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A. INTRODUCTION 

The association of solvent molecules with metal Ions in solution has intrigued chem- 
lsts for at least the last fifty years, and is currently the subject of much research. Of part- 
ocular significance in the early pubhcations were the largely electrostatically based mod- 
els proposed by Garrick lS2 and Bemal and Fowler 3 , which greatly reinforced the idea 
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that a small and defimte number of solvent molecules compose the first solvatlon sphere 
of a metal ion m solution. Since that time no other malor theories predlctmg solvatlon 
numbers have been pubhshed, but numerous experunental solvatlon number studies, m 
which a wide range of techmques have been employed, have appeared m the hterature 

The solvated metal ion in a large number of cases is a molecular species, as has been 
demonstrated, for example, by solvent exchange and ligand substltutlon studies4-6 _ The 
solvated metal ion IS the most ublqultous of all metal complexes and, 111 consequence of 
this, the exact composition of its first coordination sphere is of conslderable mterest. 
The purpose of this review is (I) to examme the methods by which the numbers of sol- 
vent mo!ecules in the first coordmation sphere of metal ions m solution (henceforth ab- 
breviated CN) have been determined, (2) to review the results obtamed and the mcldental 
additional data on other aspects of metal ion solvation associated unth these results, and 
(3) to outline the sigmficance of this area of metal-complex research endeavour to related 
areas of mvestlgation 

B EXPERIMENTAL METHODS 

(I) General remarks 

At this point It is important to consider how the term “first coordmatlon sphere” 
might be defmed for a solvated metal Ion. Probably the most obvious definition is one m 
which only molecules m “contact” or “bondmg” distance of the metal Ion, such that no 
other solvent molecules are mterposed between them and the metal Ion, are consldered 
to compose the first coordmatlon sphere Such a tzme-indepezzdent definition is, of course, 
apphcable to an arrangement of solvent molecules around a metal ion arlsmg solely from 
packmg requirements and does not meet completely the descrlptlon of the molecular en- 
tlty, which metal complexes are conventionally considered to be Clearly a complemen- 
tary tzme-dependent definition of the first coordmatlon sphere IS also required If specific 
solvent-metal Ion mteractlons are to be accounted for_ In general terms, then, a solvent 
molecule m the first coordmation sphere might be defined as one havmg a residence tune 
in the lmmedlate viclmty of the metal ion, long by comparison to Its correlation time m 
subsequent solvatlon spheres and the bulk solvent. (From this point “bulk” solvent urll 
be taken to mclude all solvent molecules not m the first coordmatlon sphere.) Obviously 
the solvent residence time will vary with the labdity of the metal ion, and consequently 
m the case of the more labde metal Ions’, e g. Cs+, Rb+, K+, Ba2+, Hg2”, tlus tune-de- 
pendent defmtlon may be of margmal value only. 

The preceding discussion mdlcates that, m pnnclple, there are two types of methods 
by which CN may be determmed 

(1) the first method dlstmguishes solvent molecules on the basis of then distance from 
the metal ion, and the number of solvent molecules withm contact distance of the metal 
ion is equated to CN. Dependmg upon the lab&y of the metal ion the CN determination 
may be made over a fraction of a solvent exchange half-hfe or over many such half-hves 
Such a method is time-independent and is exemphfied by the X-ray diffraction method. 

(2) The second method utrlises the fact that m many cases the residence tzme of a 
solvent molecule m the first coordmation sphere of a metal Ion is slgmficantly longer than 
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rts correlation time m the bulk solvent, to drstmguish between solvent molecules in these 
two envrronments Obvrously the time elapsed in makmg such a dlstmctlon will cntlcally 
determme the surtabrhty of a grven method for determmmg CN values for metal ions. A 
number of such time-dependent methods, apphcable over differing ranges of metal ion 
labrhty, have been developed, e g rsotoprc ddutron, ran exchange separation and chem- 
ical analysis, NMR area methods and one NMR shift method 

It should be noted that both of the above general methods m prmclple observe the 
solvent molecules 111 the first coordination sphere directly, and hence may be collectively 
termed dzrect methods. In addition to these methods, others, which will be termed zn- 
dzrect methods by virtue of the fact that they do not drrectly observe solvent molecules 
m the first coordmatron sphere, have been used to determine “salvation numbers” of 
metal ions m solutron, and are discussed below under “Induect methods” 

(II) X-Ray diffiactzon 

X-ray diffraction in prmciple offers a method of measuring mean solute-solvent mter- 
action drstances and intensities. The measurement of intensities of X-rays diffracted by a 
salt solution, and the bulk density of that solutron facrhtates the determinatron of the 
radial drstnbutron functron’ (RDF). 4nr*p(r), which grves the number of atoms m a 
spherical shell of unit thickness centred on a selected atom In the event that specific 
solute-solvent interactions exist in solution the observed RDF exhrbits peaks appeanng 
at mean solute-solvent contact distances, m contrast to the smooth parabola expected 
for the RDF of a uniform hqurd. In practice, pure solvr;~~s, e g water, methanol, etha- 
noI’-‘, exhrbrt peaks in then RDF curves which are attnbuted to specific mtermolecular 
mteractrons. In some cases these peaks comcrde with peaks attnbuted to solute-solvent 
mteractrons and thereby lead to uncertainty m the mterpretatron of the RDF curves of 
some salt solutions lo. 

In recent mvestrgatrons of concentrated Co*+ solutrons Kruh et al.11-1z have used a 
relationship in which a peak area m the RDF may be correlated wrth the average number 
of atoms of type J around atom i in solution by the expressron 

where A, denotes observed peak area, Zi and Z, are atomic numbers, o 1s a counting fac- 
tor and equals 2 for unhke atoms, and n represents the average number of atom pan m- 
teractions at rz,, the average interaction distance for the peak considered. From the above 
expression rt 1s apparent that observed and calculated peak areas together yield n. 

In the RDF (Fig 1) of an aqueous solution of CoBrz, Wertz and Kruh I2 identified a 
broad maxrmum centred at ca. 2.1 A as due to cobalt-oxygen interactron. The observed 
peak area was ca. 2560 (g)* and the calculated area per cobalt-oxygen contact was ca. 
435 (em)* thus indicating that Co(H20)6*+ was the predominant species m solution_ A 
second peak at 3.25 A was attnbuted to oxygen-bromme mteractrons. Srmtlarly in 
aqueous CoC12 solution Co(H20)6 *+ was found to be the predommant species with co- 
balt-oxygen and oxygen-chlorine Interaction distances of ca. 2.1 A and 3.1 A, respect- 
rvely” _ In methanol solutions of CoBr, the maJor species was found to be 
CoBr2(CH30H)2 with cobalt-oxygen and cobalt-bromine interaction &stances of 2 00 A 

Good C&em_ Rev, 6 (1971) 309-329. 
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Fig 1 RUF of an aqueous CoBrz solution Broken lmes mdxate graphlcal resolution (after Fig 2, 
Ref 12) 

and 2.45 A respectively In contrast a hrghly assocrated specres, (COCI~),, m which Cl’ 
occupred the first coordmation sphere m tetrahedral array, with cobalt-chlonde mterac- 
tron dtstances of 2.30 A, predominated m ethanol and methanol solutions of CoCI, It 1s 
of mterest to note that evidence for such a polymerrc specres has also been obtamed 
from molecular weight measurements r3 of CoCl, m solvents of low dielectric constant, 
and also from mass spectral studres of CoC12 vapour r4 _ 

In earher applications of the X-ray method Brady and Krauser5*16 determined CN for 
K+ to be 4 in aqueous KOH solution. The potassium-oxygen interaction distance vaned 
between 2.87 A and 2.92 ii dependmg upon salt concentratron They were unable to ob- 
tam directly a CN value for Ii+ due to the small X-ray scattermg by that ion. The CN for 
aqueous solutrons of ErCI, and Er13 was found to be 6 with erbmm-oxygen interaction 
distances of 2.3 A in both cases”. In addrtion, well-defined solvent separated ran pan-mg 
between Er(I-120)6 3’ and two chlorides or two iodides was identified with erbium-chlo- 
ride and erbium-iodide interaction distances of 4.6 A and 5.4 A respectively. In aqueous 
solutrons of Fe& in the concentration range, 1.5-5.0 i&f no aquated Fe3+ species were 
unambiguously Identified, but the species FeCl, 3- and Fe2C16 were identrfied as major 
specres at the higher and lower extremes of the concentratron range, respectively ’ * The 
identification of species in this latter study has been subjected to some criticrsmr’ 

It IS apparent from the above data that the X-ray method not only provides a means 
for CN determination, but also, within the limitations of a unidnnensional approach, 
yrelds structural mformatron. 
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(di} Isotoprc dilution 

Isotopic ddutlon methods depend upon the statlstrcal dlstrlbution of an isotoptcally 
labelled solvent throughout the system studied, such that in a solution containmg metal 
Ions CN values may be derived via the equality 

concentratron of lsotoplcally labelled solvent in coordinated solvent 
= 

concentration of rsotopically labelled solvent 111 bulk solvent 

number of coordmated solvent molecules 

number of bulk solvent molecules 

Isotopic fractlonatlon effects must, of course, be allowed for in the above equahty, but 
usually the mass of a solvent molecule is large by comparison to lsotoplc mass differences 
and hence these effects are small 

A major limitation of the rsotoplc dilution technique that the half-hfe for solvent ex- 
change on the metal Ion must be long compared to lsotoplc samplmg tune. Also the clean 
separation of coordinated and bulk solvent, prior to lsotoplc assay 1s of crucial importance. 

The first apphcatlon of this techmque was reported by Hunt and Taube I9 who deter- 
mmed the CN of Cr3+ to be 6 2 + 0 2 in water via an 180 isotopic ddutlon (ID) method. 
An acldlc solution of Cr(ClO& m water of normal isotopic abundance was muted with 
180 enriched water. Bulk water was dlstllled off m vacua at time Intervals and was anal- 
ysed mass spectrograptically via a CO2 eqmhbratlon method. The CN for Cr3+ was cal- 
culated from the mfimte time value (tlA for solvent exchange ca 40 h at 25°C) for the 
I80 content of the bulk water. Snmlar methods have been employed to determine the 
CN values of A13+ and Rh3+ in water20V2’ and of Cr3+ m ammonla22, and m each case 
values close to 6 were obtamed Isotopic dllutlon mvestlgatlons of LI+, Cd2+, Mg2+, 
co2+ , N12+, Fe3+ and Pr3+ in methanol using 180-labelled methanol at low temperatures 
have been reported 23924 The rapldlty of solvent exchange on Li+ and Cd2+ proved too . 
great to permit CN determinations In the case of Mg2+, Co2+ and NI*+ a range of CN 
values for methanol was reported for each cation It was considered that the trend in the 
observed CN values was consistent with an actual CN value of 6, and further that the ob- 
served CN deviation from this value was due to trace amounts of water in the solvent 
which competed effectwely with methanol for coordmatlon sites This was confirmed by 
a PMR study of the Mg2+ system” For the Fe3+ and Pr3+ Ion a kinetlcally distinguah- 
able first coordmatlon sphere was detected, but, particularly m the case of Fe3+, It ap- 
peared that mteractlon with anions precluded the determmatlon of an unambiguous CN 
value. 

In addition to the investlgatlon of cations solvated by a single solvent, the isotopic dl- 
lutlon techmque has also been used to establrsh the aquo and dlaquo formulae of 

Co(NH,),(H,O) 3+ and CO(NH,),(H,O),~+. respectively, in aqueous solutlon26*27 _ 

Gwrd. them. Rev.. 6 (1971) 309-329 
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(iv) Ion exchange separation and chemrcal analysis 

The slow solvent exchange rates of Cr3+ solvento complexes m which more than one 
solvent may iomtly occupy the first coordmation sphere permits the separation of the 
Cr3+ solvent0 complexes Intact, on a catron exchange resin column, from an equrhbrated 
system. For a number28-33 of such systems gradient elutron has been used to remove all 
of the Cr3+ solvent0 complexes m separate fractions from the resm Analysis of each 
eluent fraction for Cr 31 and coordmated solvent facilitates precise identiticatron of the 
constituents of the first coordmatron sphere of each Cr3+ solvento complex In a typical 
study Kmg et al 28 Identified all of the complexes Cr(OH2)6_n(dmso),3+ m the aqueous 
dmso system In Fig 2 an elutron pattern for an aqueous dmso solutron of Cr(C104)3 1s 
shown It may be seen that m some cases geometric isomers are indicated by the appear- 
ance of two eluent fractions correspondmg to identical Hz0 dmso mole fractron ratios 
m the first coordmatron sphere of Cr3+. 

Fig 2. Elutlon separauon of spzcles Cr(OH&_, (dmso)n3+, from a solution m which the mole fraction 

of dmso was 0 095 The values of the me.m number of dmso molecules 111 the first coordmatlon sphere 

iifor ca. 7 ml portions of effluent are 33 (smgle portion), O.OO,Sl-55,l 00,77-81.2 03.88-91,2.08, 
105-108,2.97,118-121,2.96,135-138,3.88,150-155,4.87. and 162-167,3 93. Gradtent elution- 
1 5-6 M HzS04, Dowex SOW-X4 200-400 mesh (after Fig. 2, Ref. 28). 

(v) Nuclear magnetic resorrauce - area method 

A nucleus (I # 0) m drfferent bonding environments exhrbrtc separate resonances, cor- 
responding to each such envrronment, over a frequency range. Tn the event that mter- 
change between two such environments occurs, two drstmct re icnances are observed m 
the slow exchange hrnit and these coalesce to a smgle trme avera& resonance m the fast 
exchange hrmt 34 . This phenomenon has been explorted to a considerable extent in the 
determmatron of metal ran CN values m solutron. 
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Fig 3. PMR spectrum of a 2 1 M aqueous solutron of Al(N03)~ at -40°C The low field resonance 
arises from the coordmated solvent, and the high field resonance from the bulk solvent (after FIN 1, 
Ref 35) 

Under condrtrons where separate resonances are observed for solvent molecules m the 
first coordmation sphere of a metal ion, and m the bulk solvent, drrect integration of, 
and subsequent comparison of, the areas under the two resonances, combmed wrth a 
knowledge of the metal ran concentration, yrelds the metal ran CN In thus way the CN 
of Al 3+ has been determmed to be 6 m a number of solvents A typical PMR spectrum 35 
IS shown m Frg 3 for an aqueous solution of 41(N03)3. It 1s usually assumed m thus 
method that solvent m environments other than the first coordmatron sphere are ex- 
changing at dtffusron-controlled rates and therefore appear m the envrronmentally aver- 
aged bulk solvent resonance Frequently, the rate of solvent exchange, and the chemical 
shift between the first coordmatron sphere and the bulk solvent, 1s such that separate re- 
sonances are only observed when the solvent exchange rate IS slowed by cooling. An addi- 
tional problem encountered m aqueous PMR studies IS that raped proton exchange on 
coordmated water leads to envrronmental averagmg of the proton resonance Fratrello et 
al.36 have demonstrated that not only does acetone slow down the rate of proton ex- 
change and depress the freezing pomt of such aqueous solutrons without causing precrpr- 
tatron of the metal salt, but also that acetone acts as an inert dluent. 

The PMR area method has also been used in binary solvent systems, e g Mg2+ m 
aqueous methanolZ5, and A13+ m aqueous dmso37-3g ; and coordinated and bulk reso- 

nances have been observed for both solvents from whrch total CN values close to 6 have 
been calculated Matwiyoff et al. have employed thus method in studies of the Be2+, 
AI 3+ and Ga3+ mrxed complexes of dmf and 2,4-pentadione in dmf so1vent40-42 From 
resonances ansmg from dmf and 2&pentadrone a total CN value of 4 was calculated for 
Be 2+ and the mono- and brs-(2,4-pentadronato) specres were Identified Snnrlarly a total 
CN of 6 was obtained for A13+ and Ga3+ and mono-, bis-, and tris-(2,4-pentadronato) 
specres were identified m both systems together wrth CIS- and trans-Al(acac)2(dmf)2 The 
use of this method m tdentrfying rsomers of complexes m which no solvent 1s coordinated 
is well documented43T44 

Studies of aqueous dramagnetrc systems via 170 NMR show that considerable overlap 
occurs between the resonances ansmg from coordinated and bulk water. Jackson et al 45 
overcame thrs problem by addition of labile and paramagnetic metal ions such as Dy3+, 

Coord. Chem Rev.. 6 (1971) 309-329. 
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Cu2+ and Co2+ to solutions of dramagnetic metal salts with the result that the bulk 
170 resonance was either broadened or shlfted to such an extent that the resonance 
arising from water coordmated to the dlamagnetrc metal Ions was separately observed. 
In this way CN values close to 4, 6 and 6, respectively were obtamed for Be*+, A13*, 
and Ga3+ in water46s47. Thi s method has also been applied to the 14N NMR determi- 
nation of a CN value close to 6 for A13* m hquid ammonia 48. 

(vi) Nuclear magnetx resonance - shaft method 

Exchange of solvent on a paramagnetic metal ion such as Dy3+ at rates at which 
complete envlromnentd averagmg occurs frequently results in a single resonance being 
observed for the solvent nucleus at a frequency greatly shifted (lo*-lo3 ppm) from 
that of the pure solvent This solvent shift is directly proportional to the paramagnetic 
ion concentration (any shift mduced by the anion is relatively neghgrble) and also to 
the number of coordmatron sites, and inversely proportional to the solvent concentra- 
tron. In a solution containmg a second metal ion on which the rate of solvent ex- 
change is slgniflcantly less than that on Dy 3+ those solvent molecules in the first coor- 
dmation sphere of the second ron are effectively removed from the environmental 
averaging process and hence the Dy3’ induced solvent shift 1s Increased such that 

where mx represents the mlllimoles of species x in solution, and the superscript 0 de- 
notes the quantity measured m the solution containing only Dy3+ The only unknown 

, 1s msolvent, the number of m&moles of envlronmentally averaged solvent m the solu- 
tion contammg the second metal ion SubtractIon of m;,lvent from the known total 
number of mdhmoles of the solvent m this solution and dlvlslon by the known num- 
ber of mdhmoles of the second metal Ion yields CN for the second metal ion Utdlsing 
this method Alei and Jackson4’ determmed CN for A13+ and Be2+ m water to be 
5 9 and 3.9, respectively Application of this method to relatively inert Cr 3+ is appa- 
rently comphcated by the paramagnetism of this ion 4g _ A particularly mterestmg re- 
sult So was obtained when this method was applied to aqueous solutions of VOSO,. 
Dysprosmm(III) was employed to induce a shift of the bulk water I70 resonance, and 
a CN value of 3 8 F 0.2 was obtained Thus result was rationahsed in terms of the species 
VO(Hz0)52+ possessing four equatonal water molecules each with a residence tune rm 
of 1.35 X 10m3 see-’ at 300°K, and one equatorial water molecule, trans to the vanadyl 
oxygen, and of sufficient labihty (T, - 10-l ’ set-’ at 300°K) to undergo complete en- 
vironmental averagmg with bulk solvent and hence make no contribution to the observed 
CN value. 

As 6 1s proportlonal to the number of coordmation sites on *he labile paramagnetlc 
metal Ion, occupation of such a sate by another specres leads to a decrease in 6, provrdmg 
the solvent isotropic shift, Av,,, , remains constant, and hence the number of sites so oc- 
cupied may be calculated via the expresslon: 

6 = [M][solvent] -r ~Av,,, 
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where Q is the nuinber of solvent molecules in the first coordination sphere of the metal 
M. Luz and Shuhnan5’ used thrs method to determine that only a smgle phosphate 
group of RNA coordinates to Co2+ m aqueous solution’ r , and in an earher study McDonalc 
and Phrllips’* investigated the coordmation of hrstidine to Co2+. A hmitatron on the 
apphcabrhty of this method IS that Avn, may vary considerably wrth Q as has been dem- 
onstrated in the case of Co*+ by Horrocks and Hutchrsons3 _ 

(vrr) Indrrect methods 

The direct methods each measure quantitatively a phenomenon closely identrfied wtth 
solvent in the first coordmatron sphere, such that a definite mole fraction of the solvent 
of a solution under investrgatton may be assigned to the first coordinatton sphere of the 
metal ion m that solutron. In contrast the mdrrect methods usually measure d bulk phe- 
nomenon, I e. a phenomenon emanating from solute-solvent, and solvent-solvent interac- 
tions other than, and rn addrtron to, the mteractions between the metal ran and its first 
coordmatron sphere. Although these indirect methods yield quantrtative measurements 
the “solvatlon numbers” derived from them are often very dependent upon the model 
used in the denvation, and frequently appear to mclude solvent outslde the first coordr- 
nation sphere. A consequence of this 1s that the “solvation number” for a given metal ion 
may vary with the method employed, e g values derived for A13+ from entropy54, com- 
pressrbrhty 54 and proton relaxation time measurementss5 are 2 1,3 1 and 16, respectrvely 
It 1s apparent that such “solvatron numbers” do not correspond to the strrctly defined CN 
which is the subiect of thus review. Nevertheless much valuable insight into the solvatron 
of ions and solvent structure has been gamed via the induect methods, and for further 
reading m these areas the reader 1s directed to recent revrews54*56-Sg which discuss a num- 
ber of indirect methods not considered here 

An mdrrect method which doffers apprecrably from the class mentioned m the pre- 
ceding paragraph m that the quantity measured, namely the metal-ion absorption spec- 
trum, 1s mainly affected by the rmmedrate environment of the metal ion, IS particularly 
relevant to thrs review. The absorption spectra of transition metal ions ansmg from d-d 
electronic transitrons are sensttrve to the unmedrate environment of the metal ion, and 
are interpretable in terms of the geometry of thus envuonment via crystal field and hgand 
field theory. Thus Nr*+ m a tetrahedral environment m a ZnO matrix exhrbrts bands at 
15,100,16,000 and 17,400 cm-‘, whereas in an octahedral environment 111 a MgO matnx 
bands are observed at 15,000,22,000 and 24,000 cm-‘. The latter spectrum is very srm- 
rlar to that of Ni(H,O), 2+ in the solid state and to that of Nr2+ m aqueous solutron, 
from whrch it was concluded that regular octahedral NI(H~O),~+ predominates m 
aqueous solution . ‘M* Via thrs rationale the tons62-70 Tr +, V3+, Cr3+, Mn*+, Fe3+ 
and Co2+ were also shown to have regular octahedral envuonments in aqueous solutron 
referring the general formula M(H20)6m’. (The ions Cr3*, Co2+ and N12* have been 
shown to have CN values close to 6 vra direct methods as seen m Table 1.) From the ab- 
sorption spectra of aqueous solutrons of Cu* + and V4 * it was concluded that both ions 
were hexacoordinated, but tetragonally distorted 10*71~72 with formulae Cu(H,0),2+ and 

VW% 015 * +, respectrvely. From 1’0 NMR solvent exchange experiments73 evidence has 
been adduced for tetragonal distortion m CU(H~O)~*+ and I70 NMR expenments have 

Coord. C?zem. Rev, 6 (1971) 309-329 
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also grven strong support for the formulatron of VO(H,0)52+ m aqueous solution50 It 
1s apparent that CN predrcttons vra absorptron spectra of the first row transitron rons 
correlate well vvrth CN values determined via other methods. This method has been ex- 
tended beyond the first row transrtron series and has been reviewed by Taube lo. The 

more general utthsation of absorption spectra 111 eqmhbrium and kmetrc studres of tran- 
srtron metal eons III solutton IS well known 

C. SOLVENT MOLECULES IN THE FIRST COORDINATION SPHERE - EXPERIMENTAL 
RESULTS 

The majority of the CN values obtamed rn smgle-solvent systems up to mrd 1970 are 
listed m Table 1. It IS seen that CN ranges from ca. 4 for Be2+ to 9.1 for Th4+, although 
the majorrty of the values so far reported are close to 6 The A13+ Ion, probably because 
of its relatrvely slow solvent exchange rate and the ease with whrch Its salts are handled, 
has been subjected to the greatest number of CN studies. It is noteworthy that three 
drfferent NMR methods and an I80 rsotoprc dllutron techmque all yreld CN values close 
to 6 for A13+ in water A CN value of 6 IS also observed for A13+ m several other single 
solvents and also m mrxed solvents (sectron D), and deviations from thus value are usually 
attributable to contact ran parrmg (sectron E) 

The only tetrahedral species detected by CN studies appear to be Be(H20)42+(Refs 
46,49) and Be(dmf)d2+ (Ref 40). Two other tetrahedral specres CO(H~O)~~‘, postulated 
from 170 NMX line-broadenmg73, and temperature-Jump74 studtes, and Zn(H20)42+, 
postulated from temperature-jump studres 74 have not been detected, but CN values , 
ciose to 6 have been obtamed for both Co2+ and Zn2+ m water’ 1*12~75~76_ This result IS 
111 agreement wrth the postulated 74 low concentratrons of the tetrahedral species relattve 
to therr octahedral analogues. 

Only two CN values of 5 have been reported The first case was for Mg2+ m hqurd 
ammoma, but later investrgatrons ” show thus value to be in error and a value of 5.9 -C 0.1 
is now reported. Thts result IS consrstent wtth values close to 6 observed for Mg2+ m 
H2078y7g~2s, CH30HSo~s’~25 and C,H,OHa* A CN value of 5.1 IS observed for Sc3+ 
m water, but Fratrello et al ” consider that thus value may be low due to contact ran 
parnng wrth mtrate Ion. 

At present there appears to be no evrdence for CN vanatron over quite consrderable 
temperature ranges76 as may be seen m Table 1. Vanatron of CN wrth concentration has 
been observed in the Zn(C104)a -methanol83 system, but this has been attnbuted to the 
formation of contact ion parrs rather than a change m the total coordmation number of 
Zn2+. 

All the CN data so far available have been obtamed from concentrated solutrons of 
metal salts (usually greater than 0.1 M salt concentration), and this raises the questron of 
the vahdrty of such CN values m dilute solution Although there is no direct answer to 
th3 question rt 1s noteworthy that weakly coordmating acetone is observed to enter the 
first coordinatron sphere of A13+ m aqueous acetone solutions when the mole fraction 
ratro H20-A13+ falls below 6 such that the A13+ total coordination number remams 
close to 6 38. It appears reasonably to assume from this that the CN value of 6 exhibrted 
by A13+ at H20.A13+ greater than 6, when only water coordmates, is the maxlmum CN 
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TABLE I 

Expenmentai CN values for the coordmatron of a smgle solvent 

Cationa Solventb CNC Tern 
f 

(“0 

Metbode Ref 

AZ3+ 

A~<CIOS), Hz0 

dmf 

.WN03)3 

dmso 

Hz0 

AK13 H20 

AlBr3 

AIIs 

Be2+ 

Be(ClO& 
Be 
BeCla 

Be 

cl?+ 

co (cl@)2 

Cocl2 
CoBr 
,23 

Ga3+ 

CH3CN 

H20 

H2O 

dmso 

Ga(ClO& H20 

dmf 

H2O 

dmf 

dmf 

NH3 

H2O 3.7-3.9 20 “0 NMR (s) 49 
dmf 3.984.23 o- 40 PMR (a) 40 

H2O 4.04.5 -2o- -62 PMR (a) 78 

H20 3.95430 18- 32.7 “0 NMR (a) 46 

H2O 

CH30H 

dmf 

60 -50 PMR (a) 78 

6 Of -3S- -52 PMR (a) - 7s 

6.1-5.9 20 t’0 NMR (s) 49 

6 021 37 PMR (a) 124 
6 020 3 0- -80 PMR (a) 117 

5.96-S 81 20- 40 PMR (a) 127 
6+0 S 23 “0 ID 20 
6 0120 02 -3o- 5s PMR (a) 3s 
60 -40 PMR (a) 78 
6 1~0 1 -29 5 PMR (a) 125 
60 -47 78 
6 Of 

PMR (a) 
-2o- 40 PMR (a) 37 

6.0-6-l -47 PMR (a) 126 

6.07-S-82 3s “0 NMR (a) 46 
6 O+O 1 37 PMR (a) 124 
s7+fl3 0 PhIR (a) 116 

5.6-5.9 s4- -62 PMR (a) 78 

s 720 3 20 PMR (a) 116 
6 O+O 1 37 PMR (a) 124 

6 020 1 37 PMR (a) 124 

s 7+-o 3 20 PMR (a) 116 

6 03*0 45 27 t4N NMR (a) 48 

s-9*0 3 
58 
5 8tO 3 

6 O+O.l 
s 7+0 3 
6 
6 
6 O+O 2 

-38- -63.7 
-60 

4s- -70 

-3s- 4s 
ambtent 
ambient 
h 

PMR (a) 

PMR (a) 

PMR (a) 

PMR (a) 
X-ray 
X-ray 
PMR (a) 

76 

too 

86 

8S 
11 
12 

128 

6 28tO 26 
5 89+-O 20 
5 9204 

5.9-6.1 

35 

35 
h 

-3S- -7s 

t’0 NMR (s) 129 
“0 NMR (a) 129 
I’0 NMR (a) 89 
PMR (a) 78 
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Catlon a Solventb CN= Tern 
?l ec> 

Methode - Ref 

Ga(ClO& dmf 5 920 1 O-20 PMR (a) 42 

Ga(NO& H20 5 920 1 25 “0 NMR (a) 130 

GaC13 H20 57 58 PMR (a) 78 

Cr(Y03)3 

rh*+ 

NI(C104)2 

Mscella,leous 

Sc(NO3)3 H20 
Th(QO4)4 

gsn4+ 

H2O 

H20 
aJo;+ 

gZn*+ 
H20 

H2O 
KOH H20 
Rh (Cl0413 H2O 
In(C10413 H2O 

‘Co (NO313 NH3 

Zn(clO4)z CH30H 
Zn(NO3)2 CH30H 

Hz0 

H2O 

H20 

H20 
CH30H 

C2H50H 

NH3 
H2O 

NH3 

5 8+0 2 -72- -82 PMR (a) 72,78 
620 3 -67- -90 PMR (a) 25 

6 O+O 07 -25- -80 PMR (a) 25 

6 67.5- -80 PMR (a) 80 
S9*04 -6o- -90 PMR (a) 82 
5 920 1 -75 PMR (a) 776 
6tO 3 -67- -90 PMR (a) 25 
5 9+0 1 -75 PMR (a) 77b 

H20 

dmso 
pyrldme- 

_W-oxlde 
CH30H 

NH3 

6 220 2 25 t80 ID 19 
6 ca 20 t70 NMR (a) 131 
6 60 Ion ex 28 

6 70 Ion ex 33 
6 60 Ion ey 29 
6.0+0 2 -50 “N ID 22 

H2O 4or6 
CH30H 4 Sk-0 7 

H20 50502 
dmso 5 950 2 

CH3CN 

51 
91 
6 

: 
4 
59-co4 
5 8*6 0 
6 Ok0 2 

6 
6 
3 020 1 

2 920 1 
1 8213 

1620 3 
1.9-+0 1 
2.OiO.l 

36 
-10 

i130 

h 

zoo 
h 
h 
h 

64.4-79 
-89- -99 
-78 
-82 
-82 

5 

29 
60 
60 

-81 

I70 NMR (a) 132 
PMR (a) 133 
PMR (a) 84 
PMR (a) 128 

PMR (a) 
PMR (a) 
PMR (a) 
PMR (a) 
PMR (a) 
X-ray 
“0 ID 
PIMR (a) 
PMR (a) 
PMR (a) 
PMR (a) 

170 NMR (a) 

170 NMR (s) 
t’0 NMR (a) 
I70 NMR (a) 
PMR (a) 

75 
75 
75 
75 
75 
l&16 
21 
78 
77a 
83 

115 

88,89 

89 
89 

89 
90 
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Notes to Table I 

a Cation. m those cases where several determmatzons are reported the table 15 headed M”+and the metal 
salt used 1s then given. In the sectton headed “miscellaneous” only the metal salt is mdicated. b Solvent 
the solvent to which CN refers IS mdlcated m this column In some cases the bulk solvent may have 
contamed an mert dduent. CCN the reported CN values are fully hsted except where the author has 
gwen raw experlmental data over a range of condltlons - m these cases the extreme range of the data 
IS hsted. Error estimates are only shown when gwen 111 the orlgmal work. dTem erature 

lps 
(“C)- the 

temperature range over which CN values were determmed 1s shown. eMethod- 
drlutlon, I80 ID 

N ID. “N Isotope 
IsO Isotope ddutlon, Ion ex , Ion exchange and chemical analysis; PMR. proton mag- 

netlc resonance, ‘170 NMR, I70 nuclear magnetic resonance, 14NMR, I4 N nuclear magnetic resonance, 

d 
a) or (s) after the method mdlcates area method or shift method respectively gSalt not specified 
Temperature not specified. ‘Dnsolved as [Co(NH&] (NO& fSeveral dlluent solvents employed - 

nearest mteger hsted for CN 

value exhibited by A13+ m that solvent Such an argument seems applicable to other metal 
Ion solutions also. 

In several cases CN 1s found to be Identical to the catron solvatron number in the solid 
water state, e.g. Cr(H20)e3+ (Ref. 19) Nr(H,0)e2+ (Ref. 84), Co(CH3CN)e2+ (Ref. 
85) and Co(dmf)62+ (Ref. 86) For CO(H~O)~~+ cobalt-oxygen bond distances are found 
to be srmrlar m solutron and the solid state ‘1*12 Despite the above compansons rt would . 
seem to be madvlsable to draw rigid analogles between sohd-state solvatlon numbers and 

CN values especrally for Ions which exhrbit vanable solid-state solvatron numbers such as 
the NI”‘-acetonitnIe systems7 in which the distmct species [Nr(CHa CN), ] (C104)a, 
[NI(CH~CN)~(CIO~)~] and [Nt(CH3CN)2(C10&] have been identified m the solid 
state 

The last three entnes m Table I are examples of the complete characterisation of the 
first coordmation sphere of Pt complexes in solution. The solid state stoichiometry of the 
Pt4+ species IS (CH3)3PtC104 (Ref. 88,89) whereas in solution it is [(CH3)3Pt(H20)3] CIO, 
and exists as the fat octahedral species. Sunrlarly m water” and acetomtrrlegO 
(NH3)2Pt(C104)2 coordmates two solvent molecules to produce the square planar species 
[(NH3)2Pt(solvent)2] *+ 

D. MIXED SOLVATION IN THE FIRST COORDINATION SPHERE 

The title of this section suggests the possrbrhty of two convergent view pomts from 
which solutions of metal ions m muted solvents may be considered_ Thus the famrhar 
transition metal ion systems III aqueous ammonia or aqueous 1,2-diammoethane are often 
cited as classic examples of complex formatrong”g2 equrhbria, and yet may equally well 
be considered as examples of mixed solvatron Clearly terminology in this area 1s a matter 
of semantrcs The drscussron to follow is restncted largely to data obtained via the direct 
PMR and ion exchange techmques descrtbed in section B, by virtue of the bras of reported 
studtes m this area 

Kmg et al. have reported mixed solvation studies of Cr3* in two-component aqueous 
solvent systems in which the second component has been either methanolzcr3’, ethanol 
29-32, pyndine&-oxide 33 or dmso*’ The observed solvent equrhbna may be wntten: 

Chord. C&em. Rev.. 6 (1971) 309-329 
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Cr(OH2)7_,(solvent)it, + solvent * Cr(OH2)6_, (solvent):+ + H20 

where “solvent” IS not water. A cation exchange resin techmque was employed to isolate 
specres in which n varied from 0 to 6 for those systems m whrch the second solvent was 
ertfier methanol, pyridine-N-oxrde, or dmso (Frg 4) and m the case of the last two solvents 
rsomerrc species were isolated when n = 2,3 and 4 In the water-ethanol system species in 
which n = 0 to 4 were separated, but no tsomers were observed The relative tendency for 
bmdmg of water and either methanol, ethanol, or dmso to Cr3+ depends upon the com- 
positron of the first coordmatlon sphere. Whilst Qn, where 

Qn=. 
[WOH&_, (solve++] a&O 

PW2)7-n Wvent)~~ 1 I asolvent 
decreases as n increases for methanol, ethanol, and dmso over the respective ranges 
Qr = 0.65 - Qe = 0.0022 (60”(Z), Qr = 0.42 - Q4 = 0.0134 (7S°C), and Qr = 220 - Q6 x 
15 (60°C); correctron of these values for statrsttcal effectsg3Pg4 indicated that whereas 
the tendency for methanol and ethanol to enter the first coordmation sphere decreased 
wrth increase in n the opposrte trend was the case for dmso The tendency for pyddme-N- 
oxide to enter the first coordmatron sphere does not vary appreciably with changes m n. 
The trends m Q, for the water-alcohol systems were rationahsed vra a model m w&h 
steric interactions locahsed along the twelve edges of an octahedron defined by the six- 
coordmated solvent molecules were the predommant factor in determinmg the relative 
stab&ties of the various Cr3+ complexes. Sterrc factors were considered to be less impor- 
tant in the dmso and pyridine-N-oxide systems Other workersg5 have also studied the 

F1 4 
5+ 

The average number of dmso molecules, Ti, m the first coordmatron sphere of Cr3+, (0, X) and 
Al (+j, as a func?ron of dmso mole fraction Z The sohd hne gwes Evalues expected on the basis of 
random solvatlon i e E/(6-3 = Z/(1-Z) (after Ftg 1, Ref 28). 
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solvatron of Cr3 m aqueous dmso and reach smular conclusrons to those above, but there 
rs a suggestron 28 that m this case non-equrhbnum conrhtions may have pertained. Proton 
magnetrc resonance peak area studres of the solvatron of Al3 in aqueous dmso3’ show thrs 
ran to be preferentially solvated by water at water mole fractrons > 0 80 and by dmso 
at water mole fraction < 0 75. A total CN of 6 was observed over the water- dmso mole 
fraction ratro range l-56-8:38 It has also been observed that Al” drscrlminates less in 
favour of water over dmso than does Cr3+ (see Frg. 4) 

From a number of mixed solvatton studies of A13+ two broad categorres of solvent 
emerge 38,39,96 - 

(I) solvents whrch compete with water for coordmatron sites, e g dmf, dmso, acetom- 
trrle, tetramethylenesulphoxrde, 

(2) solvents which do not compete with water for coordination sites, e g acetone, 
tetrahydrofuran, dimethyl sulphate, dimethyl sulphone, tetrrunethylene sulphone, tetra- 
methylurea, dioxane In the cases of the above sulphoxrde, sulphone and sulphate solvents 
rt 1s reported3e that solvating abrhty IS mamly dependent upon basicrty such that only 
the more basrc solvents dmso and tetramethylene sulphoxide compete effectrvely with 
water In add&on there appears to be a sterrc restrrctron on solvation by tetramethylene 
sulphoxrde. Solvating abrhty does not appear to depend upon the solvent molecular dr- 
pole moment Acetone (JL = 2.7 D), tetramethylurea (p = 3 3 D), dmf @= 3 9 D), and 
dmso (,v = 3.9 D) are all hrghly polar, yet only the latter two can compete with water for 
occupancy of the first coordmatron sphere of A13+ Reduction of the H20.A13+ mole 
fraction to less than 6 enables both acetone and tetrahydrofuran38 to coordmate to A13+. 
Under simrlar condrtrons acetone also coordmates to Ga3+ (Refs. 97,98) 

Both dmso and dmf compete with water for coordmatron sites on N12+ and Co2+, 
but droxane does not”. In aqueous methanol solvent both [Co(methanol)s(H20)] 2+ 
and [Co(methanol)q(Hz0)2] *+ have been Identified m solutron”‘, but the rdentrficatron 
of isomers of the latter species has been subject to drscusstons3 Studres of Mg”+ m 
aqueous methanol indicate that both solvents coordinate simultaneously’“’ but acetone 
competes with neither solvent”. 

Of the systems so far reported there appears to be no case of apparent total CN varra- 
tron as solvent composrtion has been vaned, which cannot be explamed vra the entry of 
an amon into the first coordination sphere, as 1s discussed m section E. 

E. CONTACT ION PAIRS 

The detectron of contact ran pans, or mner sphere complexes, formed by the replace- 
ment of solvent m the first coordmatron sphere by amens has to some extent been a by- 
product of CN studies. 

In aqueous solution perchlorate ion has a relatrvely low coordmatmg abrhty and CN 
mvestrgatrons of aqueous perchlorate solutrons of the rons102 A13+, Be2+, Co2+, Cr3+, 
Ga3+, In3+ and Th4+ show httle evidence for contact ion pair formation In concentrated 
perchlonc acrd, however, trme-dependent changes of Cr(CIO,), soluhons’03, and the 
broadenmg of the 35C1 NMR resonance in Mn(ClO,), solutronsro4 have been Interpreted 
111 terms of perchlorate contact ion pair formation It has been suggested that the lower 
water activity encountered m these latter studies may be an rmportant factor m the forma- 
tion of the postulated contact ion pairs 
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Where other salts have been used m CN detennmattons m aqueous solution, contact 
ran parrs have assumed a greater importance. Thus aqueous AU3 (2.70 M) and GaC13 
(2.42 M) solutions show httle sign of contact ion pairmg, but both czs- and trans- 
Be(H,O),CI, have been suggested as posstble explanations of the complexities of the 
PMR signals arising from coordinated water m 0.25 M BeCI, solution ‘* . 

A recent study”’ of the aqueous ahrmmium(II1) fluoride system vra ‘H, lgF and 
21Al NMR detected four contact ion pans as shown m the scheme. 

2 AlF(H20),2+ = Al(H20)63+ + AlF2(H20)4-r- Q, =0 15 (1) 

AWH,0),2+ = AlF,(H,O), + AlF,(H,O),+ Q2 = 0.14 (2) 

NF3(H20)3 == AlFq(H20)-+ AIF,(H,O),+ Q3 = 0.038 (3) 

where Q, IS the eqmllbnum quottent at -15°C. Separate lgF resonances were observed 
for each of the fluoro contact xon pairs, but the proton chemical shifts for coordinated 
water m each such species were so sinular that only a single proton resonance attributed 
to coordmated water was observed Nevertheless area measurements were consistent with 
the hexacoordmated species formulated m Eqns (l)-(3) In a similar manner ‘Be and 
lgF NMR have been employed to detect BeF42-, BeF3- m aqueous solutron ‘06, but 
coordinated water was not detected via PMR and hence the first coordmatron sphere was 
not completely charactensed 

The addrtron of acetone to aqueous galhum hahde solutrons causes a considerable de- 
crease from 6 m the value of CN for water as deduced from PMR area measurements The 
observatron of two 6gGa NMR resonances m these solutions led to the postulatron of 
Ga(H20)6 3+ and GaX4- as major specres where X = Cl, Br or I The major effect of ace- 
tone is to lower the dielectric constant The species GaCI,- has also been shown to exrst 
m concentrated hydrochlonc acid media”’ via 71Ga NMR. 

In aqueous nitrate solutions CN values of 5 1 and 2 9 for Sc3+ and Th4+, respectively, 
have been Interpreted m terms of nitrate contact ran paus” _ The latter value should be 
contrasted with 9.1 observed m aqueous perchlorate solutions of Th4+ By contrast the 
CN value for A13+ in aqueous mtrate solutron” IS 6.01 indicatmg virtually no contact 
ran parrmg Thus is a particularly interesting result, as IR and Raman data show the nitrate 
site symmetry to be lowered from D,, to C,, in aqueous Al(N03)3 soluttons’Og. Evt- 
dently the pertinent interaction occurs withm a solvent separated ion pair3S~‘0g. This is 
consistent with the suggested ’ lo high ordering m the second coordmatron sphere of A13+. 

In solvents with dielectric constants lower than that of water the formation ofcontact 
ion pairs is more prevalent. The AlC13-acetomtrrle”‘~“Z system provides a good example 
of this Two PMR studres have grven CN values close to 1.5 for acetonitrile in AlCI, so- 
lutrons of close to 3 M concentratron An 27Al NMR study r” showed that these sohrtrons 
exhibited two resonances of relattve area 3 1 and hence the followmg scheme for the 
drssolutron of AIC13 m acetonitnle was proposed. 

4 AU, + 6 CH3CN * 3 AK14- + AI(CH3CN)63+ 

Thrs is consistent with the observatron of Reman lines duerr3 to AK& -. Smnlarly CN val- 
ues of 2.8 and 2.9 for Al(CIO& in acetonitrde suggest entry of C104- mto the first co- 
ordination sphere, and rt appears from the complexity of the PMR spectra of the coordi- 
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Fig 5. The varratron of CN for Zn*+ with salt concentration IS methanol solvent Circles and squares 
are data pomts for Zn(ClO& and Zn(NO&. respectively m molar concentration umts at -82°C 
Tnangles are data pomts for Zn(C!lO& m molal concentration umts at -8l’C Data from Refs 83, 
115 and 114, respectlveiy. 

nated acetonitrrle that several solvent contaming specres may errst m the systemg67111 
In the Zn(ClO,)a -methanol system the observed Cn decreasec’ from 6 to 4 as the 
Zn(ClO& concentration was rncreased to 1.8 M (Frg 5) On thus basis the specres 
Zn(CHaOH),(C104)2 and Zn(CH30H),C10,+ were postulated a3 A srmrlar ratronale” 
was applied to the observatron of a CN value of 5.7 f 0.1 for Mg2+ rn methanohc solu- 
tion of Mg(ClO,),. Sirrularly ’ r4 the observatron of a solutron number srgruficantly less 
than 6 for Zn2+ and Mg2* m methanohc solutrons of their perchlorate salts might be ex- 
plained vra contact ran parrs 

An alternative explanation ’ “, to that of the formation of contact ion parrs, has re- 
cently been advanced by Al-Baldawr et al m a recent PMR area study to ratronahse the 
apparent decrease in CN of Zn2+ rn methanol from ca. 6 to 4 (Frg. 5) as *he concentratron 
of Zn2+ (mtrate) was Increased. IR and Raman measurements suggested that no Zn2+N03- 
contact ion pans exrst at the temperature at whrch the PMR study was carned out 
(--82’C) and the followmg ratronahsation of the apparent decrease m CN was suggested. 
In the event that methanol occupies three different sites (I) bound between Zn2+ and 
NO,- in a solvent separated ran pan, (2) bound m the remammg sites m the first coordr- 
natron sphere of Zn2-, and (3) bulk methanol, then when environmental averagmg be- 
tween (I) and (2) and between (2) and (3) 1s slow, but 1s fast between (1) and (3), reso- 
nance (I) wrll not appear 111 the resonance attnbuted to the coordmated solvent and con- 
sequently the observed CN will be less than the true value. This argument requires that 
the anion of the solvent separated ion pan should cause rapid solvent exchange between 
bulk solvent and that portion of the first coordination sphere adjacent to the anion. The 
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kmetic studies most reIevant to this argument would appear to be those mvolvmg the 
exchange of dmf solvent on AI(dmf)6 3* where the rate constants for the chlorrde, bro- 
mrde, iodide r ’ 6 and perchlorate ’ I7 salts were 11 0,O 36,0 38 and 0 20 set-l at 25°C 
Chlonde ion accelerdtes the dmf exchange rate by a factor of ca. 30 by comparison wrth 
bromide and iodide, but m each case CN was observed to be 5.7 + 0 3 (0 20-O 26 M som- 
tions - PMR area method) desprte the drfferences In solvent exchange rate, which may Pre- 
sumably be interpreted m terms of variation of the chdracteristlcs of solvent ion pans 
Further mvestrgatrons of correiations between solvent exchange rate, CN and total salt 
concentration would be of consrderable mterest m vrew of the proposals of Al-Baldawr 
et al 

Ion parrmg has been drscussed m this section only where It rmpmges upon CN studies 
For more general mfoxmatron m this area the reader IS directed to recent revrews118-‘20 

F CONCLUSION 

The experimental drstmgurshabrhty of solvent molecules in the first coordmatron 
sphere of meta ions from those m the bulk solvent IS amply rllustrated by the CN studies 
considered m this review The extension of these studres over a greater range of solvents 
and metal Ions appears to be mevrtable Isotoprc drlutron and ran exchange methods are 
limited in apphcabthty to the more inert systems, but the various NMR methods wrll 
doubtless be employed over a greater range of systems and should be enhanced by the 
greater magnetic fields, and wrder operating temperature ranges now commercrally avad- 
able. Nevertheless solvent exchange processes m some of the more labile systems are too 
raprd to permit drrect CN studies via NMR, and rt IS rn this area that the solutron X-ray 
methods are hkely to prove of great use 

The mtrmsrc Interest of CN data apart, there are two areas of coordmatron chemistry 
to which CN studies are of partrcular relevance The first such area IS that of metal ion 
substrtutron reactions rn solutron, m which mechamstrc rattonaless~‘z’7r22 are frequently 
based upon comparison of hgand substitution and solvent exchange rates In the maJortty 
of cases where dmcr determinations of the rate of solvent exchange on metal rons n-r so- 
lution have been made, NMR lure-broadening methods have been used4*73 These methods 
measure 7,, the life time of a particular solvent molecule m the first coordmatron sphere, 
whrch 1s equal to the reciprocal of k, , the specific first-order rate constant for exchange 
of a particular solvent molecule (T, = k, -I) Thus the total solvent exchange rate, R, of 
the metal ran IS given by 123 

R = k,(CN) [metat Ion] 

The metal ran CN value IS clearly central to the calculatron of R, and hence to mechamstrc 
arguments m which R assumes rmportance. 

The second area IS that of non-transrtron metal ion complex for-matron m solution, a 
tieId which has not advanced as rapidly as the analogous area of transition metal chemistry, 
due largely to the lack of d-d electromc transitrons and hence the restncted apphcabrhty 
of spectrophotometnc techruques. The complete and quantrtatrve determmation of the 
composrtron of the first coordmation sphere wtth respect to both solvent and other hgands 
by NMR methods, as exemplified by mvesttgatron of the Be2+, A13+ and Ga3+, 2,4-penta- 
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dlonato system40-4’ and the alummmm(III) fluonde system lo5 clearly pomts the way 
for further work m this area 
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