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ABIQEVIATIONS 

Tiron 4,5 dthydroxybenzenel,3-dtsulfonate Terry 
IDA immod&cetate bipy 

2,2:,2”-terpyrrdyl 
2.2 -bipyridyl 

SS 5+adfosahcjrlate dren dtethylenetnamme 
phen ortho-phenanthrolme tnen tnethyrrnetetramme 
mal malonate tren 6, fl’, p”-triethyltnaminoamme 
en ethylenedramme EDTA or Y ethylenedkwtinetetraacetate 

A INTRODUCTION 

Several reviews have appeared which drscuss the uses of NMR methods to study water 
exchange kinetics in aqueous metal ion solutions’ and the importance of these results in 
attempting to understand net substitution processes m labile systems’. A moderate 
amount of NMR data, largely from our laboratories, is now available concerning the ki- 
netics of water exchange m partially substituted aquo ions. It 1s the purpose of this rewew 
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WATER-EXCHANGE KINETICS BY I70 NMR STUDIES 3 

three-site situation have been presented 6. In princrple, the kinetrc information can be 
obtamed either from hne broadenmg or shit measurements or a combination of both, 
which latter approach seems preferable. Iuniting forms of the equations are useful, but 
it IS desrrable to fit the data finally using the complete equations 

(2) Exprimental aspects of the AT.. measurements 

Various kmds of equipment and techniques of measurement are used The use of deri- 
vative curves or side-band techmques IS common wtth commercial equipment. Our experi- 
ments have been mainly done using a single-cod method’$‘. In all cases, care is requrred to 
ensure the proper use of the spectrometer. Problems of field and frequency stability, 
phasing, modulation parameters, ECf power level (avoidance of saturation), good tempera- 
ture control of sample et:., and others must be considered. Signal averaging can help tcr 
increase signal-noise ratros. 

A reference solution IS needed in makmg broadening and shrft measurements at each 
temperature. T,le nature of thrs reference IS less crrtrcal if one can work with relatively 
large lime broademngs and shifts. If this IS not possible, the reference solutron should be 
chosen to resemble the workmg solution as closely as possible. 

Possible outer-sphere hne broadening and line shifts should be looked for and taken 
into account d found. These seem to be quite small m general when protons are not berg 
studied. 

(iii) Treatment of data 

The parameters of kinetrc mterest usually have to be extracted from a rather complex 
function. Although the usual non&near least squares computer treatment have been used, 
they are not ideally suited to the problem at hand Varratrons m the mdividual parameters 
over a range of values should be tried to get a proper assessment of the mfluence of each 
on the results. The relative unportance and precision of measurements of each parameter 
depends on the temperature. To date, we have preferred to use the computer to calculate 
curves which can be compared v~suahy wrth the experimental curves, adjustmg parameters 
s-1stematrcally to grve the best fit to the more precise data. Because of the mherent diffr- 
cultles in the measurements, rate constants will rarely be reliable to better then -C 5% and 
A& values to 2 0.5 kcal/mole even III favorable cases. 

(iv) Chemrcal aspects of the measurements 

In systems where several specres exist m eqmlibrium, a knowledge of the for-matron 
constants and enthalpy oi formation values is needed under prevarhng condrtlons Uncer- 
tamties in these quantrties are reflected m the absolute errors present m the end results 
reported. Species present may change over the range of temperatures used and d so can 
cause misleading interpretations. Often the lsomeric structures present are not known 
with any certainty_ 
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TABLE 1 (contmued) 

Co W, 0). (NH, 12 =+ 
2MNH,NO, 

Co (H, O), mai” JJ ca 0.3 

Co (H, 01, (maI), ’ - 
jJ = 0.3 

NI (H, 01, ‘+ 0.1 M 
HC10,,~ca. 04 

NI (H,O), , a+ 0 1 M HClO, 
g ca. 0.2 - 0 7 

Nl (H, 01, 2+ 6.5 M LICIO, 

pH ca. 7 

Nr(H,0),‘+,~=05 
pH ca. 6 

NI(H,O),~+,~I=O.~ - 10 

pH ca. 3 

Ni (H,O), , l+ 2MNH,NO, 

pHa.5 

NI (H, O), ‘+, lO-3 M HCI 
jx = 0.3 + 1 4 

Ni (H, 0). (NH, 1:’ 
2 M NH, hTO- 

Ni (H, 01, (NH, )z ‘+ 
2M NH, NO, 

N1 (H, 01, (NH, )s =+ 
2 M NH, NO, 

Ni (H, O), en”‘, ~1~ 0.5 

Ni (H, 01, cnz ‘*, P = 0.5 

NI (H, 01, Cl+, 7 M bCl 

NI (I& 01, glrcs),’ -9 
8M KNCS 

Ni (H20),(tq~)‘+ 
pH ca. 3, low P 

NI (H, 0). (bipy)‘* 
10-3MHCl,lowp 

Nl (H, O), @ipYIl ‘* 
lo-’ M HCI, low JJ 

Ni (H, O), (dien)‘+ 
pHca 8,low~ 

NI (H, 0), (tnen)” 
pH ca. 8. low /J 

Ni (I-& 0), (tren)z’ 

pH ca. 7, low fi 

Ni (H, 9)(EDTA)s - 
Ni (H, OMHEDTAJ- 

6 5 (rl) x 10’ 

2.2 (-eO 4) x 10’ 

> lo8 

94515 

12.9 f 0 8 

1.2 (+o 1) x 10’ 

1 2 (+o.l) x 10’ 

14 

14 

14 

2.7 x 10’ 116 23 

3.0 (50 3) x lo4 10.8 k 0 5 

4 1 (to 5) x IO4 9.6 zt 1 

1.9 x 10’ 

2 8 (to 5) x 10’ 

2.2 (50 4) x 10’ 

24 

19 

4.4 (” 0 2) x lo4 103x05 25 

3.4 (kO.1) x lo4 12.1 i 0 3 26 

3.6 (20.2) X lo4 123kOS ‘1 

3.2 (20.2) X 10’ 12.1 f 0 5 27 

2 5 (-r-O 2) x lo5 106”05 

2 5 (i0 3) x 106 102207 

4 4 (+-0 2) x lo5 10 0 * 0.5 

5.4 (50 3) x i06 91505 

14 (+o 3) x los 851 

1.1 (50.1) x lo6 6506 

2 3 (+O 2) x 10’ 

2 1 (+o 1) x 10’ 

2 5 (20.2) x 10’ 

1 9 (20 2) x 10’ 

2 6 (to 2) X 10’ 

2 2 (*o 2) x 10’ 

2 3 (20 2) x 10’ 

3 5 (21) x 10’ 

2 0 (i0 2) x 10’ 

11 

6 1 (+O 6) X lo5 78205 11 

11 

25 

25 

19 

20 

5.2 (c-0.4) X lo4 107*04 26 

4.9 (20 5) x lo4 126~05 16 (*O 2) X 10’ 27 

6 6 (+0-S) X lo4 13.7 + 1 27 

1 2 (20.1) x lo6 5.5 i 0 5 

2.9 (k03) x lo6 

3.8 (20 5) x 10’ 

2 3 x 10’ 

21x LO’ 

6 0 (20 6) X IO” 

1.0 (iO.1) x 10’ 

7.0 (20.5) x 10; 
2 (+o I) x los 

7+05 

8&l 

8 0 I 0.5 2 6 (-CO 2) X 10’ 

98*03 2 3 <*O.l) x 10’ 

28 

28 

28 

29 
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The VO (IV) aquo species 1s unique m havmg one relatively non-labrle oxygen, one 
rapidly exchangmg water and four (equatorial) moderately labrle water molecules 
Lab*hzmg effects of the ligands used are quite large. These are discussed in detail by 
Wuthnch and Conmck’ in terms of structures and electron donor effects and therr drs- 
cussron wrll not be repeated here. Simrlar arguments will be used for the Nr and Co systems 
discussed later m the revrew. 

Very little data are avarlable on the Mn(II) complexes. Exchange rates are near the 
upper hnut of present day r ‘0 NMR techniqtles and labrlizmg effects wrll be hard to 
measure_ The phen ligand produces only a small effect as wrll be discussed later It might 
be noted that the enthalpies of activatron are fairly large though generally smaller than 
for Co and Ni. The aquo ran data are very much hke those for Mn(NHs)e * + in liquid 
ammonia9 , an observation which IS even more strrkmg for Co and Nr example?‘. 

Most of the avarlable results refer to NI(II) and Co(R) specres. These wrll be drscussed 
in the next sectron in a variety of ways. Comparison of these metals is of considerable 
thecreticai interest_ No detailed and systematic &u&es on effects of ionic strength @), 
added salts, solvent mixtures, and pH have been made. The data hsted do suggest that at 
least small effects can be expected up m varymg p and pH Probably the Nr(II) systems 
warrant some detarled physico-chemlc.d studres. 

In general the bound water molec rles behave as rf they are kmetrcally equrvalznt with 
the mckel-tren and nitrrlo trracetater’ (NTA) systems being exceptions_ D ‘tectron condr- 
tions for non-equrvalence will vary consrderably dependmg on the detarled NMR behavior 
found as well as on the eqmhbrmm propertres relatmg species and the kmetic parameters 
for the particular water molecules Some of the results reported may be averages of sirnr- 
lar values One might generally expect to see clearly differences m kl values of a factor of 
3 and in m* of 2-3 kcal/mole and smaller ones 111 favorable crrcumstances In many 
cases no clear-cut evrdence exrsts as to the Isomer(s) present 

(zi) More specific consideration of the cobalt and nrckel data 

Consrdermg the kl values at 2S°C, a sunple correlation was found” when log kl 

(25°C) was plotted vs. Hz0 bound/M2i_ In general, log kl (25°C) increases roughly 
linearly as H2 O/M*+ decreases for N1(11) and Co(H) examples with the ligands Cl-, NH3 , 
malonate, en, dien, and tnen as shown m Fig_ 1. Some extrapolatrons in temperature are 
made and because of the variabrhty in AH* the correlatron typically works best at one 
temperature only The hgands NCS-, brpy, terpy, o-phen, and EDTA characterrstrcally 
(consrdermg the few examples) do not produce as large an mcrease in kl (25°C) as the 
above correlation predicts (terpy, for example, 1s about l/100 as effectrve as three NH% 
groups). The small increases in log kl (25OC), however, are strll roughly linear in H2 O/Ni. 
The above observatrons can be consrdered m conventronal terms by regardmg the com- 
plexes to be Iargely romc in nature wrth electron-donatmg or wrthdrawing effects of the 
hgands altering the effective metal ion charge_ These effects would be expected to be 
roughly additive_ Good electron donors should enhance the rate of water exchange. 
FunahasbJ and Tanaka’* have correlated some rates of substitution with the E, (electron 
donating) parameter of Edwards * 3 _ In general, En values are not avarlable for all the 
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@M(H20)Y2- 

M(l+O)YH- 
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O(bwL 

tel-PyQ 

38 
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Fig. 1. Semdoganthmlc plot of log k, (25°C) vs. H-O/M for cobalt and m&e1 nstems. R&t hand 
scale and l refer to cobalt data while left hand scale and 0 refer to nickel. Y IS EDTA 

hgands of interest if one assumes that NH3 and the other ammes have the same En value, 
the correlation 1s only approximate The more complex ammes devlate by producmg 
smaller effects, m general, then NH3 Chloride IS not consistent between cobalt and 
mckel, it should be about-two-thirds as effective as NH3. Using twice the En value of 
acetate for malonate predicts about the observed results. 

The ligands blpy, terpy, and phen (m the Mn(II) case) produce httle effect. These ob- 
servatlons can be rationahzed by postulatmg significant back pi-bondmg to the hgand, 
compensatmg for sigma donation. Thlocyanate may then be an intermediate case with 
somewhat less back-bondmg 

The EDTA systems are interesting and will be described m a bit more detail under 
(m) Based on the malonate result for cobalt, one m&t expect more rate enhancement 
than 1s observed. Protonation of the free acetate arm conslderably reduces the enhance- 
ment. Comparison of these highly chelated systems with the ampler ones mdy not, of 
course, be partlculary v&d. 

One m&t expect some spectral correlations If electron donating - wlthdrawing 
effects are involved. The spectra, however, are complex and it IS not easy to obtam 
proper parameters Sunple correlations with lODq_ 111 general, do not work. Hoggard14 
has suggested the use of Jbrgensen’s “optlcal electronegatmitles”. Although there are 
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many drfficulties m application of these ideas, some success seems to be possible and 
perhaps wtirrants further investigation_ 

That smgle temperature data can be mrsleadmg IS a well-known but often largely 
Ignored fact While the AH+ values are not as precise as may be desired, they are not 
grossly in error and quahtatrve trends can be drscussed In the V02 + system the hgand 
labrhzatron of water rs accompamzd by some reduction 111 AH* although the greatest 
labrbzmg effect at 25OC is for the system wrth the least reductron m AH* In the Mn(II) 
examples the AH* values are not precise but are similar as are the rates. In the cobalt(I1) 
systems the Cl-, NH3 , and malonate hgands (mono-complexes) increase or do not change 
A&, wlule bound water .s berng labrllzed For the drammme Co(I1) a srgmficant reduc- 
tron m AH* occurs For Nr(II) the A& values to some extent follow the trend m kl 
though not 111 any regular way. Perhaps the mam value of these parameters at this tune 1s 
to emphasize how httle is really understood 111 detail about the kmetic properties of 
srmrlar species and the rmportance of entropy and solvatron effects 

A comparison of the cobalt and mckel AH* values 1s of specral mterest. For the 
hexaaquo ions cobalt hds a lower AH* by ca two k&/mole (m 2 M NH4NOs) In the 
case of the hexaammme species m liquid ammoma sb both have AH* = 11 i0 5 kcal/ 
mole. In the other systems, cobalt has the Izzgher value Various theoretrcal consrderatrons 
have suggested that the faster Co(H) rates (about 100X at 25°C) are due to a iower A,Y* 
for a common mechanism. Solvatron effects are usually assumed to be identical for 
cobalt and mckel If ‘These Ideas are correct (and they may not be), one may wish to con- 
sider th;t the mechamsms are mdeed not the same for these metals, as was suggested 
ear-her . The hrgh AH+ and posrtrve AS* for cobalt may reflect greater dissociatrte 
character (four-coordinate cobalt?) for cobalt 

(zii) Some special observatiom 

The rmphcatrons of ligand effects on solvent exchange kmetrcs for substitu tron pro- 
cesses have been recently discussed by Hewkin and Prmce’ _ Although most of the data 
cited here were not avarlable to them their general conclusrons are not particularly altered 
The observation of more than one water-exchange rate m the Nr(II)-tren and NTA systems 
does, of course, requrre some new thought concerning substrtution m the relevant complexes 

Margerum et al 3 have revised the substrtutron data using ammonia to replace bound 
water m mckel Treatmg the observed substrtution rate constant as a product of an outer- 
sphere constant and the rate constant for water exchange they estrmate “kl ” values whrch 
can be cornoared wrth the r ‘0 NMP results These are as follows (’ ‘0 NMR result given 
frost): for Nr(Ha 0)4 en*+ 4.4X IO’, 18X 105;forNr(H20)2enzZ+5.4X 106,2.1X IO*, 
forNr(Ha0)sdren2’12X 106,8.6X 10s,forNr(H20)2trren2+3.8X 106,36X 106, 
for Nr(Ha 0)s tren*+ 7 X I OS and 6 X 104, 7.8 X I 06. The agreement is about as good .LS 
usually found except for the en2 case A simrlar result is found for terpyrrdme substrtut- 
ing on N1(H2 O), terpy’+ where the usual estrmate of kl IS 100-200 times too larger’_ 

The shtit data for the i ‘0 resonance rn bulk water for Nr(II) and Co(H), but not VC)‘)‘, 
solutions rmply fairly constant A/h values (for a constant kE) for metal-oxygen couplmg 
regardless of substrtution m octahedral specres The main exceptrons appear to be 
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Ni(H2 0)s Cl’ and Ni(I& 0)2 (brpy)* ’ +; however, these values may not b a well-determined 
An unportant rmphcatron IS that at least an approximate rdea of the number of bound 
water molecules in a species can be obtamed from such shift measurements Earher 
Morgan et al t6 had made use of the assumptron of constant A/l2 to obtun equrhbrium 
data. The Nr<H* 0)EDTA’ - specres has received, 111 this way, strong support in our high 
pH studres. A shrft in the “OH1 resonance at high pH was observed am! using 
Htggmson and Samuels” results for the abundance of the specres a “normal” A/f2 value 
is obtained suggestmg an octahedral complex wrth one unprotonattid ac.=tate arm replaced 
by a water molecule 

In the ruckel-tnen system, the existence of two forms has been reported’s A minor 
specres at 25OC suggested to be planar 1s postulated m add&on to the normal octahedral 
one. In our work, “0 shift measurements at hrgh temperature do show an abnormal 
decrease consrstent with the endothermic formatron of a slow-exchangmg or duunagnetrc 
species. Agam, shift measurements have promise of reveahng more detarl on the nature 
of specres present rn solutton. 

The hgand tren appears to bmd m four coordmatton posttrons to ruckel(II) It 1s easily 
seen from models that the two remammg water molecules are not stolcturally equivalent. 
Discovery of two water-exchange rates 1s perhaps not surprrsmg m vrew of the earher ob- 
servatrons” on mtnlotrracetate but 1s strll a rarity The substrtutron of NH3 3 appears to 
be for the more raprdly exchanging water as would be expected 

A subject of some importance w&h has not recerved much expertmental attention 
concerns equrhbrra such as 

N@& 0)s Cl+ + Hz 0 = Nr(HZ 0)6 ’ + + Cl- 

By use of NMR methods, exchange kmetrcs for both free Hz 0 and Cl- can be determmed’ 9 _ 
If onZ’ the above process occurs, water and chloride exchange must follow the same 
hnetrcs 111 detarl In this parttcular case, and the srmrlar NI(H~O)~(NCS)~~ - syste.m’” the 
situation 1s more complicated than a single replacement equrhbnum permrts The questron 
of dnect hgand replacement can be studred if suitable systems can be found. Preferably, 
only a smgle metal ran specres should be present 

D. CONCLUSION 

A srgnificant amount of water-exchange data now exists and rt can be understood 
approxunately m conventional terms. The necharusms for exchange are not proven and 
the order with respect to solvent remams unknown It clearly 1s desuable to obtain more 
precrse activation parameters for exchange as well as for net substrtu:ton processes Com- 
pansons between dtfferent metals give promrse of reveahng some unexrected results_ In 
addrtron to kmetrc mformatron, the “0 NMR methods can be very helpful m under- 
standing the nature of partially substrtuted aquo ions and then solutions 
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