twekre pllr?parel g mltxmgl tl eren_tr\:velg te i
dynamics simulation study on aqueous lanthanide(lll) 4&ns amounts of the stock solutions, eading to solutions with constan

gave residence times of water molecules in the second coordina—aCIdIty (0.2 M in HCIQ) and ionic strength/( = 1). The

- 12 4 5 molalities (mol of Cr(HO)s/kg of solvent) of the five samples
tion sphere of (1218) x 10 °2s. Olsoiand Eaf®inearly " "0 503" 0977 0.415, 0.550, and 0.84 of [EDjE-
attempts tried to measure,@ lifetimes in the second sphere ; :
of C3* using’0 NMR. Their residence times, on the order (ClOy)3, respectively. If the number of water molecules in the

: . ! second coordination sphere of3€iis assumed to be 12, mole
of 100 ps, are about 1 order of magnitude larger than the .
simulation result on L#- ions fractions of second sphere water molecules can be calculated

' to be 0.044, 0.060, 0.090, 0.121, and 0.182 for the five samples,

respectively.

Instrumentation and NMR Measurements. Variable-
temperaturé’O NMR measurements were performed at two
magnetic fields with Bruker AMX-600 (14.1 T, 81.3 MHz) and
Bruker AM-400 (9.4 T, 54.2 MHz) spectrometers using 10 mm
od sample tubes. Bruker VT-2000 temperature control units were
used to stabilize the temperature, which was measured by a
substitution techniqué®

Experimental Section
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1996 2, 131.
(24) Olson, M. V.; Kanazawa, Y.; Taube, H. Chem. Physl1969 51,
289.
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Longitudinal relaxation rates, Tf, were obtained by the
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Figure 1. 81.33 MHz oxygen-17 NMR spectra of (a) an aqueous
solution 0.84min Rh(CIO))s and (b) an aqueous solution 0.281in
Rh(CIO)); and 0.559m in Cr(CIO))s in 2% enriched KO at 286 K.

inversion-recovery metho#?, and transverse relaxation rates,
1/T,, were measured by the CaifPurcel-Meiboom-Gill spin
echo techniqué® The sweep width used was 70 000 Hz (2500

Hz) for chemical shift (relaxation) measurements, and 2000 (24)

transients of 4K (1K) data points were added prior to Fourier
transformation.
The water molecules of the rhodium(lll) first coordination

sphere were used as an internal reference for chemical shift

measurements. [Rhg)s]3" was chosen because its chemical
properties are very similar to those of [Ce®)e]®": same

electric charge, comparable size, and very long lifetime of water

oxygens in the primary coordination shell. The lifetime of the
water oxygen is about $G for chromiumi’=23 and 5x 1® s
for rhodiun?’ at room temperature. It has also recently been

shown that the hexahydrated metal ions of chromium and

rhodium are essentially isostructural with respect to their
solvation structures in aqueous solutfof. It can therefore be
expected that the presence of [RbQ¥%]3" does not change
solution properties in the vicinity of the chromium ions.

Furthermore, no interaction between chromium and the internal

reference such as ion pairing or complexation is expected.
Threel’0 NMR signals at 290, 0, and144.4 ppm (Figure

1) attributable to the perchlorate ion, bulk water, and water

coordinated to R were observed in all samples containing
[Rh(HO)e]3". The chemical shift of water in the first coordina-
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relative to the pure water shift which was set to zero. All
chemical shifts were obtained from fittings of Lorentzian lines
to the signals.

NMR Data Treatment and Results

1. Equations. The behavior of NMR relaxation rates and
chemical shifts in the presence of dilute paramagnetic species
is well known3435 Equations +3 describe the relaxation

1_ i[i _ -1 )
Ty PolTy Tia Timt Tm
1 1|1 1] 1T 2t te Tt A,

Tl (1 "+ T )+ Aw,

T2r B IDm T2 T2A

1 1
Awr = P_m(wCr - wA) = P_m(Aw) =
Aw,

A+ 7, T D2+ 1,7A0,

> 3

enhancement, T{ ,, the chemical shift variationAw,, as a
function of the concentration of the paramagnetic species
(expressed as a mole fractid®y,), the relaxation and shift in
the absence of chemical exchangél(kh andwa for the bulk
solvent and I¥; o,,m and Awr, for the bound solvent), and the
lifetime, tm,, of a solvent molecule in the vicinity of the
paramagnetic center. Ty/and 1T, are the observed longitudinal
and transverse relaxation rates. These equations were primarily
developed for exchange of solvent molecules between the first
coordination sphere and the bulk of the solvent. If the first
coordination sphere is kinetically inert, they can be applied to
describe the exchange between the second coordination sphere
and the bulk.

In the case of very fast exchangeTidém < l/tm; Awm <
1/tm) egs 3 reduce to

1 111 1 1 1 1 1 .
=—|=-F|=F==+=+= j=1,2 (4)
Tir Pm[Ti TiA ij qu Tjd Tjsc

Aw, = (1P )Aw = Aw,, (5)

where 1Tjq is the quadrupolar, Tfy the dipolar, and T the
scalar contributions to the relaxation rates. The chemical shift
of the bound water molecules is determined by the scalar
interaction between the &relectron spin and th€O nucleus,
which is given by eq 8% whereg, is the isotropic Landéactor

Aw

_ g ugS(S+ 1)B(A) ©6)

m T \h

(gL = 2 for Ci®™), ug is the Bohr magnetorkg is the Boltzmann

tion sphere of rhodium relative to pure water was obtained from constantSis the electronic sping= 3/2 for C#*), Ak is the

the solution containing only [Rh@#D)e](ClO4)s. If chromium

hyperfine or scalar coupling constant, aBds the magnetic

was added to the solution, all signals were shifted by the samefie|q  The contribution due to the dipolar interact#®ris
amount relative to the spectrometer frequency due to magneticegjigible for C#+ ions in a symmetric environmet.

susceptibility changes. The chemical shift difference of the bulk

water signal in solutions with and without [Cr{8)s]*" was
measured relative to the [Rhf&)s]*" resonance and reported

(29) Vold, R. V.; Waugh, J. S.; Klein, M. P.; Phelps, D. E.Chem.
Phys.1968 48, 3831.

(30) Meiboom. S.; Gill, D.Rev. Sci. Instrum.1958 29, 688.

(31) Plane, R. A.; Taube, H.. Chem. Phys1952 56, 33.

(32) Hunt, J. P.; Taube, H.. Chem. Physl195], 19, 602.

(33) Xu, F.-C.; Krouse, H. R.; Swaddle, T. Whorg. Chem.1985 24,
267.

If we assume that th€O relaxation rates of bulk water, T4,
are governed by quadrupolar interaction, the difference between

(34) Zimmermann R.; Brittin, W. EJ. Phys. Chem1957, 61, 1328.

(35) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307.

(36) Solomon, I.; Bloembergen, Nl. Chem. Phys1956 25, 261.
Bloembergen, NJ. Chem. Phys1957, 27, 572.

(37) LaMar, G. N.; Horrocks, W. D., Jr.; Holm, R. NNMR of
Paramagnetic MoleculesAcademic Press: New York, 1973.

(38) Abragam, A.The Principles of Nuclear MagnetismOxford
University Press: London, 1961.
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measured transverse and longitudinal relaxation rates is in theperformed at high magnetic field so thatros > 1. Equation

case of very fast exchange given by eq 7. In the limit of extreme

1 1 111 1 1 1 1 1
w]
1s

- - == + —_ + - = =
T2 Tl l:)m T2q T2d T2$c qu Tld

narrowing, which is certainly valid in this case, the quadrupolar

relaxation is given by eq & y is the quadrupole coupling

1 _ 37 21+3

1 2 2
it T T A R RS (€
Tig Toq 109221 + 1) ¢
constanty the asymmetry parameter, andhe reorientational
correlation time of the complex. The longitudinal and transverse
dipolar relaxation rates are given 3y’

2.2 .2
1 1 (1o Ry Ta2
=100 S+ 1)| 67y, + 14——
1d T r + 0 Ty,
9)
2.2 .2
1 1 (1YY Ta2
T =187, S+ 1)| 71y + 13—5—;
2d T r + 0 Ty,
(10)
Ty =1, T, et i=1,2

wherews = ysB is the electron spin resonance frequengys
gwus/h is the electron gyromagnetic ratig; is the nuclear
gyromagnetic ratio); = —3.626 x 10" rad st T~ for 170), r
is the effective distance between the electron spin and’®e
nucleus (the metaloxygen distance in the point dipole ap-
proximation)3® and 1T, and 1T, are the longitudinal and
transverse electronic relaxation rates. At low magnetic field
(<2 T) and approximately room temperatur&;17! and 1m,s*
~ 10° 51,4042 At higher magnetic fields, as used in our study
for example, 1T and 1T, are even smaller. The rotational
correlation time of water molecules in the second coordination
sphere of [Cr(HO)g]3" which are bound by hydrogen bonds to
other water molecules in the first coordination sphere was
assumed to be on the order of magnitude of that of bulk water,
7c ~ (2—3) x 10 12s. The lifetime of a second sphere water
molecule is limited on the fast side by translational diffusion
which can be estimated fromy = d%/6D as 3x 10712s. A
rough calculation shows that the dipolar interaction contributes
at most 2% to the total relaxation rates as longras 2 x
101's. According to this calculation, the difference between
the dipolar contributions, Thq — 1/T14, has been neglected in
a first approximation. This hypothesis has been verified on the
basis of our results.

The scalar contribution to the relaxation rates is giveff by

1 _SS+1)[A) 2756 1)
Tise 3 \h 1+ (0, — 01,8
1 _SSTDA ? T2s (12)
Tose 3 A 1+ (0, — (1)5)2‘17252

wheretis ! = 7t + T (j = 1, 2). As already mentioned
above, in the case of [Cr@®)g]3*, the electronic relaxation is
relatively slow,7n, = 107! s and the NMR experiments were

(39) Kowalewski, J.; NordensKid, L.; Benetis N.; Westlund, P.-®rog.
Nucl. Magn. Reson. Spectros985 17, 141.

(40) Melton, B. F.; Pollack, V. LJ. Phys. Chem1969 73, 3669.

(41) Rubinstein, M.; Baram A.; Luz, 2Viol. Phys.1971, 20, 67.

(42) Levanon, H.; Charbinsky, S.; Luz, Z.Chem. Physl97Q 53, 3056.

7 can therefore be simplified to

1 _ M(A)Z

_ — | = =

3 E T1s (13)

Electron spin relaxation of [Cr(#D)g]3* is governed by the
modulation of the quadratic zero field splitting (ZFS) interaction
and the transverse relaxation ratel;;3/can be expressed‘d43

4t

T v
+ 2_2
1+4w/7,

\

2_2
1+ o,

1

Tle

(14)

where C is a constant given for the aqua ion andis the
characteristic correlation time for the relaxation whose temper-
ature dependence is given by Arrhenius law
7, = 122 expE,/R(LT — 1/298)) (15)
with E, being the activation energy.
The inverse of the lifetime of a water molecule in the second
coordination sphere is equal to the rate of exchakge,and

its temperature dependence is assumed to obey the Eyring
equation (16), wherAS" andAH* are, respectively, the entropy

_1 kT fas ) T
kex=7 ="h R RT/ 298.15"
AHY[ 1 1
eXp[ R (298.15 T)] (16)
and enthalpy of activation for the exchange processl«éi‘?ds
the exchange rate constant at 298 K.

2. Data Treatment and Results. The enhancement of the
oxygen-17 NMR relaxation due to interaction with the para-
magnetic ion is relatively small compared to the relaxation of
water in the absence of chemical exchange. In order to
minimize experimental errors, the measut&l NMR relaxation
rate difference I, — 1/T; has been taken as the difference
(1/T2(;r - 1/T2Rh) - (1/T1Cr - l/TerD, where ]Ich and 17F1Cr
are the relaxation rates measured in the mixed chromium and
rhodium solutions and T¢rnand 1T;grpare the relaxation rates
measured in the pure rhodium solution under exactly the same
experimental conditions. Theoretically, the simple difference
1/Tocr — 1/Micr should give identical results. The method of
double difference allows the correction of slight systematic
instrumental errors in the measurementlgfor T,, especially
in this case where the measured effects are weak and different
spectrometers and probeheads were used.

The reduced chemical shiffsw, and relaxation rate differ-
ence 1Py(1/T, — 1/T;) are shown in Figure 2. The agreement
between the experimental points stemming from samples with
different Cr/Rh ratios shows that the presence of rhodium does
not noticeably affect the chromium second sphere chemical shift
and relaxation rate. Nonlinear least squares fits using egs 5, 6,
and 13-16 were performed. In the first instance the parameters
governing the electronic relaxatio8, 7y, andE, (eq 14), were
fixed at values obtained from the literatfeC = 1.3 x 10729,

7,298 = 3.27 x 107125, andE, = 8.8 x 10 J/mol. The three
fitted parameters werd/h, AH*, andAS* or k22 The fitted
curves are represented in Figure 2, and the results of the fits
are reported in Table 2.

m

(43) Bloembergen, M.; Morgan, L. Q. Chem. Physl961, 34, 842.

(44) The fit of the data was also repeated with a dipolar contribution to
the relaxation rates consisting in egs 9 and 10. No noticeable change in the
fit of the experimental data and the fitted parameters was observed.
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= 6 I |
El
& s Figure 3. Optimized geometries of Crgd)s>", assumingl, symmetry,
£ 4 for both LDA (left) and NLDA/BP (right) cases. Distances in angstroms,

27 30 3 36 309 bond angles in degrees.
1000/T /K tions within the linear combination of Gaussian type orbitals
Figure 2. Variable-temperatur€O NMR data for [Cr(HO)g](ClO4)s/ density functional (LCGTO-DF) formalisffr>° using the
[Rh(H20)6](ClO4)3 aqueous solutions: reduced chemical shifts and In- deMon program packajé?z The equi]ibrium geometries have
(1/Pm(1/T; — 1/T1)) at 81.33 MHz ©) and 54.22 MHz ). been obtained by applying the analytical expression for the
LCGTO-DF energy gradients. Preliminary geometry optimi-
zations employed the VoskdNilk —Nusair (VWN) local spin
density exchange-correlation potenfi4l.In a second stage,
nonlocal gradient correction terms as suggested by Becke for
exchang®® and by Perdew for correlati®hfunctionals (BP)
have been used, and the geometries were recomputed. Indeed,
these corrected functionals have been shown previously to
improve relative energies and properties considerably over the
local density approximation (LDA).
The “all electron” Gaussian orbital basis set that was used is
a 15s/9p/5d set contracted to (63321/5211/41) for chromium, a
The values obtained are in good agreement with the assump-9s/6p/1d set contracted to (5211/411/1) for oxygen, and a 5s/
tion of a very fast exchangeTfmntm) ™! > Tom 2 and Awn?), 1p set contracted to (41/1) for hydrog€nThe electron density
and the use of eqgs 4, 5, and 7 is well justified. The fit of the and exchange-correlation potential were fitted using the fol-
data was repeated, allowing the parameters governing thelowing auxiliary bases: Cr(5,5; 5,5), O(5,2; 5,2), H(5,1; 5,1).
electronic relaxation G, 1\2,98, E,) to be adjusted by the  Our convergence criterion on the total energy for the SCF part
program. The results of the kinetic parameters antl/bfvere of the computations was 1®hartree. In geometry optimiza-
tions, the BroydenFletcher-Goldfarb—Shanna algorithm was

unchanged which shows that the correlation timg is L )
dominated by the exchange r&tg = 1/t at the high magnetic ~ chosen with a requested accuracy on the norm of the gradient

fields used in our study. The measured scalar coupling constantof 102 au.

A/h, was much smaller than first shell values observed for other ~ Results and Discussion.To reduce the computational effort,

first row transition metals (M, 3.3 x 10" rad s'1; Ni2t, 12.3 the geometry of the [Cr(pD)g]** complex has been optimized

x 107 rad s1).4547 One can calculate (eqs 446) that at low under the constraint off, symmetry, and the results are

temperature, around 273 K,Tht contributes less than 1% to  presented in Figure 3 for both LDA and non-LDA (NLDA)

715 at 14.1 and 9.4 T, but the contribution increases to about cases. As expected, itis seen that the introduction of a nonlocal

20% at 1.4 T. Thusrisis reduced tay, in egs 13 and 14 and  correction leads to a significant lengthening of the-Cy bond

can be eliminated in the fitting procedure. However, this is distance 0.049 A, Q and G, are water oxygens in the first

not the case at low field (1.4 T) as was used by Earl in a and second coordination shells, respectively), the internal

preliminary study. geometry of the water molecules being practically the same in
At room temperature, the different contributions to the both calculations. The increase in the-@ bond distance on

observed transverse relaxation ratd,lhave been evaluated. going from LDA to NLDA approximations is a characteristic

The quadrupolar mechanism contributes about 76% to the totalfeature of DF calculations performed for coordination com-

relaxation, the scalar mechanism about 21%, and the dipolarpounds:®>® The Cr-O, bond distances reported in Figure 3

mechan?sm about 3%. T_he dipolar contribution i_s on t_he order (48) Sambe H.: Felton, R, HL Chem. Phys1975 62, 1122,

of magnitude of the experimental error, and the kinetic informa-  (49) punlap, B. I.; Connolly, J. W. D.; Sabin, J. R.Chem. Phy<1979

Table 2. Kinetic and NMR Parameters of Water Exchange on the
Second Coordination Shell of [Cr¢B)g]®*

(AR)/ AH¥ AS
(1P rad sb) I&%s 1 (kI molY) (I K- mol™Y)
this work 1.349+ 0.007 (7.8£0.2)x 10° 21.3+1.1 +16.2+3.7
Eark 15 7x 10° 12 -7

aReference 25; Earl gives in his thegith = 2.26 x 1P rad s?,

I2% = 10 x 1(® s, AH* = 2.8 kcal mot?, andAS' = —0.8 eu,
which were calculated with a second shell coordination number of 8
instead of 12.

tion is obtained entirely from the scalar relaxation part. 71, 3396.
(50) Andzelm, J.; Radzio E.; Salahub, D. R.Chem. Phys1985 83,
Density Functional Calculations on [Cr(H20)e]3* 4573.

(51) St-Amant, A.; Salahub, D. RChem. Phys. Lett199Q 169, 387.
(52) Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, |.; St-Amant,

Computational Method. To be able to perform molecular S | ! A ) -
A.; Ushio, J. InDensity Functional Methods in Chemisttyabanowski, J.

dynamics (MI_I)) S|mul_at|0ns on the second_coordmaﬂon_ sphere K. Andzelm, J. W., Eds.: Springer: New York, 1991; p 77.
of the chromium(lll) ion, we needed detailed information on (53) Fournier, R.; Andzelm, J.; Salahub, D..RChem. Phys1989 90,

the first coordination sphere. We therefore performed calcula- 6371
(54) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
(55) Becke, A. D.Phys. Re. A 1988 38, 3098.

(45) Due to the very slow exchange of first sphere water on [€D{)°+

no 1’0 —A/k values are known for Gr.

(46) Ducommun, Y.; Newman, K. E.; Merbach, A.lBorg. Chem198Q

19, 3696.

(47) Ducommun, Y.; Earl, W. L.; Merbach, A. Enorg. Chem.1979

18, 2754.

(56) Perdew, J. lPhys. Re. B 1986 33, 8822; erratuni986 34, 7406.

(57) Godbout, N.; Salahub, D. R.; Andzelm J.; WimmerCi&n. J. Chem.
1992 70, 560.

(58) Sosa, C.; Andzelm, J.; Elkin, B. C.; Wimmer, E.; Dobbs K. D.;
Dixon, D. A. J. Phys. Chem1992 96, 6630.
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Table 3. Atomic Charges Calculated for the [CHB)s]*t System Table 4. Overview of MD Simulation Parameters for
Using Various Techniques [Cr(H0)e]*" 2
COcr Jo OH number of [Cr(HO)g]*" complexes 1
LDA, Mulliken® +1.278 —0204  +0.246 number of CIQ" counter ions 3
NLDA, Mulliken? +1.403 ~0.167 +0.216 number of TIP3P molecules 277
NLDA, MEP® +0.722 ~0.627 +0.503 concentration/M 0.196
time stepAt/fs 1
aGross charges derived from a Mulliken population analysis. simulation time/ps _ 100
b Charges derived from the molecular electrostatic potential (MEP) number of stored configurations 2000
according to the procedure suggested by Singh and Kollman (ref 61). cutoff radius/A 8.5
density/(g/crd) 1.05
temperature/K 298
(LDA, 1.956 A; NLDA, 2.005 A) may be compared with €0uno (KCal/mol) 016773:397*382
experimental values as summarized in Table 1. The LDA result N
. . . . X €Clanod (Kcal/mol) 2.727 58
is seemingly in better agreement with-&D, distances measured o 0.0402
on solids, whereas NLDA results are closer to those observed Oer +0.722
with different X-ray scattering techniques in aqueous solutions. do, -0.627
Our calculations have been performed for gas phase systems, G +0.503

and both crystal packing and lattice effects in crystals may well 2 Relaxation times for temperature and pressuréps = 0.02; 7,/
account for the 0.05 A discrepancy with NLDA results. Itis ps= 0.5 (ref 69). Parameters for the perchlorate ion from ref 71.
interesting in this context to report thatk@ssonet al. have
obtained a CrO, bond distance of 2.025 A for the same consisted of a Lennard-Jones part (LJ) and a Coulomb part (eq
complex using thab initio SCF proceduré and their calcula- ~ 17). The model is one [Cr(#®)g]*" complex immersed in a
tions are therefore in good agreement with our NLDA result.
Finally, Table 3! presents the atomic charges calculated for o o ziqe2 2R*
the [Cr(HO)e]®" system using various techniques. It was E(r) =4€[(?) - (?)6] 2Arer 0T Tue 17
indispensable to derive these charges so as to perform the

molecular dynamics calculations reported below. It is seen in periodic box of 277 water molecules together with three
Table 3 that the Mulliken population analysis leads to a large perchlorate anions. The bulk and the second sphere water
positive charge on the metal, and to water molecules bearing ayglecules were described by the rigid TIP3P model from
rather small charge (LDA}-0.288; NLDA, +0.265). The fact  jorgensen et &#65 We abstained from using a flexible water
that the metal charge increases in the NLDA calculations, as mogel, which would demand a considerably shorter integration
compared with the LDA case, is probably due to the larger Cr - gie hut would not substantially improve long-time properties
O distance and, consequently, to a reduction of covalent ut jiquid water®® For the geometry and the electric charges of
interactions. Charges derived from the molecular electrostatic [Cr(H0)]3" we used the results of our DFT/NLDA/MEP
potential method (MEP) developed by Singh and Kollfiane calculations (Figure 3b, Table 8}%8 The oxygen atoms were
strongly different from the Mulliken ones: the charge on metal kept fixed atre,o, = 2.005 A, forming a regular octahedron.

is reduced by roughly 50%, whereas those on both oxygen andrhe hydrogen atoms of each water molecule, represented by a
hydrogen atoms increase significantly. This result is in agree- positive chargegy, = +0.503, were allowed to rotate freely
ment with previous calculations attempting to compare the 5.5und the water dipole axis which is aligned with the-Of
gharges obtained for_various compoun_ds using several tech-yond. Due to the strong interaction of the3Cion with the
niques?? and concluding that MEP derived charges may be gy girectly bound oxygen atoms we could not use the Lennard-
substantially different from Mulliken ones. If we want to  jnes parameterBg* andep,) of the TIP3P model to describe
describe the electrostatic interactions between the atoms of [Cr-iha interaction between a water molecule of the first and a water

(H20)]*" and further shells of solvent molecules, the MEP ,5j0c e of the second coordination shell. We therefore carried
derived charges are more adequate descriptors of the chargg;; nine MD simulations where we varieBo* and e

. . . | |
distribution of [Cr(HO)]*" because the method was developed gy stematically, with LJ parameters of€rand the hydrogens
to mimic the electrostatic potential at various surface points of fyad to zero. The conditions of these simulations are given in
a molecule. As the MEP derived charges on oxygen and 1apje 4. The attractive interaction is mainly due to the
hydrogen are significantly larger than Mulliken ones, they should gjecirostatic contribution to the interaction potential, and the
lead to a different arrangement of the water molecules of the potential minimum depends strongly &a* but not oneg,.5°

. . . . ( (N

second coordination sphere by favoring the formation of stronger Tap1e 5 summarizes the most important parameters of nine 100

hydrogen bonds. ps simulations, which were all preceded by equilibration periods

ey 2L/6

Molecular Dynamics Simulation of an Aqueous Solution (64) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
of [Cr(H 20)s 3+ Klein, M. L. J. Phys. Cheml1983 79, 926.
(65) Kowall, Th.; Foglia, F.; Helm, L.; Merbach, A. B. Am. Chem.
Simulation Outline. NPT molecular dynamics simulations ~ S0c.1995 117, .

- - - _ (66) Guadia, E.; PadrpJ. A.,J. Phys. Chem199Q 94, 6049.
were performed on a Silicon Graphics Power Indigo 2 worksta (67) From neutron diffraction data (ref 12) a tilt angle of the first shell

tion using the program package AMBER 40 All interaction water molecules of 34was calculated. In recent papers the meaning of the
potentials in our simulation were of pair potential type and tilt angle was questioned (ref 68). From X-ray diffraction data a trigonal
orientation of first shell water was concluded (ref 12). Charges calculated

(59) Furet E.; Weber, J'heor. Chim. Actdl995 91, 157. for the [Cr(H0)sH20]3* cluster show that the charges on first shell oxygen

(60) Akesson, R.; Petersson, L. G. M.; Sandstrbl.; Wahlgren, U.J. and hydrogen increase by at most 7% due to binding of a second shell
Am. Chem. Sod 994 116, 8691. water molecule.

(61) Singh U. C.; Kollman, P. AJ. Comput. Cheml984 5, 129. (68) Enderby, J. EChem. Soc. Re 1995 24, 159.

(62) Wiberg K. B.; Rablen, P. Rl. Comput. Cheml993 14, 1504. (69) 7 and 7, are the relaxation times effective in the algorithm of

(63) Pearlman, D. A.; Case, D. A.; Caldwell, J. C.; Seibel, G. L.; Singh, Berendseret al. (ref 70) to keep the system at ambient temperature and
U. C.; Weiner, P. W.; Kollman, P. AAmber 4.0 University of California: pressure. The geometries of the water molecules,C{f 71), and [Cr-

San Francisco, 1991. (H20)¢]3+ were fixed by the procedure SHAKE (ref 72).
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Table 5. MD Simulation Results for Nine 100 ps Simulations of
[Cr(H2O)e]3" in a Periodic Box with 277 TIP3P Water Molecules:
Dependence on the Lennard-Jones Param&gtsand ¢q, for
Oxygen Atoms in [Cr(HO)g]3"

o Ro*/ Ro*/ Ro*/
(kcal/mol) A=1462 A=1564 A=1666
0.232  reo¥A 3.90 4.01 4.11
FWHHo,A 0.27 0.28 0.35
ro—-o, %A 2.32 2.42 2.53
rer—v Y 4,59 471 4,74
CNe 12.39 12.96 13.44
gmn’A  4.32 4.46 4.49
TredIPS 2.1x 10° 73 16
DY(m2sl) 5.66x 1070 7.82x 10710 1.94x 10°°
0.192  reo /A 3.89 3.99 4.09
FWHHo, /A 0.23 0.27 0.31
ro—oy/ 2.30 2.41 2.49
Fr—y/ 4.55 4.70 4.77
CN 12.32 12.95 13.29
g )min/A 4.3 4.45 4.47
TredPS 27x 1P 150 37
D/(m?s)  7.73x 107 1.07x 10° 4.68x 10710
0.152  re—q, /A 3.87 3.97 4.03
FWHHo, /A  0.23 0.25 0.30
ro—-oy/ 2.27 2.37 2.47
rCer,,/ 4.58 4.63 4.72
CN 12.24 12.67 12.86
g )min/A 4.26 4.39 4.43
TredPS 45% 106 183 38
D/(m?sl) 4.11x 10 1.49x10° 8.85x 101

aDistance between the chromium ion and the oxygen atoms O
bFWHH is the full width at half height of the peak of the radial
distribution function corresponding to the second hydration shell.
¢ Distance between the oxygens of the first and the second shells.
d Distance between the chromium ion and the hydrogen atoms H
e Second shell coordination numbébDistance corresponding to the
minimum of the radial distribution function between the second and
the third hydration shell$ Residence time of a particular water
molecule in the second shellSelf-diffusion coefficient.

Table 6. Structural and Dynamic Results from a 300 ps MD
Simulation of [Cr(HO)e]*" in a Periodic Box with 277 TIP3P
Water Molecules and 3 CIO Anions (eo/(kcal/mol) = 0.192,Ro*/
A =1.564)

Fermoy /A 3.99 g()min/A 4.45
FWHHo,/A 0.27 TredPS 144

ro—-o /A 2.41 D/(m2s7Y) 5.59x 10710
Fernyl 4.66 TIK 298.74

CN 12.94 d 1.05

of at least 20 pg?~72 Experimental distances for second sphere
water molecules are best reproduced vRgr = 1.564 A and
€0, = 0.192 kcal/mol (see Table 1). In order to obtain good
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Figure 4. Radial pair distribution functiorg(r), and running coordina-
tion number, CN, for the simulation witRo* = 1.564 andeo =

0.192: gion—oxyger{r) ), gion—hydroge‘r) (---), CN() ().

been implemented into the simulation programs. Whereas
Pappalardet al. in their Monte Carlo simulation kept the first
shell of water molecules rigid, we allowed for a rotation of the
hydrogens around the water dipole axis.

Structural Results. The calculated chromiumoxygen and
chromium-hydrogen radial distribution functiong(r), are
shown in Figure 4. The position of the first shell oxygens is
indicated by an arrow. The peaks at 3.99 A for the oxygen
and at 4.66 A for the hydrogen corresponding to the second
coordination sphere are well-defined. The broad peak=ab
A (6.7 A for H) corresponds to the third ill-defined coordination
sphere. The mean €CI distance from our simulation is about
7.5 A, signifying that the perchlorate anions are not sitting in
the second coordination sphere but are in the third and beyond.
Integration of the oxygem(r) between 3.00 A and the first
minimum at 4.45 A gives the mean number of water molecules
in the second coordination sphere ofCas 12.94°

The angular orientation of water molecules is shown in Figure
5. Figure 5a illustrates the distribution of the angléormed
between the water dipole vector and the-axygen distance
vector. The strong radial alignment (c8s(= 1) decreases
rapidly from the second coordination sphere to the third and
the bulk. Figure 5b shows the distribution angbe(JO,—
H,---Oy) of a hydrogen bond between the first and the second
hydration shells and reveals a sharp maximum at.18@gether
with the fact that the number of water molecules in the second
hydration shell is approximately twice as large as that in the
first shell and the dipole moment of water molecules in the
second sphere shell is radially aligned (Figure 5a), a picture
emerges where each water molecule of the first sphere binds
two water molecules by a linear hydrogen bond.

statistics, we prolongated the simulation with these parameters \y5ter Exchange. To obtain the mean lifetime of a water

for up to 300 ps. All the following results are based on this
simulation (Table 6).

molecule in the second coordination sphetg, we calculated
the residence probability(t), of a water molecule at a distance

Our intermolecular potential between a seventh (second shell)of 1., < 4.45 A76 The choice of this distance is not

water molecule and the [Crg@)e]3t cluster looks similar to
the one developed by Pappalardb al® for Monte Carlo
simulations of C¥" ions in water. In both cases, the polarization
of the first shell of water molecules is taken into account in the
potential of [Cr(HO)e]3" and the second shell waters are not
polarized”® Our potential has its energy minimum of33.7
kcal mot-! at an G—Oy, distance of 2.40 A compared t637.52
kcal mol! at 2.53 A of Pappalardd4. A main difference arises
from the way the [Cr(HO)e]3—H,0 interaction potential has

(70) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,
A.; Haak, J. RJ. Chem. Phys1984 81, 3684.

(71) Heinje, G.; Luck, W. A. P.; Heinzinger, K. Phys. Chem1987,
91, 331.

(72) Ryckaert, J. P.; Ciccotti, G.; Beredsen, H. J.JCComput. Phys
1977, 23, 327.

straightforward. We have chosen the minimumgéf) after
the peak attributed to the second shell oxygens (Figure 4). The

(73) We considered the polarization of the second shell water molecules
due to strong hydrogen bonding to first shell water molecules to be
negligible. A rough estimation of this effect using DFT calculations showed
that the polarization increase compared to water molecules in a dimer is
less than 10%.

(74) The complexation energy of the [Ce®)sH-OJ** cluster as obtained
from DFT-NLDA calculations is—31.4 kcal mot! for a geometry
corresponding to the minimum of our intermolecular potential function.
The same calculation performed on an energy minimized structure (using
the DFT-LDA method) do—o, = 2.438 A) gave—38.7 kcal mot?,

(75) The probabilities of finding a coordination number, GNf 12 is
0.351, of 13 is 0.418, of 15 is 0.048, and of 16 is 0.004. A;Gxhaller
than 12 is never observed.

(76) Meier, W.; Bopp, Ph.; Probst, M. M.; Spohr, E.; Lin, J.J.Phys.
Chem 199Q 94, 4672.
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Figure 5. (a) Distributionp(6) of the angled between the dipole vector 1L
of a second sphere water molecule and the-imxygen distance vector.
(b) Distribution for the angl€]O,—H---O; of hydrogen bonds between e
the first and second solvation shells. For each water molecule in the O 08 06 04 o 02 04 06 08 1
second sphere (3.00 & rion-oxygen < 4.45 A) the closest hydrogen cos(@)

atom of a water molecule in the first sphere has been assigned. Figure 7. Angular distribution for the angle formed by the entering

. . . " . ) water molecule, the €t ion, and the leaving water molecule around
residence timeyes obtained by fitting an exponential {u(t) is the moment of an exchange evertA5 ps< t < +2.5 ps).
144 ps. This time corresponds to the 27 exchanges observed

in 300 ps if we account for about 12.94 water molecules in the
second sphere. Fromeswe calculated an exchange rate for
one particular water molecule between the second and the third
coordinations shell of tfes = kex = 6.9 x 10° st. The [Cr-
(H20)e] 3" diffusion coefficient,D, from our MD simulations Discussion

(Table 6) agrees well with the experimental value of Easteal
al?l of D = 53 x10719 m? s! extrapolated to low Experimental results from earlier diffraction measurements

concentrations. and from our’0O NMR study confirm the presence of a
To further analyze the exchange process, we resolved thestructurally and kinetically well-defined second coordination
events into pairs of mutually exchanging water molecules. We shell for [Cr(H:O)s]*" in aqueous solution. Our molecular
have identified from the simulation all transitions between the dynamics simulations are in good agreement with these experi-
second solvation shell and the bulk and grouped them into pairsmental observations as well as with a recent Monte Carlo
of water molecules that together form a coupled exchange. Thissimulatiort® and can therefore be used to obtain more insight
was unequivocally possible for 20 out of 27 exchange events. into the microscopical picture of the second coordination shell
Subsequently, the exchange pathways of these pairs, i.e., theyround strongly coordinated cations. The structural picture
ion—oxygen distance as a function of time, have been smobithed \yhjch results from the computer simulation is as follows. The
in order to suppress stochastic detail and have then beenggcond coordination shell is composed of-15 water mol-
superposed with respect to a common origin time (Figure 6). ¢¢jje5 in an ioroxygen distance range of 3-@.45 A75 The
The origin is the average between the wo times when the chromium—oxygen radial distribution functiogc,—o, shows a

leaving and the entering water molecules cross the limit ( sharp peak at 3.99 A (Figure 4) which is equivalent to the mean

4.45 A) between the second and the third solvation Spheres'distance between the ion and the second Sphere water oxvaens
Figure 6 shows that the crossing point of the trajectories of the - : pher OXygens.
The mean coordination number obtained from integration over

incoming and of the leaving water oxygens lies close to the ) . . .
mean distance of the second sphere water oxygens. An9(r), CNy, is 12.94. The water dipoles in the second shell point

associative interchange activation mode can therefore be at-adially toward the ionic center (Figure 5a), and the oxygen
tributed for this exchange reaction. atoms, Q, form linear hydrogen bonds with hydrogen atoms

Further interesting information is obtained from the angular Of first sphere water molecules (Hrigure 5b). The ©-O
distribution for the angle formed by the two exchanging water Mean distance from our simulations is 2.41 A which compares
molecules (Figure 7). A maximum is found at a8 0.76 rather well to 2.6 A from IR difference spectroscépgnd to
which means an angle of about®40The ion-oxygen distance ~ 2.63+ 0.09 A as obtained by means of a geometrical model
vectors of two adjacent water molecules in the second coordina-from large-angle X-ray scatterirfg The mean distance between

- a first sphere water proton, Hand a second sphere water

(77) Press, W. H.; Flannery, B. P.; Teulolsky, S. A.; Vetterling, W. T.

Numerical recipesCambridge University Press: Cambridge, 1988. NPTS oxygen, Q, is 1.42 A (Figure 8)_WhiCh is Cons_iderably shorter
=4 than the mean hydrogen bond distance found in neat water (1.8

tion sphere produce an angle of about §ve take 2.8 A as
a mean distance between thg Gxygens.
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“H,

Number of configurations x 10?
s

1 12 14 16 1.8 2 22 24 26 . . )
. distance -0/ A Figure 9. Schematic drawing of the arrangement of water molecules

Figure 8. Mean hydrogerroxygen distances between first and second in the first coordination shell of Cf (view along aC, axis).

and second and third coordination shells. 16.0

PN

N

1.9 A)7879 Hydrogen bonds of this length are only possible 12.8
for extremely strongly bonded systems. Our simulation results
are in qualitative agreement with X-ray scattering data from
Caminiti et al.>8% who obtained a better fit by assuming first
shell water molecules lying in plane with the 3Crion and
forming linear hydrogen bonds with second shell water mol-
ecules. Furthermore, we agree with Brémho concluded ()
from observations on crystalline hydrates that H bonds con- 0.0
necting BO, and HO; molecules are very short and linear. 0 20 40 60 80
The third shell of water molecules results in a broad peak in ®
the chromium-oxygen radial distribution function at about 6.2 4.0
A. It is composed not only of water molecules but also of
oxygens from the three perchlorate anions. The meanGCr
distance from our simulation is 7.5 A, and during the simulation
period of 300 ps CI@ never enters the second coordination
shell. The hydrogen bond length between the second and the
third coordination shell, 0Oy, has its maximum at 1.82 A
(Figure 8) and is therefore within the range found in pure water.
From the results of our MD simulation, which are in agreement
with experimental radial distribution functions and coordination 0.0
numbers, we can therefore improve the earlier model proposed 0 80 160 240 320
by Taubé* and Eart® who assumed that second sphere water @
molecules are located on the triangular faces of the octahedronFigure 10. (a) Probability distributiorp(w) of Hi—H, vectors of the
formed by the six first sphere 4 molecules, leading to a  first shell water molecules as a function of the deviation from
coordination number CN= 8. symmetry T, symmetry corresponds to = 0° or 18C). (b) Probability
An interesting result from the MD simulations is the distribution p(¢) of _H.—H| vectors of opposite first shell water
consequence for the first sphere water molecules due to theM@l€cules as a function gf (¢ = 07 or 187 corresponds to a parallel
hydrogen bonding between first and second sphere water. Our"’lrr"’lm‘}’ement of these vectors).
theoretical calculations of [Cr@D)s]*" in the gas phase resulted . . .
in T, symmetry of the water molecules around the ion (Figure vector is ther_efore a consequence_of (_electrostatlc mterac_tlpns
3). The same result is obtained by minimizing the energy of a between the flrs_t and secc_)nd_coordlnatlon shells. A fully rigid
general ¥ charged ion surrounded by six TIP3P water model of the flrs_t co_ordlnatlon sphéfe(also I_<eep|ng the_
molecules in the gas phase. The simulations in aqueous So|uti0mydroge_n atoms fixed in space) cannot shoyv this effect, V\.'h'Ch’
however led to a different picture for the orientation of theH &S We Will see later, has some significance in the mechanism of
H, vector. Figure 9 shows a view of the fist coordination shell Water exchange between the second and third coordination
of a chromium(lll) ion looking along one of the, symmetry ~ Shells.
axes. The angle denotes the angle by which a water molecule ~ The Kinetic parameters for the exchange of water molecules
is rotated about the ©Cr—0O, axes compared t&, symmetry. from the second coordination shell obtained by our NMR study
The second angle defined in Figure 9 is formed by the relative  are given in Table 2. Whereas the exchange rate constant at
rotation of two first shell water molecules sitting opposite one 298 K is close to the estimation of Earl (if we recalculate his
another within the octahedron. From Figure 10 we find a small values with a second shell coordination number of 12), the
preference of angle to be~45° and for anglep to be ~90°. activation parameterdH* and AS* differ substantially; Earl
Perhaps we should remind the reader at this point that we setobtained a negative entropy of activation while we measured a
the potential to zero for the rotation of the first sphere water positive one. The exchange rate itself is only 1 order of

9.6

6.4

p(@) x 10°

3.2

p(p) x 10°

0.8

molecules around their dipole axes. The twist of the-H magnitude greater than the fastest exchange rate measured for
(78) Beveridge, D. L. Mezei, M.; Mehrotra, P. K.; Marchese, F. T.; water exchgnge S;‘gom the first coordination sphere of a triply

Ravi-Shanker, G.; Vasu, T.; SwaminathanA8v. Chem. Ser1983 204, charged cationkf® = 8.3 x 10° s for [Gd(H,0)g]3*).2 On

297. the other side, the observed lifetime of 128 ps is considerably

79) Mountain, R. DJ. Chem. Phys1989 90, 1866. . . . . .
Eso; Magini, M. Licheri, G.. Pasch?;la G_g Piccaluga, G.; Pinnax@®ay longer than typical times calculated from translational diffusion.

Diffraction of lons in Aqueous Solutions: Hydration and Complex Forma-
tion; CRC Press: Boca Raton, FL, 1988; pp-9l. (81) Brown, D. I.Acta Crystallogr.1976 A32 24.
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Using eq 18, wheréAr2(t)Uis the mean-square displacement t=-25ps
[Ar¥(t)0= 6Dt (18)

S

at delay time andD the self-diffusion coefficient of water (2.3 21 VL
x 107° m? s71), we calculated a timéof ~3 x 10712 for a N &‘
water molecule to travel the mean distance between the second T q>\ (
and the third coordination shells-2 A). The NMR lifetime is /
also in agreement with the upper limit obtained by incoherent
guasi-elastic neutron scattering € 5 x 1079 s)22 N

The lifetime of a water molecule in the second shell of a t=0 \
chromium ion obtained from our MD simulations is 144 ps and -
confirms the existence of a well-defined second coordination
shell. The simulations show the presence of a strong link
between the interaction potenti&(ro-o,) and therefore the
equilibrium distance between first and second shell oxygens and
the obtained exchange rate constant (Table 4). A shortening
of 1/10 A leads to an increase in residence time of 3 orders of
magnitude whereas a lengthening of 0.1 A leaa 1. order of
magnitude decrease in residence time. The mean residence time
of 144 ps obtained for a mean distancergf o, = 2.41 A
compares to 1218 ps obtained for second sphere water
molecules around lanthanide(lll) ioA%. This difference be-

tween C#t and the lanthanide(lll) ions was already stressed \ @ 1/g )
by Bergstion et al. These authors concluded that whereas . /5 <
second shell water molecules of3€rand RR form hydrogen o ﬂ\>\
bonds of comparable strength compared to those formed by L 3 “i(

some first sphere water molecules of divalent transition metal
cations?® no such bonds were observed in the case of lan-
thanides’? The strong hydrogen bonding between the first and Figure 11. Visualization of a water exchange between the second
second shells in the case of3€ris also manifested by the  coordination shell and bulk solvent on [Ci®l)]** obtained from MD
dynamical behavior of the simulated waters in the second sphere simulation.
If a geometrical criterion is applied for the definition of a .
hydrogen bon® (O-++H distance shorter than 1.9 A), we find chromium bond, one of.the hydrogen bonds formed to second
a lifetime of the hydrogen bonds between first and second shell SPhere waters (no. 4 in Figure 11) breaks up, and a new
waters of about 100 ps, which is on the order of the lifetime of Nydrogen bond to the entered water molecule is formed. During
a water molecule in the second shell. The lifetime of hydrogen the rotation the second hydrogen bond is maintained. The third
bonds between second and third sphere water molecules is muci$teP is the leaving of the water molecule which lost its hydrogen
shorter, on the order of-23 ps. Tanak® found an average bond from the sec_:ond s_phere. This relatively simple picture
lifetime of >1 ps for hydrogen bonding for “stable water adrees with the simulation result for the angle_of about 40
molecules” in a simulation of pure water using a similar formed between the exchanging molecules (Figure 7). The
interaction potential function (TIPS2). The difference between activation mode which can be attributed for this reaction from
12 water molecules in the second shell bound by hydrogen the MD_ simulation is _assomatlve. An attribution of _the_
bonding and the coordination number of £N= 12.94 as mechanism from expenm_ent_al exchange rate qlata which is
obtained from integration ovegc,o,(r) is best explained as normally done vlla.the activation entropixS', obtained from
follows. First, the value of CNis dependent on the choice of ~{&mperature variation of the rate constarhts) (or, better, from
the upper limit of integration (the outer limit of the second the activation volume AV, calculated from the pressure
coordination shell) if, as in our casg(r) > O at this distance. ~ Variation of ke is difficult in our case. The only available
Second, the picture of 12 hydrogen-bonded water molecules istemperature variation data (Table 2) lead to a small positive
a static one. Due to dynamic processes bulk water moleculesAS, indicating a more dissociative type of activation, whereas
enter for a short period of time the second shell and lead EarP® measured a small negative value fo8" which can be
therefore to a slight increase of the mean coordination number.linked to an associative type of activation. But the activation
The satisfactory agreement between structural and dynamic€ntropies are particularly prone to errors because they are
behavior of the simulated environment of [Cp®)g3t in ob_talned by extrapolatlo_n &E to infinite temperature and there
aqueous solution and experimental results leads us to use th&Xists a strong correlation betwees* and AS".” Unfortu-
simulation trajectories of the water to look at the exchange nately no pressure variation data were available until now.
reaction between a second shell and a third shell water moleculeConclusion
on a microscopic scale. From the simulation the following
picture was obtained (Figure 11). In the first step a water  From our combined experimental and modeling study we find
molecule (no. 3 in Figure 11) enters the second coordination a structurally and kinetically well-defined second coordination
sphere and increases the coordination number temporarilyshell around chromium(lll) ions in aqueous solution. Strong
(Figure 6). In the second step the first sphere water molecule hydrogen bond formation due to polarization of first coordina-
(no. 1), close to the entered one, rotates around its oxygen tion sphere water molecules leads to a second shell coordination
(82) Bergstian, P.-A.- Lindgren. Jinorg. Chem 1992 31 1529, number of 12.94, to short first shell hydrogesecond shell
(83) Mezei, M.; Beveridge, D. LJ. Chem. Phys1981, 74, 622. oxygen distances of about 1.4 A, and to lifetimes of 128 or
(84) Tanaka, H.; Ohmine, 0. Chem. Phys1987, 87, 6128. 144 ps, observed by experiment as well as by simulation. From
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infrared spectroscopy there is also evidence of such strong Acknowledgment. We thank Dr. Thomas Kowall for his
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that leaves after the breaking of its hydrogen bond to the first
shell water proton. This exchange procedure is different from

what was found by MD simulation of water exchange reactions tuncti fthe dist bet : lecul
from very labile first shell water molecules on lanthanide(lll) energy as a function of the distance between a water molecule

ions23 There is no rearrangement of all the molecules belonging of the first solvation sphere and a water molecule of the second
to the second shell as was found for the first shell on lanthanide- SPhere, Figure S2, distribution of the number of water molecules
(1) ions. The exchange of second shell and bulk water N the second coordination sphere, and Figure S3, residence
molecules is a local process and involves only two adjacent Probabilityp(t) that a water molecule still belongs to the second
molecules. From this point of view the second coordination Solvation shell after a correlation tintecalculated from MD
shell of chromium(l1) looks more like a surface where solvent Simulation (4 pages). See any current masthead page for
exchange processes are also local events. ordering and Internet access instructions.
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