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In water exchange reactions the reactant and the product we identical. as are the 
iigand and the soivcnt: water. The Gibbs energ? change of the reaction i5 zero. The 
observed exchange rate constants cover more than IS orders of magnitude (Fig. 1) 
from the most labile monovalent alkaline ions to the very inert trivalent transition 
metal ions Rh’ and Ir‘ [2]. On the fast cxchangc side. the mean lifetime of a 
xvsatcr mo7leculc in the first coordination shell of Cs teas estimated to 200 ps. C’s 
is the largest moraovaient metal. cation. snd therefore. has the lowest surfxe chase 
density. On the other tw-eme. a water molecule stays for more than 300 >ears in 
the first sheil of the hexaaqua iridium(W). a third-row transition metal lvith a largt 
ligand field contribution to the activation energy. 

The metal ions are often classified into three groups. The firs: group is repre- 
sented by the maiil group metal ions, varying mainI>, in ionic radius and electric 
charge. The number of water molecules in the first coordination sphere spans from 
four to ten or more 133. The second group consists of the d-transition metal ions. all 
hewcoordinated \vith the exception of Pd2 and Pt’ _ which are square planar 
and SC’ ’ that might be hepta-coordinated [4]. Their exchange rate constants are 
very strongly linked to the occupancy of their d-orbital\. The third group in\.oiies 
the !anthanide and actinide ions \ibich arc cizht or nine cwrdinated. Thsrr kinetic 
behavior is influenced mostly by the decrease of the ionic radius along the &ej 
and the subsequent chan_re in the cwrdinatiw number. 

Experimentally. water eschange rate constant5 arr determined mainli from 
nuclear magnetic rcwnance mcasurcment5 f-i.61. Other techniques 2~s re5trictrd to 
i’er! slo~v reactions (classic~~i kinetic methods using Isotopic wb<titutionl or xc 
indirect methods, like ultrasound absorption. where the rate constants are estimated 
from SO: cornplexation reactions [7]. The microscopic nature of the mechanism 
of the exchange reaction is not directly accessible by experimental methods. In 
general, reaction mechanisms can be deduced by experimentally testins the sensitiv- 
ity of the reaction rate to ;I IGet! of chemical and physical parameters such as 
temperature, pressure. or concentration. 

In recent years the application 01‘ classical molecular d>,namics or Monte Carlo 
simulations as u,ell as ab initio and DFT calculations haw gained significant 
interest. The performance of the new computer generation> and the t hecxcticai 
approaches Aws now to perform calculations ivhich c;\n prwide deeper micro- 
SCOpiC insight illtCJ Wiiter exch;ln$e prOCesSes. Classica simuIationj of hydrated 
metal ions in solution mainly rely on pairwise additive. effective interactian 
potentials obtilined from quantum mechanic;\! calcui;ttionc or from empirica! 
optimization of thermcxt> namic wluc~ like h! draGon rnergies or r:ldia! distribution 
functions. This approwh iitnitl; tltrx <imuIiiricln\i to metal iani jvith litled atomic 
orbit& mainly 10 main group and those metal ions. li_ennd 
fcid GM be ce.2. i;tnthi\nldes). advantage of the classicai 
methods is that relatic4y large systems. containirg u p to IO’ \v;tter molecules can 

be sin-&ted ovrfr several ns (10 ” s). Eschange processes can be foilwed direct& 
by inspecting trajt’ctories. molccu!ar coordinates and ~Axiries ;IS ;i function of 

time. 
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Full quantum mechan~al cak~a~ons  using ab initio sdgconA~ent field ISCF) 
m~hods or density funoional theory are cmnpmatmnal~ much n'me demanding 
and. therelbre, restricted mostly to i on -wa~r  clusters containing onc m~al ion and 
a limi~d number of water mokcules. Difl)rent metal-water dupers  that can occur 
along the reamion coordinate of a water exchange process have to be c a ~ a ~ d .  A 
comparison of energies and atructuml parammers like metal-oxygen bond dis- 
radices in the reactants, transition sta,es and in~rmed~tes will help to a~oda~  
them to rift)rent reaction mechanimns In go>phase cak~at ion~ second coordina- 
tion sphere, hulk solvent and anions arc neglec~d and, ik~nherm~,~, contm U to 
d a ~ k a l  molecular dynamics dmuhtions no ~al time~cMc is pmv~ed. On the 
other hand. these cak~mions are not based on empirkal paimNe inmmmion 
potcnthls, calculations en all types of ions. including tmn~tion m~als, are l)afiblc, 

A promising method, deveDped in recent years, is the lirst princiNes molec~ar 
dynamks like the Car Parrineito ~chnique ~]. In these cakulat~ns the inter- 
atomk potentials are derived explicitly ~om dec~onk ground-~ate within the 
dens~y l~mmional theory in local or non-local appro~mation, it comb~es quantum 
mechankal calculations with mokcular dynamic~ fimuhtions and, therelbre, over- 
comes the limitalions of both mmhods. Actual cmnputers allow only sim~ations of 
aqueous solutions of abou! 50 water molecuks liar seventl ps ~10 te s), This limit 
~s s~il at least one order of magnitude sho~er than the thstest directly measured 
water exchange ntte, k = 3.5 x I0 ~ s ~ tbr [EuIH:Old: , i.e. one exchange event 
e~ery tS × 3.5 × l ( f ' s  ' l ~= 36 ps [9]. 

Z Theoretkal concep~ of solvent exchange reactions 

The mechanistic classification accepted l%r ligand uubstitution ~a~ions was 
prope~ed by I_ang~+rd and Oat} in 1965 [10]. They divided substitution reasons  
into three categories of moichiometfic mechan~ms: asso~atDe (~1. where an 
inmrmedhte of increased coordination number can be detected, d~sodatDe iD} 
~+here an inten~ediate of reduced coordination number can be detected, and 
mmrchun~u t[) ~'here there is no kineticalO dmectab~ intermedia~. Furthermore. 
~hey distinguished two m~or categories of iutimate mechanisms: those with an 
associative activation mode (a), where the reaction rate is a p p r o x i m a ~  as senfifive 
to variation of ti~e end ing  group as to vafiatmn of the leaving group, and lhose 
~ it~ a dissociative mode tall. ~here the reaction rate is much more s ens~e  to the 
variation of the leaving group than to the variat~n of the entering group, Evidently 
all 1) mechanisms musl be d~sochfivdy and all A mechanisms musl be asso~a- 
tively activated. ~he 1 mechanism~ include a continuous spectrum of transition 
<ates where the degree of bond-making between the incoming ligand and the 
com~ex range~ IYom very substantial ~(, mechanism) to negligibk {L~ mechani~nl 
[1!.121. For a solvent exchange process, the lk)rward and backward reaction 
coordinates lvus~ be ';3'mmetfical. Thus. liar an ~, mechanism, with ne~i~ble 
bond-making of the en~ring ~roup, the leaving group is also necessarily weakly 
bound. !nversel~. tbr ~n I, mechanivn, both the entering and the lea~ng gmu~ 



lletal ion wirh lirst ruordin:rtion 
sphere 

must hwe a considerable bonding to the metill (t-i:. 7) [l I]. Swaddle sugests that 
for substitution of solvents such ;IS \vi\ter on octahedral complexes. only 1 mecha- 
nisms need be considered [ 

just one interchange mechanism \vhich spans an essentially k5nite 
number of microscopic path\f*ays. For ;I particular reaction :I broad rxrnifold of 
microscopic path\v;tys will bs more important than others. &din2 to :1 distinctive _ 
set of mcauw~bie parameters. 

As above mentioned. the proposirion or ;I re;iction mechanism is based mainly on 
the response of the reaction r;tte to the v;u-iation :)t‘ chemical and physical 
parameters. The volume cf xtit3tion. A I ‘,. h,ts become the main tool for the 



experimentat identification of the w;lter exchange mechanism [15- 171. LJV: is 
defined as the di!‘ference between the partial molar volume of the reactan!s and that 
of the transition lstate at ;I temperature 7++ and given in Eq. (2j. 

The cjbccrvcc5 csch;rnge I’iltC. k. is 150~ 40~33 or acce1eratcd by increasing 
pressure. depending on the positive or negative sign of Al/:, respectively, It is 
uhui\IIy accepted that the activation volume has two contributions: an intrinsic 
calllpc,llcllt. A I *:,,,. resulting from changes m bond lengths and bond angles, and an 
clcctroc;lrict;v~ c~rnipm~nl. A I ‘j.,,qi, which arises from changes in ckctrostriction 0T 
the sd~w~ outside the first cotordination sphere. For sohmt exchange rractigns 
~Iil’t’crcn~us in cicctrostriction between the transition state and the reactant can be 
11cglcctcd, IWU A I ‘: c D I ‘,,,,. Conscquci~lly, the activation volume will be a direct 
measure ol‘ the degree oL‘ bond Formation or bond breaking in the transition state, 
The relation between the pressure induced changes of the observed exchange rates 
;~nd the underlying soIvcnt exchange reaction mechanisms is visualized in Fig. 2. An 
inlpot.t,tnt issue is tile prediction of activation voiun~cs for the limiting substitution 
nlCchi\niSm~ 11 ;md .1. Swaddie [ IS.191 deveiopcd a semi-empirical model in which 
111~‘ ;~bsoiute I>artii\I moi;u volume, A I ‘I:,,,, of a hydrated metal ion in water is 
rCI;itcd to its ionic radius. depending oii the coordination number, and the charge 
oI‘ lhe mctai ion. Ti&inf ionic radii from Shannon. this model gives similar absolute 
limiting v;\iucs of IA I’l.1 = 13.5 cm’ mol ’ for D and A processes on dI- and 
tri\ :tilcnr 3d tr~isiljo~ tncl.::! i0ns. 

W’;tter cschang~ on di- anti trivalent transitIon metal ions has been the subject 01 
e.utensive experimental studies and has been widely reviewed [I 1,201. Table 1 

summarizes tile experimental i’lrst-order rate constants and the activation parame- 
tcr:;. The scqucncc ol’ reactivity of the divaient first-row transi!ion metal ions is 
i;lrgcl> independent of the mechanism and semi-quantitatively coincides with pre- 
dictions bi\sed on iigand field activation energies and molecular orbital calculations 
[‘i, 131. 

VL‘I~r lvi\tt’r cslhangc mech:lGm progessively changes from 4, to I(1 as the 
ilumber ot’ d-ziecrrnns increases and the ionic radius decreases. This change is 
dcmonstruted most evidently by the change itI sign oi the activation volume, AI/L. 
The obseriacd progressive mechanistic changeover c’lnnot he explained in terms ol 
CMiOili, 4zc onI). the electronic ccnfiguraiion also play:: an impc~>rtant role. For a 
G-t?r?ndcd oct;ihcdrai complex. the t,,, orbital!, are non-bondmg, whereas the e, 
cd-Guls m ;.tntihonding. The gradual Giling 01’ the t,!. orbitals, spread out between 
l@nds. will electrostatically disf.;ivrjr the approach if a se;len;h molecule to\vards 



-/ 
== j -& = -A ‘A _YCCC 
-- -mc----- 



;I filce of the ~~cr~thedr~~n. ;IIIJ therefore decrease the ease of bond-making. Simi- 
1;1r1y. ;m i;lcre:lsed ~ccupi~ncy of tht c,~ orbitals. pointed to the ligands, will enhance 
the bond breaking tendency. These effects. combined with the steric effects outlined 
;\.bow. a11 rsphin the sequences of the A I,‘: vi~lues. 

The very hi& lability of the d” [Cu(H,O),,]’ . is coincident with the operation of 
;t dvni\mic .Jahn --Teller effect [23]. Its tetragonal distortiw reorients randomly very 
r;ipid]!, so th;\t tlw lifetime of ;I given distortion (5, = 5.1 x IO ” s at 298 K) is 
rtluch ~hartcr tli;m ths lifetime of it given coordinated i-I,0 molecule (t,,_(, = 2.3 x 
It, ‘I’ S at ‘OX K). T!K longer asiaI bonds facilitate water exchange through a 
cl-acti\ytiorl mode \vhich is consistent \vith the posi;ive activation volume (Table I ). 

W:lter esichange cm trivalent first-row transition met31 ions shows a similar 
behavior as that of the divalent anaIopues_ [Cr(H,O),]’ * is the most inert (Table 1) 
;IS ;I consequence of its large ligwd field activation energy reflected in the large AH” 
wiue. A J ’ decreases from - 12.1 ([Ti(H,O),,l’_ j to -- 5.4 cm’ mol ’ 

([Fe( f-i@),,]’ ), The activation volume for Ti’ . approaches the limiting value of 
13.5 ~i:~’ tnol ’ for a11 ,A mechunism [IS]. 11cIlcc the operation of an A - 

n~cchanisms ~‘a11 be assigned. As the occupancy of the t,, orbitals and in parallel the 
electronic repulsion to\vards an entering ligand increase. the activation volumes 
become lest; negative, indicating ;t changeover to less associative, and finally a 
dissvciari\‘e activation mode (for Ga’ . I CIS B consequence of the fillmg of the c 
anti-bonding, e., orbit& 

EXpt’riIIIetltill data on lvater e~ch~ln~e OIJ second- and third row trar,sition metal 
ions are much more scartx. The mechanism of waiw xchange 011 octahedral 
[Ru(H~O),,J~ ha been diswwd from different aspects. Based on the small 
xti\ation ~~olumt’. A J -’ = --- (I.4 cm’ mol ‘. an inlcrchangc. /. met-hsnism ivas first 
iittributed [32]. The inoc!wLi.;m of the substitution reactions on [Ru(H,O),,l’ I has 
been determined by comparing the rate constants for the mwocompiex formation 
bet\veen the aqua iotl with different ligat>ds [X3]. The extreme similarities between 
the inner sphere interchange Iate constants. iii, Ibr a series of complex formation 
renctions Irl the authors assign a dissociative interchange mechanism, /,,. The mall 
acti\‘;\tion ;,olume may ;?riginatc ~‘1o11~ the compensation between a positive contri- 
bution clue to the loss of ;\ water m0leculc and a negative term from the contraction 
ol‘ the complex at the ttxrlsition state. The low-spin ti, IRu(H20)rdi _ is four orders 
ol’ magnitude tnorc labile than the t!, [Ru(H,O;::.]’ [32]. This difference in lability 
led to the utwqui~Foc:~I identitication of an outer-sphere mechamsm operating in the 
elxtron exchange bet\vecn these two aqua complexes [32]. [Kh(H,O)$ . and its 
third-t-w NI~IO~ [Ir(H,O),,] are the most inert aqua ions known up to now [2,34]. 
The lifetime of a water molecule in the first coordination shell of Ir” _ is 9.1 x lo” 
5 (at 2% K ). 15 l;ich correspond:; to about 300 years. The negative activation 
~~~Iurncs of’ the Ku’ . Rh’ and II-’ ions Suf+st the operation of an zwciativr 
.,, WhlIl~c Illtxl?~~!lis!ll. I 

The wst ma_jority of the sqtwe-pl;mar d” transition meta; ions. such as palladiu- 
m( I I) and JMinumf 11) undergo ligand substitution through associatively actii.:ited 
rnech~~nisms [35]. Witter eschanye 011 [Pd(H20)J]’ t [34] and [Pt( H:O),]-’ ’ [37] were 
,aditxl 1-,, “0 NMR (Table I ). Thi: mechanistic interpretation of the ~~etivi~tion 



volumes is complicated by the square-planar getimetry of the complexes. The axial 
sites may be occupied by non-bonded vvater molecules. The bond formation 
between the metal center and such a water molecule leading to a five-coordinate 
transition state may result in rather small v&tme changes. It is therefore ditficult to 
distinguish from dI/” values between an associative interchange I,, and a Iimiting 
associative A mechanism. 

In recent years. several authors published ab initio or density functionaI theory 
(DFT) calculations on gas-phase hydrated metal ions, The main goal of the studies 
\vas to obtain microscopic insight into water exchange on octahedral complexes. On 
constrained pentagonal bipyramidal heptacoordinated species of the type 

[MW~O),]” + , kkesson et al. [38] obtained ,tn interchange water exchange rnecha- 
nism with increasingly associative character in the order Cr’ , Fe’ . ~ V’ _ and 
Ti’ . which is consistent with experimenta activation volumes. However, they 
proposed a disso&tive mechanism for water exchange on octahedral iv1r-t’ - and 
V’ ions, which is in contradiction with e!~.perimental findings. This discrepancy 
was resolved by Rotzinger [39-411 who performed calculations on di- and trivalent 
first-row transition metal ions from SC? _ t’o Zn’ _ using ab initio methods at the 
Hattree-.Fock or CAS-SCF level. All pertinent transition states and intermediates 
that could occur along the reaction coordinate of an associative. a concxted and a 
dissociative water exchange process were calculated. In this study. reactants. 
products. and intermediates were fzharacterizcd by the sbsence of any imaginary 
vibrational frequency throughout. whereas transition states alnays show a single 
imaginary frequency [39]. As an approsimation. he ne@ected second sphere !+nd 
bulk water as u*ell as anions. The reliability~ of his calcukttions ~vas proved by the 
agreement of the computed activation energies LIE- \vith the experimental 4.G’ and 
AH’ values. 

The computations provided structures and ener_eies for a variety of transition 
states and intermediates for ivater eschange. Each type of exchange mechanism 
proceeds via a characteristic transition state. As examples ne will discuss 
Rotzinger’s results for Ti’ -. V’ . - and Ni-’ . - clusters. The calculated transition 
state of Ti’ I (Fis. 3a) has c‘, symmetry. The imaginary frequency describes a 



motion of the t;eventh wtcr molecu!e toward or rway from the metal ceaer. As 
Rotzinger st:ltes, ill this reaction water entry dominates undoubtedly the activation 
proccs’: tvhich can clearly be identilied as an ,4 mechanism. The following heptaco- 
cwjin;ltcd il:tcrmcdiatc [Ti(H,O)-3’ has only real vibrational lnodcs and C, 
qninwtry. The calculated energies ol’ the tr;msit;on state and the intermediate are 
given in Fig. 4, togcthcr with the experimental AG” value. Calculation of the partial 
mol:~r volumes ot’ the rc;~ctants. the transition state and the intermediate is difficult 
atid Rotzinger calculated dif’ferclices of the swns of all metal -oxy,gcn bond lengths, 
AX, which i\rc relnted to the activation volumes. Fig. 4 shows that the sign of AC 
is ncga~ivc iind agrees with that of the cspcrimcntul AI,“. 

The transition state for I [V( H,O),***( H,OLJ ’ ! 1 (Fig. 
l‘rml il concerted process. The entering and the lcaving ligands are 

symmctric;llly aluivalcnt and 

I! relative to the reactant. excluding spin-change in the 
water r~hange process. The negatiw value of AI. for the transition state shows 
that bond formation occurs to a larger extent than bond breaking. This is 
representittive for m !, mechanism ivhich was previously attributed form high-pres- 
sure cspcrimcnts. 

For water cxknge on [Ni(H,O),,]’ ’ only ;I transition state for the dissociative 
activation could be calculated. The species ([Ni( H#),***(H,O)*( H@)]-’ * }: (Fig. 3c) 
has C, symmetry and the incoming and the leaving water molecules are well 
distinguishable. The imaginary modes involve mainly a motion of the leaving ligdnd 
toward or away horn Ni’ . . The subsequent intermediate [Ni( H20)5 ’ (H,O)$ _* 
has c‘z, symmetrv and is basically ;I. square-pyramidal pcnta-coordinate species, 
h!,drated b> t\vo ivater molecules. The calculated sum 01’ the metal-oxygen bonds 
112s iiicrc;k; tbr both the transition state and the intermediate as compared to the 
reactant leading to a positiw 111’ value A Z (Fig. 4). The energy difference between 
ttwlsition State and intermediate is small for this dissociative process. An improved 
model could change the energies of the intermediate and the transition state in an 
uncc~ual uay, so that the pentacoordinated intermediate becomes the transition 
state for an Ztt mechanism. 

In summary. the results obtained by Rotzinger on first row transition metals 
provided the fol:owinp picture [40]. Hexacoordinated SC’ .- , Ti’ and V’ ‘.. react via 
an associative A mechanism with relatively long-lived intermediates. The dissocia- 
tivc pathIi:ay is the only possible for water exchange on Nil _ , Cu’ * and Zn’ *’ , For 
tlw elements in the middle of the 3d series both associative (r, ‘4 ) and dissociative 
(D 1 pathLvvays can occur. 

The hydration of the zinc( II) ion ws also studied by Hartmann et al. [42]. 
Structures and hydration energies were computed using DFT for [Zn(H,O),,]’ . 

\vith 11 = l-6 and for [Zn( H,O)n]’ ’ - MH,O with II = 5 and III = I, 2 and II = 6 and 
!}I = 1. The structures Lvith water molecules in the second coordination sphere 
w&ed t~vo types of complexes having either one or two hydrogen bonds between 
the !ilst ;ind sewnd sphere kvater molecules. In agreement with Rotzinger [40], a 
dkwiatwe D nwhanism was Ibwd to be mast likely for the water exchange on 
[Zn( H,O),,]’ t . 
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Density t’unctiotwl theory has been used by Deeth et al. [43] to tnodd water 
cschan~e on square-plmtr [Pd( H,O),]’ . and [Pt(H1O),]’ . Energies and structures 

01‘ three-. four- w.l five-coordinated species were cAAaled. In order to reproduce 

cspcr-imental acti~xtion cnthalpies. AN’-, for wrtcr exchange, an apficit correction 

Ihr sohxtion nas applied by using the simple Born model. The calculations strongly 

suggest that water exchange at these square-planar metal centers proceeds via an 
aw~ciatiw tnech~rnism. in full agreement with experimental assignments [Xx37]. 
Tlw i\greetlletlt in experimental and calculated activation enthalpy is better than 10 

k.l mol I i’or an I,, tnccti~uiism, whereas il differs for tnm than I00 k.i mol ’ for 
;Iil jL, mechanism, Fig. 5 sho~vs a schematic represcnti~tiot~ 01‘ the \vi\ter exchungtt 

prows Of1 pliitlilI* d" COlllpl~XCS. ‘The ltxnsition stale has a structure close to ;i 

trigowl bipyramid with three elongated bonds (equatorial \\xter molecules) and 
tw bonds of the same length as the square-pliwr complex. The culculatious result 

in almost the Si1Ine structure lix- I [I’d{ HJO),]’ 1 I and for ;[Pt(H,O),]‘~ I’. The 

txNltl strclchitig i:i lhc Irilnsilion :;iates parliAlj~ COlllp~tISitt~S 1lK dWtUX (It‘ the 

nlul~r colamc originatiilg from the association of ;i lifili M2iter molecule to the 

metal center. This effect qualitatively explains the smdl and sitniktr experimental 
;~cti~,ittiott volumes [X.37] for these square-planar aqua complexes (Table I ). 



The I5 trivalent lanthanide ions. which may be collectively denoted Ln’ _ 

represent the most extended scriez of chemically similar metal ions. The progressi\xz 
filling of the L)/‘orbitals from La‘ to Lu’ is accompwied by a smooth decrease 
in ionic radius with incrense in atomic number as a consequence of the increasingly 
strong nuclear attraction for the electrons in the diffuse f orbitals. These orbit& are 
shicided by the surrounding filled 5s and 5p orbitals. leading to veq small cr?;stal 
field splittings in the lanthanidc complexes. Thus. the coordination properties of the 
Llll s ions mainly depend upon Ihc steric and electrostatic nature of the ligands. 
The coordination of the lanthanide(ill) ions in aqueous solution was certainly one 
of the most controversial questions of lanthanide chcmistp. Non it is well 
established from neutron scattering [44,45], X-ray scatterins [46--451 and absorption 
fine structure [49], density [5O] and spectrophotometric [5l] techniques that the 
lighter ions (La‘ . -Nd’ I are predominantly nine-coordinate and the heavier ions 
(G& ’ - Lu’ ) are predominantly eight-coordinate species. The ions Sm’ - Eu’ _ 

exist in equilibria bttneen nine- and eight-coordinate. The change in coordination 
number is reflected in the absolute partial molar volumes. I+‘:,,.. determined in 
aqueous LnCI, solutions (Fis. 6). 

[Ln(H,O),]’ t H,O % [Ln(H,O),,]’ (3) 

The calculated absolute partial molar i,olumes usin_ E the semi-empirical mltdel 01 
S~vaddlc [18.19] asrcc nail with [Ln(H,O).,]’ at the brginnins and with 

[Ln(f-l@)J ;it the end ut‘ the Ln’ -series. 
TIIC absence ol’ cr~:,t;tl tit’td hplitring and the shieldin= 17 of the f orbit& makes 

c!assical rnolccular d>wmic$ simulations t’casible. Hcncc. tir whents \iithout 
covalent bonding like \v;iw-. ion solvent rorces can br welt reprcscnted b> simple 
Coulomb and van der Waals terms. Due to the strong electric field of the trivalent 
ions, water molecules in the first coordination shell are poiatized. Inclusion of a 
polarization term proved to be essential in the description of the tn’ - -\vattr 

interaction (Fig. 7) 1521. 
Fig. 8 shows the distribution of the number of water molecules for three distance 

regions of three trivalent ions. designed as Nd’ ‘-. Sm’ and Yb’ . [52]. The first 

and the second hydration shells as Lvell as the region between the tno shells \\~ere 
obtained from classicat molecular dynamics simulations using one cation immersed 
in 300 polarizable water molecules, The experimentally obsened change of the first 

shell coordination number CN, from nine for Nd’ I to eight for Yb’ could be 
reproduced. The result for Sm’ reveals that the obserwd C’N, of 5.5 curresponds 
indeed to an equilibrium bet\veen an octa aqua and an ennea aqua ion. Only 9’1;) of 
all configurations hclvc a nin[h water molecule between the t\~o spheres (Eig. S). 

An advantage of computer simulations is that thq can dtt!ivrr microscopic 

structural pictures of the systems studied. A det;liled anal!% of the lirst coordina- 
tion shell [53] shoned that for the light Ianthanide ions (Nd’ . 1 the nine water 
mdecules form a tricapped trigonal prism (Fi_g. 9) similar to that found by solid 
state X-ray dift’raction .;tudies on [Ln(H,Ot,,]’ i\,ith counterions CFXk . 



ElOSO, , ~lt~d RrO, [Ml. Tlt~ ITIC~II ioll-~~~~cit ~~S~NICC. 1’51, calculated for the 

three cupping wan nlolcculcs IS 3.b%? longer than that for the six prismatic ones. 
The tight Ii,0 111o1cculcs in cantact with the smakr heavy lanthanide ions (Yb’ .’ ) 

lima ;I squat-c antiprismatic geometry (Fig. 9) with equal ion-oxygen distances. 
Tlac dipac vectors of the First coordination shell water mokculcs are radially 
aligned [_$I\] \vi!k mean tilt angles from the cation-oxygen axis of 13O (Nd? ' , 

5111' * I md f2" (Y b’ ” ). The distribution function of all angles il = LO’-ion-O”, 
tbmcd by pxirs of w&r osygens tlut belong to the first shell, was calculated and 
;lgrced ~cll \;ith the structures dcscribcd above [SJJ. 

1 1 

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu 



2 3 4 
r!A 

5 6 2 3 4 
r’A 

5 6 

Fig. 7. Compur~~~ u,* the Ln’ iv;Ltef uxygen radial distnbution function. g,, (,. from the simulations 
( -*- ~mpolarizable wi~tcr .---polarizablc watert with experimental data from neutron diffraction for 
Nd’ ’ and Yb’ * a-- cxpcrimcntal data). 

molecules up to an ion-oxygen distance of 3.0 A are considered, either a tricayped 
trigonal prism (for CN, = 9) or a square antisprim (for CN, = 8) is found. Fig. 10 
(bottom) gives an example of the trajectories of the water molecules of the first and 
the second hydration shell for a 100 ps interval and illustrates the equilibrium 
between the two coordinations. The reaction volume, A Y’. for this equilibrium can 
be estimated from geometrical considerations. Using Swaddle’s semi-empirical 
model [18] a volume of - 13.0 cm’ mo’l ’ can be calculated. From the molecular 
dynamics simulations volumes included in the solvent-accessible Connolly surface 

[55], L’,.,,. cl m be calculated. In Fig. 10 (top) the Connolly volume enclosed by the 
surface of the first hydration shell of the Sm‘ _ aqua ion is given as a function of 
time. With t,‘,,,, (CN, =9) = 112.0 cm’ mol ’ and V ,.,, (CN, = S) = 101.2 cm’ 
mol ’ a reaction volume of - 7.2 cm” mol ’ was czlculared [%I. Molecular 
dynamics simulations performed at different densities (p = 0.9, 1 .O and 1.1 g cm - ’ 

corresponding to pressures of .- 2440, 1 and 1880 bar) showed a change in the 
mean coordination number from 8.26 to 8.62 due to an increase of configurations 
with nine coordinated water molecules in the first shell with increasing density (Fig. 
11). The slope of a plot of In(K) versus the pressure gives III;” [56]. The value 
obtained in this way ( - 8.3 cm’ mol I) is close to the one described above; both 
volumes calculated in different manners from MD simulations agree well with the 
reaction volume of - IO.9 cm’ mol -. ’ measured experimentally for [Ce(W,O),]’ - 
+ H,O z [Ce(H,O)$ L [57]. 

Rate constants for water exchange on lanthanide(HI) ions can be determined by 
“0-NMR relaxation and chemical shift measurements [S&59]. Unfortunatel_v, oni) 
eight-coordinate heavy lanthanides (Gd’ . to Yb’ - ) could be studied (Fig. 6). 
Powell’s results [60] at high maFetic fields allow to determine lower limits for 
water exchange rates at 295 K on jNd(H20),,]’ . and [Pr(H,O),,]’ .’ * The water 
exchange rates at-e closely correlated \vith the rate. A:“.‘. of the interchange between 
an inner sphere water molecuIe and a SOi ion from the outer sphere coordination 
(Fig. 6) [6 I]. The values show a maximum in the middle of the series, corresponding 
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to the cms~)vcr region in CN, from nine Io eight. For the heavy hmthankle~ in 
addition to variable tempcralure, variable pressure measurements were made so 
thin the ac~iuaion volumes Ibr the exchange process could be determined, the  
activation v~Humcs arc all negative [59 l, indicating an assotsativcly activated water 
exchange mechanism (Fig. 6). This observation can be explained in terms of the 
comslination equilibrium obsetwcd in the middk of the series. For the heavy 
hnthanklcs, the octa ion is the iouest energy species and the ennca aqua ion 
represents the intermediate (or mmsition stale) in the assodalivdy actNated water 
exchange reaction. The exchange rates become li~s~cr towards the middle of the 
series as the difference in the energy between octa aqua and cnnca aqua ions 
decreases, For the mid-series lanthanidcs, the octa and the cnnca- aqua species arc 
in equilibrium. The transition from one species to the other requires res tudy littic 
energy, so lhat tt~esc tanthanidcs should have the I~tstcst water exchange rates of the 
series. For the light ianthanides, ~hc cnnca aqua ion is now the lowest energy 
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From molecular dynamics simulations. ho\ve\,er. information on water eszhxtge 
is available for the three regions of coordination. The Gmulatlon qualitativeI! 
confirmed the lability masirnum of the first hydration shell found in the middle of 
the series [56]. From the trajectories obtained from the simulations. all transitions 
of ivater molecules between the first hlrdration shell and thr bulk wre identified 
and grouped into pairs of water molecules that together form a coupled mlange 
( Fig. 12) [SG]. 

The I5 eschansc e\~nts on [Nd(HZO),,]’ o \erved in the 3.1 ns simul,ltion time b: 
are of dissociative character throughout the simulation f Fiz. 12. left). .A consider- 
able mechanistic variability betn-een the two limiting rGiction path\;ays is evident. 
One limit is a pat1~1vl-i~ \vith r;tther strong dissociative character i-i;\ ;tn eight-fold- 
coordinated transition state of ;I lifetime of IO ps. The other extreme is a pzth\\la> 
tvith nearly spnchronous Icaving and entering of water male~&s. Since the awing 
point betnwn the trajectory of the inwmin, 0 and the Iea\ing wter molecult is 
displxed towards the second sIwII. t1-G p,~thw~)~ is most qproprt;wl~~ clasifisd as 
;I dissociative interchange. !,,. mechanism nith lvtxak dissociative character. The 
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profile for the t~ater eschan_ee on [Yb(H@),] is more complicated. The entering 
of a water molecule from the second hydration shell into the resion between the 
first and second sphere leads to a sli.sht increase of the volume. This feature of the 
volume profile indicates that the square antiprismatic octa aqua ion prepares itseif 
geometrically for the reception of a ninth water moiecule before compactins to the 
transition state that is a tricapped trigowl prism. 
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Fig. 13. Mean activation volume profile At~,,(t} from the water excbanges cn Nd" • ~CN = 9. (topl and 

Yb ~ ' (CN = 8. (bottoml after avcra~ng the posif i~ and the negative halves of the profile. 

which ~re, however, subsmmial~ smaller than anticipated ~ r  a D mechan~m, and. 
there~w,  an Id mechanism was propo~d.  Unfortunately, the water exchatge rate 
on In ~ ' was too ~s!  to be mcasu~d, and thus p~cludcd the measurmnent of an 

Table 2 

Ion •water proton binding times. L. obtained from IQENS experiments on concentrated aqueous ionic 

s o l ~ o n s  at -298  g [631 

r ,<lO ms L > L O  l " s  
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r , > 5 × l l l  " s  
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Mg:" 
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;lctiv;ltion v~du~~~c. The net\~ limit5 for water cschangc rate on In’ ’ cstablishcd by 
using Tb’ ;\k p;~r;ml;tgnc’ti~ shili rcagcnt [O!] arc about three orders of magnitude 
h;ghcr Ikit tile previous L’stimi~tcs [94j. 

k’o\v:dl [Y-‘,] morlc11~I H’i\tcr c,uch;\ngc mechanisms on Al’ ’ . Ga’ ’ , ilnd Iln‘ 
usiug ;rh inititb c;l!culations at the Hzrtrec I-ock level. Similar to transition metal 
iol*s. clusters with one ion and scvcn water mtilecules were considered 1391. For all 
three ions transition sacs and intermediates h;we been obtained for a dissociative 
p~rlwuy \vith structures similar to those found by Rotzinger (Fig. 3~). Tne energies 
of tiic dissociative trwsition slate arc in exrcllent agreement with the activation 
cnthalpics, AN;, mcasurcd for [,UHIO),,J’ ad for [Ga(H,B),,]’ . (Table 4) [91,31] 
The cncrgy dit‘fcrcnce. AL’/. between the calculated intermediate and its correspond- 
ing transition state is relatively large for -41,’ . and Ga’ . , but smaller for In’ * . The 
computation of transition wtes for a13 associative eschangc mechanism was only 
succcssti~l for iti1 . , The structures of the transition state and the intermediate for 
[In(: H,O\ .I’ ’ are thf: same as those for [Ti(H,0)-]7 1391. Furthermore. the 
winciati~~e piktil\V;l; requires it much loavr i~ctivatl(~n energy (AE’; = + 29. I k.l 
mol ‘) tlun the dissociative \vatcr eschaugc !AE = + 75.2 kJ mol ‘)+ The 
CillCUl~l!Cd actiwtion energy of t 39. I k.l ml1 ' is in pod agreement with the limit 
c: 33. I k.1 IllC~i -- ’ t;?r b,G_k,,, obtaincLl cxpcrimcn!ally [43]. 

Pwltivc activ;ltion volumes for water cschangc ucx mastered on Al’ and 
(-. : Jrl hy variable-pressure NMR cxperimcnts. and a dissociative mechanism, I,, 
v.as :wigned. Due to the relatively large energ’; differences between transition state 
and intcrmcdiate calculated for these clirsters. ;i limiting D mechanism was recntly 
proposed from the caic:;l;~t~ons [93]. The much lower energy pathway for an a 
xtivatcd mechanism for In’ . zc;gcthcr v. i:h the presence of a stable jeven-coordi- 
nate inrcrmediate ailowrld the assignment of an A mechanism for H,O exchange at 

[lr~( I-!,O),,j-’ . Actixtion volumes were estimated from the ab initio ciuster calcula- 
tions using ths Connolly surface [55]. The van der Wads radius of oxygen was 
aljusted to reproduce the experimental AP’: for .4l’ ’ and Ga . The correspond- 
ins activation volumtx for an wociativc cxchangc process calculated for In’ was 

- 5.2 c:nJ rnol ‘. The change in mechanism from dissociative (Al’ . Ga’ ) to 
~~ssocialiw (SC’ . In’ I has aircady been observed experimentally fhr organic 
S!~!LWlt tX~‘llitIl~c rCilCticV,S [20], 

SNUdfIIC 114 11 hlOfC 3’FerriIll typC di~~fr;tm. SC;IlCd 10 the \‘cllUltlC 85 il ph\!Sisitl 

1-l~lI’1II1lt’lui. to i’i3uilIiZc the intc’rpla~ ~ww~x:~ twnti-makink and blind breiiking in 
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simpls intcrchrmgc proccssc~ {Fig. 14). Bawd on Swaddle’s semi-cmpiriczd model 

for partial molar volumes uf metal ions in solution. Mcrtrzzch chwse 2 125 cm% 

mcd ’ ;I$ the limi;lng ~~;duc tbr ,-I and 0 mechanisms [?2]. The only mceswablc 

volrfmc is. howrvcr. the activation uoiumr. that is the volume differmc~ between 
the transitson s~atc and the rcactznt. If. as Swaddle supposes. all water cluchange 

rc~tions had to be regarded ;IS interchange mechanism. the transition state would 

lie on the dashed diagonal in Fig. 14a. In this view, A and D mechanisms are 

considered a~ the limiting WCS for the interchange mechanistic continuum and arc. 
therefore. fotiowing the edges of the xpare diagram. Howcvcr. from Rotzingcr’s 

[,79,40] and Mowall’s [93] calculations intermcdin:cs Gth increased and decwsed 

wordin~ttiw numbers have been identified and a different view of the square 

diagram w;tb defined [93]. For conccrtcd mechanisms (/). the single transition state 

1~. ;~s before. on ~hc A 1’ diagonal arcs. Honevsr. for stepwise mechanisms. the 

intermediate is situated on the diagonal while the two transition states Tie symrnet- 

ricaiig oft’ to the diagonal. The intermediates must not necessarily lie on the comer 

of the square. which means that the absolute value of the volume difFerencc 

betwwr, intermediate and ground state can be signiticantiy smaller than 1 5 !3.$ 

cm’ mol I. From calculated ~tructtires. Iio~iall et al. [93] derived volume char.ges 

for the transition states. d!‘:. and for intermediates. AIL3 These values are then 

used to draw reaction trajectories into the square diagram (Fig. IJb). As one n-ould 

expect. tr:lnsition states arc about half tlrt: il;I! bctueen the reactant and the 

intermediate. 

Information on the second coordinatic~n hiI 01’ udter mt~kclri:b ;irt_wnJ c;ttions 

is much poorc; than t!l:rt on the tirht 4xll [-I]. Prcyxxtis~ ot’ si4isnt m~lokwles in this 

coordination shell are often very similar to those of t.he bulk. making their 

investigation extremely difficult. The anai!G of radial distribution functions. x(r). 
at long r distances. is difficult and much less reliable. Thi- main source of strustunl 

information ~01112s from neutron sc;ttterin,o [95] and X-m>- [96--991 diffrxtion 

experiments on aqueous solutions. For cations n-ith strong second shell soivation. 

such as the trivalent Al’ . Cr’ . or Rh’ I information can be obtained ii;rm far 

infrared spectroscop!’ [l OO]. Computer simularions performed in close relation to 

experiment4 studies can deliver more insight into the microswpicai structure and 

dynamics of solverlt molecules In the second coordination shell [iOi.102]. 
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able (Fig. 15). Integratkln ~1 the . ~--.r”c g0.1 bettveen 3.00 ‘1 ;md the first minimum 
at 3.45 A gives the nr,~.n n?t~~~;)tx 31. i2.9 water molecules for rhe second sphere of 
Cr’ . which agrees well with the values of 1L13.6 found experimentali~ [95.96]. 
The exyerint-*,~aliy measured ewzhtingc rate constant of k,, = 7.8 x It;’ s ’ (at 2% 

K) corw, ,,‘;nds to a lifetime of 12s ps for one :iater molecule in the second 
coordi*tatmn shell and is in good agreement with the Ziii:ime of i-M ps obsemed 
from the molecular dynamics simulation. The ar?gular distribution for the angle 
formed by the t\vo exchanging water moleruk sheais a maximum at cos(O) 2 0_76. 

lvhich represents an angle of about IO” (Fig. lb). The ion-os>gen distance vectors 
ot t\i.o adjacent ivater molecules in the second 8xwrJina:ion r;hell produces AI ;mgte 
O!‘ about 37’. F3aw.l on the 4muiation thr fo’/!o~~mg pis:urc l;w ,tn s-xh;lnge 
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The results rcGcwcd ii; t[_s ppcr c!cxly dcmonstratc lhni c~+pximcntal stu,die~5 

illld compa\!cr simtk~tions or quantum ChCmiCill calculations arc comptcmcnla~. 

l?ur to the range of more than IS orders of ma@tuds for water exchange nte 

constants +n metal ions ii $;!ricty uf cvperimentai tcchniqxs. mainly nuc!~;lr 

rn~~pw+L rcson;tncc. hitvc to be appli~rl. In H similar wy, diffcrcnt computer 

tcciiniqucs have to IX tlscd to dculate these simpk ckmica! rextions in solution. 

Very Ibst cxchangc rcactions tikc those on kmthanide ions or on second coordina- 

tion shell cim bc simulated by clitssical molecular dynamics twhniqw, Reaction 

path\vitss for \vater exchange on transition metal ions and on Ices labitc first 

coordination shells can be followed by 4culating cicarly defined transition sjt;l~~ 

itnd intermediates. Obt-ioudy. both techniques suffer l‘rom shortcomings: apptoxi- 

mations on ir?teraction potentials. missing of outer coordination shells. Sever&c- 

Icss, they offer useful informatiw that help the esperimentalist understand 
underlying micwxopic J,xaiI5 of macrc,wqic observations. 
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