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1. Introduction
The subject matter of this paper received a powerful new impetus in the 1970s with the
advent of Fourier-transform spectrometers which rendered possible the direct study of
less-receptive nuclei, including metal ion nuclei often endowed with an electric
quadrupole moment: approximately three out of four nuclei in the periodic table are
quadrupolar. Because of this technological breakthrough, we shall restrict our coverage
to these more recent studies, which have provided a wealth of information about ionmolecule interactions. This report will be even more biased; it will focus mostly on
cation-molecule interactions, simply because these have been studied much more, and
for a variety of reasons--specific cation complexants, such as crown ethers and
cryptands, have been very much in the center of attention since the first report by
Pedersen in 1967--than anion-molecule interactions. To venture a rough estimate, the
literature about ion-molecule interactions studied by NMl~consists to the extent of
80% of publications on cation-molecule interactions, and of ~ 2 0 ~ of papers
about anion-molecule interactions. Also, and for the obvious reason of greater
familiarity, our examples will be somewhat slanted towards systems which have been
studied in our laboratories at Li6ge and Ottawa. We deliberately omit consideration of
the simplest ion, the proton H +, because there has been a large number of NuR studies
of protonation equilibria, including some very fine reviews.
There are basically two ways to consider and subdivide the subject of ion-molecule
interactions (tables 1 and 2). In order to keep this paper reasonably concise and to avoid
Table 1. Subdivision on the basis of molecular type and size.
A1
B1

Cx

Ion-solvent and/or ion-other small organic molecules
Ion-biomolecule, with one or a small number of binding sites
Ion-polyelectrolyte

Table 2. Subdivision based upon the features of the ion-molecule interaction.
A2
Bz

Stoichiometry
Thermodynamics

Cz
Dz

Geometry
Kinetics and microdynamics
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too many repetitions, we have elected to present it according to the former
classification, based upon molecular type, rather than upon the latter, more methodological scheme of table 2. We shall introduce the methodology (A2, B2, Cz, Dz)as
we go along; our paper is problem-oriented rather than method-oriented. However, we
shall strive to emphasize those aspects of the results which make nuclear magnetic
resonance .invaluable and probably the most powerful method presently available for
studyino ion-molecule interactions in solutions.
2.

Ion-solvent interactions

NMR methods are unique for study of ionic solvation, because they provide a local
picture. In most cases, the NMR spectrum for the ion itself, or for nuclei in solvent
molecules, is affected predominantly by nearest neighbour interactions. In other terms,
NMR 'SeeS' the coordination shell around an ion: the various NMa parameters, i.e. the
chemical shift, or chemical shifts if several lines coexists, their relative intensities, the
relaxation rates for the various nuclei, can be and have been related to the composition
of thisfirst solvation shell (throughout this section, we shall use interchange, ably the
two equivalent terms of coordination shell (or sphere) and first solvation shell (or
sphere)).
The first question is that of the number of distinguishable chemical entities within
this coordination sphere. Coordination numbers (or equivalently solvation numbers)
can be determined by NMR.Not only can they be determined, but in certain cases, under
conditions of slow exchange, i.e. for kinetically inert complexes, the determination is
unambiguous.
The second type of problem relates to exchange between free ligands in the bulk
solvent and bound ligands on the ionic center. The kinetics can be followed, and they
discriminate clearly between associative and dissociative mechanisms.
Thirdly, if one uses a binary mixture of two solvents A and B, the composition of the
first solvation sphere can differ markedly from that of the bulk solvent. We shall
describe various powerful formalisms for quantitative analysis of such preferential
solvation.
Fourthly, even in a pure solvent A, a given ion is surrounded not necessarily only by A
molecules since its counterion can also penetrate the coordination shell: we shall
describe examples of such mixed solvation-counterion complexes.
Finally, if to first approximation the first solvation sphere around a given ion does
not include the counterion, it may become possible to relate empirically the NMR
observables for the ion to macroscopic or microscopic solvent properties, such as
viscosity, polarity, hydrogen-bond donor strength, electron donor strength, etc.
2.1

Solvation number

Let us start with a concrete example, that of the trimethylphosphate (TMPA)solvate of
aluminum-III perchlorate in nitromethane solution (figure la) (Delpuech et al 1975).
The 27A! (I = 5/2) spectrum consists o f a heptet of lines, with the binomial distribution
1 : 6 : 15: 20: 15 : 6: 1. This indicates a structure in which all ligands are fully equivalent,
arranged at the six corners of an octahedron centred on the metal, to which they are
bonded through oxygen P = O . . . AI, the 31P-ZTAI scalar coupling constant (figure 1)
being close to 20 Hz. One should note that the octahedral symmetry of the AIA6a +
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Figure I. (u) 27A1NMRspectrum of a nitromethane solution of AI(TMPA)~+, 3002 at
25~ (from Delpuochet a11975);(b) 27AINMRspectra of0.013 molalAi(CIO,h solutionsin
mixtures of DMF and DMSOin nitromethane (XDMF = 1--XDMsO----0"3, 0"4, 0"5) (from
Schneider 1976); (c) 9Be (left) and 31p (right) NMR spectra of Be (rlMP'r)2+, 2002 in
nitromethane (from Delpuech et a11977).

species (A = TMPA) is characteristic of an instantaneous Oh structure, and not a timeaveraged composite between structures having lower symmetries: 27A1 has a quadrupolar nucleus (Q = 0-149 x 10-24cm2); if the symmetry of the A1A6a§ entity had
deviated significantly from full octahedral symmetry, it would have resulted in a nonvanishing electrostatic field gradient q at the aluminum nucleus, whose interaction with
the nuclear quadrupole moment Q would have led to efficient quadrupolar relaxation,
translating into very broad lines which, most probably, would have rendered
impossible detection of the 27A1 resonance, let alone resolution of the scalar couplings
to the six phosphorous nuclei. Equivalently, the 31p spectrum for the same AlA6a+
solvate (A = TMPA) shows six lines with equal intensities, corresponding to the + 5/2,
+ 3/2, and + I/2 spin states of the aluminum nucleus.
The two point symmetry groups leading to a vanishing electrostatic field gradient for
ML~ § complexes, in which all the ligands L are identical, are the Oh and the T~. For
aluminum solvates, while trialkylphosphates, phosphonates, dialkyl hydrogen phosphites give rise to octahedral A1Aa+ species, the hexamethylphosphoric triamide
solvate is a tetrahedral AIA3 + species.
Such determinations of the solvation number are totally unambiguous, and not
frought with the uncertainties associated with other methods. To give just two more
examples, out of the prolific literature, the solvation number of AI (III) by dimethylsulphoxide (DMSo)-dimethyl formamide (DMF) mixtures, in nitromethane solution, is 6
(Schneider 1976) (figure lb) and the solvation number of Be(II) by TMPA, by
dimethylphosphonate, by N,N-dimethylamido-O,O'-dimethylphosphate, by bis(N,Ndimethylamido)-O-methylphosphate, and by HMPT, is 4 (Delpuech et al 1977)
(figure lc).
2.2

Solvent exchange kinetics

Consider the process,
ML~ + + L* (free) ~ (ML._ ~ L*)"+ + L (free)

(1)
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Two limiting mechanisms have been distinguished (Langford and Gray 1966): in the
associative ('SN2-type') mechanism, the coordination number of the transition state (or
intermediate) is greater by one unit to that of the initial or final state; in the dissociative
('S Nl-type') mechanism, the coordination number of the transition state (or intermediate) is smaller by one unit to that of the initial or final state.
Octahedral aluminum (III) complexes, such as that formed with TMPA, have been
found to undergo solvent exchange by a dissociative mechanism, according to the
following equations:
AI(TMPA)~ + "*
6k AI(TMPA)~+ -k TMPA (rate determining step)

(2)

TMPA* (free) + AI(TMPA)]+ fastA1 (TMPA)5 (TMPA*)3+.

(3)

The rate constant, k, is indeed independent of the concentration ofthefree TMPAligand
(Delpuech et al 1975). By contrast, tetracoordinate aluminum-III complexes, such as
that with HMPT, have been found by the same authors to obey an associative
substitution mechanism, with a bimolecular rate law (first-order in free ligand). This
mechanistic change, it was reported in the same study (Delpuech et al 1975), is
accompanied by a strong decrease of the activation enthalpies and entropies; A H "
(298 K) = 23"5 (TMPA) and 7.7 (HMPT) kcalmol-X; AS" (298 K) = + 18.2 (TMPA)and
- 10.2 (HMPT) e.U. These spectacular changes are nicely consistent with the switch in
mechanism.
The substitution mechanism is dissociative for Ge(TMPA)6a+ and associative for
In (TblPn)~+, with the following Eyring activation enthalpies and entropies:
Ga(III): AH ~ (298 K) = 21.0 kcal tool- 1; AS ~' (298 K) = + 15.1 e.u.
In(III): A H " (298 K) = 8"5 kcal mol-1; AS ,~ (298 K) = -26.1 e.u.
(R6dehiiser et al 1977).
For the tetrahedral beryllium-II solvates, studied in nitromethane solution, again, as
with aluminum-III, the substitution mechanism is a sensitive function of the ligand
type: associative with TMP^ ligands (AH r = 13.4 kcal mol- 1; AS ~ = - 12"9 e.u.), and
dissociative with HMPTligands (AH ~ = 27"9 kcal mol- 1; AS + = + 18.7 e.u.). This was
ascribed by the authors to steric overcrowding of a pentacoordinate (associative)
transition state with the bulky HMPTligand (Delpuech et al 1977).
Additional information, allowing even more secure distinction between associative
and dissociative mechanisms for solvent exchange on a cationic center, is provided by
precise determinations of volumes of activation as effected in recent years, especially by
the group of Prof. Merbach in Lausanne (see, for instance, Swaddle and Merbach
1981). His findings are consonant with those reported above: in general, for labile
octahedral complexes, a dissociative mechanism applies; this is the case for
[Fe(H20)s(OH)] 2+. Surprisingly, the process is associative with Fe(H20)~ +, both at
atmospheric and at high pressures (Swaddle and Merbach 1981).
2.3

Preferential solvation

When a mixture of two solvents dissolves a salt, the two solvents will compete to occupy
the first coordination shell of the ions. If there is no preferential coordination of the
cation by one of the two solvents, at a bulk molar ratio of 0"5, the molar ratio of the
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coordinated solvent molecules will be also 0"5. The two mole ratios will differ if one of
the two solvents is more efficient in occupying the coordination sites of the cation. One
can, in this way, define a qualitative solvating ability. The quantitative definition is in
the determination of the equilibrium constant for replacement of one solvent molecule
by another.
Just like in the determination of the coordination number (see w
it is possible
with kinetically inert solvates to obtain precise and detailed information on the ratios of
the different solvates in equilibrium. This is, for example, the case of the solvation of
AP + by binary mixtures of DMSOand DMF (figure 2), where one can distinguish the six
different solvates of composition [A1 (DMSO)z(DMF)6_=]3+, where z = 1, 2 . . . 6 and
one could calculate accurately the different equilibrium constants Ki (i = 1-6)
corresponding to the equilibria of (1), simply by integration (eventually after
deconvolution) of the different lines:
[AI( DMSO )6 ]3+

Kl
JrDMF r

[AI( DMSO ) 5DMF ] 3 + . . F D M F

Kz
K~
. r - - ~ . . . ~--"

[AI( DMF )6 ]3+

(4)
Figure 2 permits also a direct qualitative description of the system with regard to
preferential solvation: in the case of a nonpreferential competition, at a molar ratio of
0-5, the system of multiplets should be symmetrical, the two central lines being of equal
intensity. In the case of figure 2, this is achieved for XDM F = 1 - XDMSO "~ 0"8, showing a
preferential solvation of A13+ by DMSO. Incidentally, one should mention the quasi
ideal additivity of the chemical shifts of the different solvates.
Delpuech et al (1971) have determined in this manner the successive equilibrium
constants for A13 § and Be 2 § in aqueous mixtures oforganophosphorous solvents, and

A

XDMF=I-XoMso/\ 0.10 Mol AI(CIO4)3/~gsol.

O.37 ~

......

0.48
0.58 ~
0.68
0,79 ~
0.89
1 O0

Figure 2.

27A1NMRspectra of 0-10 molal AI(CIO,)3 solutions in mixtures of DMF and DMSO
(from Schneider 1976).
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tH Nr,lX has been used, i.e. in the case of AI(CIO4)3-H20-CHaCN (Supran and
Sheppard 1967) or Mg(CIO4)2-H20-Acetone (Toma et al 1973).
The problem is much less readily solved when all solvates are in rapid chemical
exchange. This is generally the case for an alkali cation in a mixture of aqueous or nonaqueous solvents: the observables, chemical shift and linewidth, vary regularly between
the two characteristic values for each solvent (figure 3), as is exemplified for the case of
the sodium cation dissolved in binary mixtures of some amines and tetrahydrofuran
('rUE) (Delville et al 1981a).
Qualitatively, the curvature can be interpreted by preferential solvation. Thus, Bloor
and Kidd (1968) have shown that sodium ions are preferentially solvated by water in the
binary mixture water/acetonitrile, in view of the curvature of the graph of 2aNa
chemical shift with molar fraction. Frankle et al (1970) have proposed a qualitative
measure of this preference, as the value of the molar fraction corresponding to the
algebraic mean of the chemical shifts in the two pure solvents: they called this point the
isosolvation point. One can directly see in figure 2 that the solvating ability of amines in
competition with TXF towards the sodium cation is decreasing in the order:
propylamine > isopropylamine > pyrrolidine > piperidine ,~ pyridine > aniline. In
the same way, it has been possible to rank numerous non-aqueous solvents as a function
of their ability to solvate the sodium cation in binary mixtures (Erlich et al 1973;
Greenberg and Popov 1975).
Our approach to preferential solvation has been to consider jointly the chemical shift
and the relaxation rate, which are the two observable parameters (Detellier and Laszlo
1976). We have developed a model based on application of the Hill formalism (Hill
1910), widely used in biochemical studies of phenomena such as cooperative oxygen
binding to hemoglobin (Gill et al t978). Mathematically, preferential solvation of a
tetracoordinated ion, and binding of a ligand to one of four equivalent sites in a

- -
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,

,
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I
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Figure 3. Variationof the 2~Nachemicalshift6 againstmolefractionof the amine,fromthe
binarymixturesof aniline(I), pyridine(D), piperidine(Z,),pyrrolidine(O),propylamine(O),
and iso-propylamine(A), with THF(from Delvilleet a11981a).
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biomolecule, constitute one and the same problem (Delville et al 1980, 198 la). If the two
components of a binary solvent mixture which compete for solvation of the Na § cation
share the same solvation number n, (n + 1) complexes can be formed in succession,
related by the following series of successive equilibria (5).
K~

K2

nLA+Na + (L.). ~- ( n - 1 ) L ^ + L B + N a §

~ (L^) ~ . . .

K._ t

~

L^

K~

+ (n - 1) L B + N a + (L~) (LA)._ ~ ~

nL B + N a § (LA)..

(5)

Inserting the relevant statistical factors leads to the intrinsic equilibrium constants ki,
defined from the relation,
n-i+l
ki = - - K i .
(6)
i
In the case of the tetracoordination (n = 4), a most likely case for the sodium cation
in non-aqueous or aqueous solvents (Van Geet 1972; Michaelian and Muscovits 1978),
(7) is obtained (Delville et al 1981a),
~, i~
~ ifliX i
e = i = l 4 = i ~ 1 4-D '

(7)

where Y is the fraction of sites on the Na + cation occupied by a ligand L A, X
= [LA]/[LB], D =

fl, Xi; flo = I, fl, = KI . . . K,, and e, =
i=0

A Hill plot is a representation of In (Y/1 - Y) as a function of In X (figure 4). In the
case of equality of all these intrinsic constants, i.e. under the absence of cooperativity,
the Hill plot becomes linear with a unit slope, and one obtains,
Y
In 1 - ~ = In K + In X.

(8)

The Hill plots on figure 4 have been produced by a calculation of Y, the saturation
fraction, from the chemical shifts:
4

(6obs--6o) = ~ 0ti(~ii-6o)

(9)

i=1

where 6i is the chemical shift of the ith species, the Na+(La)4_~(LA)i solvate.
Introducing the standard assumption of additive chemical shifts, an assumption that
we have tested (Delville et al 1981c),
Y= (fobs -- 6o)/(t~4 -- t~o).

(10)

For all the unidentate ligands studied the Hill plots are linear, with unit slope, and
yield directly the intrinsic solvation constant k (table 3).
It may be noted that (8) is identical with previous equations reported in the literature
based on models for preferential solvation, with the assumption of equality of each
intrinsic equilibrium constant (Covington et al 1973) or, in the case of a non-statistical
distribution, with introduction of an adjustable parameter (Covington and Thain
1974). Thus preferential solvation data have been derived from Covington's statistical
distribution ofsolvate species theory (Erlich et a11973; Greenberg and Popov 1975) for
the case of the sodium cation, or from non-statistical distribution theory for the case of
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Figure
4. Hill plots for the binary mixtures of (u)aniline (lit), piperidine (A), isopropylamine (A) (b) pyridine ([3), pyrrolidine (Q), propylamine (O) and Tin=(from Delviile et
al 1981a).

the thallium cation (Briggs and Hinton 1979; Covington and Newman 1979).
We have extended the application of the Hill formalism to the case of polydentate
ligands in competition with THF. Figure 5 shows the variation of the chemical shifts of
Na-23 in binary mixtures of polyamines (ethylenediamine, diaminopropane, cadaverine) and XHV. The curvature is very pronounced, showing a strong preferential
solvation by the polyamines, as was the case for previous studies with diethylenetriamine (Detellier et al 1979).
The analysis of the data is based on the following model (Delville et al 1981b):
gl

Na § (B)4 + 2A ~ Na + (A) (Bh + A + B
K2

Na + (A) (B)3 + A + B ~,~ Na + (A) (B)2 + A + 2B
Ks

Na+ (A) (B): + A + 2B ~ Na+ (A)2B + 3B

(11)

(12)
(13)

K4

Na + (A)2(B) + 3B ~,~ Na + (A)2 + 4B

(14)
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Table 3. Slopeof the Hill plots (the linear correlation coefficientsare above 0.996 for at least
6 points), values of the intrinsic equilibrium constants; and chemical shifts for 23Na+CIO,7
(10-2 M) in each solvent measured with respect to aqueous NaCI solution extrapolated to
infinite dilution (DelviUeet al 1981).

Solvent

64 (ppm)

Aniline (CsHsNH2)
Pyridine (CsHsN)
Piperidine (CsHloNH)
Pyrrolidine (C4HsNH)
i-Propylamine (i-CaHTNH2)

- 3.39
- 0-45
0.89
3.67
6'80
6"73

Propylamine (C3H7NH2)

Slope of the
Hill plot

Intrinsic
constant k

1'00
0.96
1.03
0-96
1-12
0.97

ff46
1.3
1-5
2"8
3"0
4"4

(~ ppm
+1o

o

-5

,

0

I

I

0.5

I

MF(A)

I

1

Figure 5. Variation of the 23Nachemical shift ~ against mole fraction of the polyaminefor
the binary mixturesofcadaverine (rq), diaminopropane (9 and ethylenediamine(A) with THF
(from Delville et al 1981b).
O n e obtains the s a t u r a t i o n fraction Y/(1 - Y):

Y/(1 - Y) =

fll X + 2fl2X(RAX + R B) + 3fl3X2(R^X + R B) + 4 f l 4 X 2 ( R ^ X + RB)2
4 + 3fllX + 2 f l 2 X ( R ^ X + R B) + fl3X 2 ( R A X + R B)

(15)
where X = [ A ] / [ B ] ; R^ a n d R B are the m o l a r volumes of the constituents A a n d B;
fli = K I K 2 9 9 9 Ki.
The Hill plots o b t a i n e d are n o longer linear, as shown in figure 6. The equilibrium
constants are obtained, without a n y a s s u m p t i o n on the cooperativity, by graphical
determination, m u l t i p a r a m e t e r fitting or s i m u l t a n e o u s a d j u s t m e n t s o n the chemical
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shifts and linewidths reduced to unit viscosity, and are given in table 4. As one can see
from the values of table 4, the entries of the first and second diamine molecules into the
sodium coordination shell are independent and equiprobable steps: kl = k3 and
k2 = k4. This permits also a direct determination of the chelate effect, defined as the
ratio of complexes having bidentate attachment of the ligand to the metal, to the
complexes in which only unidentate binding occurs: hence the chelate effect is measured
by the quantities a2/~q, or a4/~t3. Values of 4.5 (cadaverine), 8.0 (1,3-diaminopropane)
and 12-0 (ethylenediamine) are found.
2.4

Mixed solvent-counterion complexes

After having considered, in the previous section, competition between solvent
molecules for metal ion coordination, we turn now to the related case of competition
between solvent molecules and counterions for attachment to an ionic center. A
number of interesting studies have considered competition between acetonitrile solvent
molecules and halide anions for coordination to aluminum-Ill (Dalibart et al 1981;
Wehrli and Hoerdt 1981; Wehrli and Wehrli 1981). Solutions of AICla or AIBr3 in the
high dielectric (e = 38.8) acetonitrile have good electrical conductivity, which suggests
the presence of ionic species. The nature of these ionic species has been examined by
various methods during the last decade, with rather inconclusive results (Hon 1968;
Haraguchi and Fujiwara 1969; Akitt and Duncan 1977; Beattie et al 1979; Akitt et al
1979). More recent studies taking advantage of modern-high field NMRspectrometers
have provided 'unequivocal evidence for a whole range of mixed complexes involving
both the counterion and solvent molecules as ligands' (Wehrli and Wehrli 1981).

(a)

-5

-s

o -s

[A]
~ . n [8]
--

(b)
5

0

. . . . . . . .

-s

o

-5

o

s~, n

CA?
[B]

Figure 6. Hill plots for each of the system of figure 5, plus diethylenediamine ( 9 ) (from
Delville et al 1981b).
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Table 4. Values of the intrinsic equilibrium constants (k) for the successive replacement of
THF molecules by amine solvents.
Solvent

kl

klk2

k3

kak4

CDVa

0"9
0-4
1-5

20
38
110

1-1
0-5
1-1

43
35
95

PAP

EDA

aCadaverin (CDV), 1,3-diaminopropane (DAY) and
ethylenediamine (EDA) (Delville et al 1980).

For instance, when AII 3 is dissolved in acetonitrile, only AIA63+ (A = CH3CN) and
AII2 can be detected (Wehrli and Wehrli 1981). With AIBr3, under similar conditions,
besides the tetrahedral A1Br2 anion, AIA63§ AIAsBr 2+, and AIA4X ~ (cis)coexist in the
solution: the composite broad resonance observed for 27A1 at 23"45 MHz with
-~ - 30 (Al(H20)63 + was used as the reference) was quantitatively analyzed to yield
the relative concentrations of the three cationic species, which were identified from their
individual ionic charge (Dalibart et al 1981). Higher field 27A1 spectra (at 78-2 and
93"8 MHz) fully confirmed this identification, by resolving the individual lines (Wehrli
and Wehrli 1981). With aluminium chloride, besides the A1C12 peak, individual
resonances were detected for the given coexisting species (table 5). This is a rather
spectacular experiment, since all but one of the possible 10 complexes were resolved.
Likewise since addition of small amounts of water consecutively displaces chloride ions
and acetonitrile from the coordination sphere, nine out of ten theoretically possible
mixed solvates of stoichiometry [A1A~(H20)6_n] 3+ were also identified in this study
(Wehrli and Wehrli 1981).
Identification of the 27A1lines was based, in the work we have just referred to, on the
concentration dependence of the spectrum for AICI3 in acetonitrile, and on the
progressive deshielding of the 27A1 nucleus as chlorine replaces nitrogen in a stepwise
manner, and the net charge goes from + 3 to - 3 . Also, the 2TAI linewidths, being
proportional to the mean square of the electrostatic field gradient at the nucleus, are
very sensitive to it. As can be seen from the following table 6, a simple point charge
calculation (Valiev and Zaripov 1966) predicts vanishing field gradients, not only for
the two Oh molecules A1A63§ and A1C163-, but also for the C3v fac isomer AIA3CI3 (cis):
accordingly these three species give rise to sharp 27A1 resonances.
We have focused on these AlX3-acetonitrile systems as a nice illustrative case in
which nearly all of the possible solvates could be observed. A number of related studies
have been performed for other Lewis acids under various conditions--to give just two
examples: the chemical shift of 67Zn reflects the formation of chloride and bromide
complexes (Maciel et a11977); likewise the 113Cd chemical shift can be used to monitor
the distribution of C d 2+, C d L § C d L 2 , CdL3, and CdL 2- species in H 2 0 and DMSO
solutions (Drakenberg et al 1978).
The reverse process to formation of a mixed solvent counter-ion complex is, or can be
viewed as, solvent separation of an intimate (or contact) ion pair. Numerous articles
have appeared on this topic whose importance, going much beyond nuclear magnetic
resonance, also encompasses chemical kinetics, mechanisms, and the nature of products
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Table 5.

Coexisting species for a solution o f AICI3 in acetonitrile (A).
6, p p m from
AI(H20)] +

Species
AIA~ §
AIAsCI 2 §
AIA4CI~ cis
AIA4CI~- trans
AIA3CI3 cis
AIAaCI 3 trans
AIA2CI2 cis or trans
AIACI~ AICI~ -

Table 6.

-

32.6
21-6
14.3
12.3
- 7-5
- 6"2
- 1-2
+ 2-8
+ 7.4

Electric field gradient tensor invariant (e2q 2 ).

Complex (symmetry group)
MX6 (Oh)
MX~Y (C4~)
trans-MX4 Y2 (D,h)
cis-MX4Y2 (C2~)
trans-MX3Y3 (C2~)
cis-MX3Y3 (C3~)
trans-MX2Y, (D4k)
cis-MXzY4 (C2v)
MXY~ (C4v)
MXY6 (Oh)

(e2q 2 )
0
- el/r~) 2
-- el/r~) 2
- eJraD 2
--el/r~) 2
0
36 (e2/ra~ -- el/r ~)2
I6 (e2/r32 - et/rat) 2
9 (ea/r] - e l / r ~ ) 2
0
9 (e2/r]
36 (e2/r]
16 (e2/r~
27 (e2/r]

Calculated for the central atom in octahedrai complexes
MX. Y6 - , assuming interatomic distances r I and r 2 for the metalligand bonds and ligand charges el and e2, (Valiev and Zaripov
1966).

formed in reactions. The equilibrium involved is the following ( A - = anion;
C § = cation; S = solvent molecule(s)):
A-, C § + S ~ A - I l S l l
ion pair:

c+

intimate

loose

contact

solvent-

tight

separated

+C §

(16)

dissociated

Such an equilibrium can be followed by nuclear magnetic resonance since the
observables, especially the chemical shift is (or can be) very sensitive to the inter-ionic
distance. Examples studied include that of sodium iodide, which exists predominantly
as the tight ion pair in THEand as a loose ion pair in diglyme or triglyme (Detellier and
Laszlo 1975a), while sodium perchlorate exists as the loose ion pair in all these
oxygenated solvents.
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Empirical determination of solvent properties

Two sorts of experimental situations, or set-ups, should be distinguished: either one is
looking at a series of solvents in direct interaction with the ion; or intervening ligands,
or a cage formed by a neutral molecule such as a crown ether or a cryptand, shield the
ion from direct contact with solvent molecules.
Clearly, the former case appears as the only possibility for measuring parameters
such as the internal pressure, to take an almost purely 'physical' interaction, or the
amount of electron transfer from solvent molecules to the ion, an example of a more
'chemical' phenomenon. Such determinations, however, will be frought with problems
coming from the coexistence of several factors. Suppose that we wish to determine the
aptitude of solvents to serve as electron-donors towards univalent cations M § and that
we use for this purpose the chemical shift for an appropriate nuclide M: it may well be
that this observable will depend also upon, for instance, the internal pressure. In which
case, since the series of solvents ($1, $2, Sa . . . . Si) whose electron-donor properties we
want to determine will have variable internal pressures pi, the determination won't be
extremely clean. We shall refer below to such determinations as experiments ofthefirst
type. The other possibility is to immerse the ion in a molecular framework protecting it
from direct contact with solvent molecules so that, for instance, variable electrostriction
of solvent molecules around the ion will be suppressed or at least greatly reduced. Then
it should be possible to gain access to solvent parameters in a less straightforward
manner but more cleanly. We shall refer to such set-ups as experiments of the second
type.
2.5a Experiments of the first type: For a quadrupolar nucleus, under extreme
narrowing conditions, the longitudinal and transverse relaxation rates are equal and
proportional to the square of the electrostatic field gradient at the nucleus, multiplied
by a correlation time T~:
1
1
3n 2 2 I + 3 f l ~ ) ( ~ _ Q ) 2
T-I-= ~ = ] 0 I 2 ~ - ] ) \
+
__
_ x~.

(17)

When, to first approximation, the only variable is ~c, the relaxation rates are often found
to reflect the local viscosity (or microviscosity) determining zc, according to a suitable
modified Debye-Stokes-Einstein (DSE) relation (Gierer and Wirtz 1953):
V?/
asolute 9 Vsolute
zc =- zR = K T ~ xR asolvent "6kT "if'

(18)

where a is a molecular radius, and V the molecular volume. Hence, one may find very
simply that the relaxation rates Ti-1, T~ 1 (or equivalently the linewidth Avt/2 since
1"2 = (nAy1/2)- 1) are linear with respect to the bulk viscosity q. Such a finding has been
reported for 2aNa+ (I = 3/2) in a series of eight solvents (Detellier and Laszlo 1975):
z~ = 0.74t/+ 1-31.

(19)

Or conversely, by using a series of solvents varying relatively little in viscosity,'
one may find that the relaxation rate is affected principally by changes in the
electrostatic field gradient from the chemical ion-solvent molecules interaction. For
instance, it was reported that the 23Na + linewidth is approximately linear with respect
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to the Gutmann donor number ( D N ) in a series of ten solvents (Kessler et al 1977):
T/- ~(Hz) = 7.6 DN-- 89.
But the 2aNa chemical shift provides a more reliable measure of the donor strength:
Popov (1975) found a very nice inverse linear correlation between the infinite dilution
23Na chemical shift for Na § and the Gutmann donor number (DN) (Gutmann 1978) in
16 solvents. Similar correlations were later reported for 3 9 K + and ~ 3 3 C s + by the group
at Michigan State (De Witte et al 1976; Shih and Popov 1977), as indicated in table 7.
2.5b Experiments of the second type: Such determinations are much more promising
and, even though there are presently relatively few examples of these, we venture the
guess that these should grow rapidly in the future.
When the complex formed between the Na + cation and the dibenzo-24-crown-8 is
studied in solution, the geometry of the complex and thereby the magnitude of the 23Na
quadrupolar coupling constant remain invariant to very good first approximation,
because the sodium ion is secluded away by the crown ether from contact with the
solvent (figure 7). Thus, in acetone-pyridine mixtures, the linewidth is nicely linear in
the bulk viscosity, varying between ca 40 and 120 Hz as the viscosity goes from 0.34 to
0.95cP, with very little scatter (Bisnaire et al 1982). The 59Co nucleus has an
exquisitely broad range of chemical shifts, of the order of 20,000 ppm, because the
cobalt atom has low-lying excited states, so that the paramagnetic part of the shielding
constant, in the Ramsey formalism, is extremely sensitive to tiny perturbations in d-d
transitions. Many diamagnetic low-spin cobalt (III) complexes are known. However,
because of the large magnitude of the quadrupole moment Q of the cobalt nucleus, only
highly symmetrical complexes such as CoL 6 will give rise to sharp NMR lines. An
example is Co(CN)~-, in which the six equivalent cyanide ligands shelter the metallic
center from oxidizing solvent molecules. Cobalt hexacyanide isthus a perfectly stable
entity. It has been used to probe a series of solvents, S, according to their electronacceptor strength: C~-L .~S.
The 59Co chemical shift is nicely linear with respect to the Gutmann acceptor
number AN (Gutmann 1978) (p = 0"98 for 27 different solvents; Laszlo and Stockis
1980). In the same study, the authors also reported on the use of the cobalt (III)
hexacyanide probe to measure the hydrogen-bonding donor ability of protic solvents
HS, according to the scheme: Co-L :'~S. The reciprocal ~- 1 of the 59 Co chemical shift
is linear with the difference between the density of cohesive energy DR and the internal
.

~

T a b l e 7.
solvents.

.

.

.

C h e m i c a l shifts ( p p m ) a t infinite d i l u t i o n f o r 23Na+, 39K+, a n d ~33Cs + in v a r i o u s

Solvent (DN)
N i t r o m e t h a n e (2"7)
A c e t o n i t r i l e (14.1)
D i m e t h y l s u i p h o x i d e (29.8)
P r o p y l e n e c a r b o n a t e (15.1)
M e t h a n o l (27.5)
D i m e t h y l f o r m a m i d e (26-6)
A c e t o n e (17-0)
P y r i d i n e (33.1)

Na +
- 15.6
- 7-0
- 0.11
- 9.4
- 3.8
- 5"0
- 8.4
1.35

K +

Cs +

-21.10
- 0.41
+ 7.77
- 11.48
- 1.0.05
- 2.77
- 10.48
0.82

-59.8
+ 32.0
+ 68.0
- 35"2
- 45-2
- 0"5
- 26"8
- 31.0
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Figure 7. 23Na NMRsignalhalf height linewidths(v) against viscosity(t/) for the complex
sodium perchlorate--DB24C8 dissolved in binary mixtures of acetone and pyridine
(P = 0.999 for 10 points).

pressure Pi, which measures the density of hydrogen bonding (Reichardt 1979) in 10
different solvents (Laszlo and Stockis 1980).
3.

Interactions between ions and small organic molecules

In w we have examined the situation in which two neutral solvent molecules A and B
compete for the same ion. This is very similar to having an ion dissolved in a solvent A
and capable of binding another solute B. We shall examine now such ion-solute
complexes, focussing mostly on these cases in which the solvent A interacts only weakly,
with the ion studied by comparison to the strength of the interaction between the ion
and B.
We shall term B a ligand molecule, and we shall consider in turn acyclic ligands (3.1),
monocyclic ligands (3.2), and polycyclic ligands (3.3). By 'cycle' we mean, not necessarily
a ring in the usual sense (atomic connectivity), but a cavity-containing topology. To give
an example, the molecule of dibenzo-24-crown-8 referred to earlier (in w
will be
considered as a monocyclic ligand for the purpose of this section.
3.1

Acyclic ligands

The case ofpolyamines has been treated above (in w
and we have also referred to the
interaction between glymes and cations (at the end of w

CS~
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The interaction of alkali metal ions with 2,2'-bipyridine, using 7Li, 23Na, 39K, 133Cs
and ~3C r~MR,was studied in several non-aqueous solvents (Schmidt et al 1981). While
the good electron-donors, tetrahydrofuran, methanol, and dimethylformamide solvate
Li § quite effectively, in the poorer donor propylene carbonate and, especially, in
nitromethane, 2,2'-bipyridine is able to compete effectively with solvent molecules for
coordination to the cation. From the plot of the 7Li chemical shift as a function of
ligand-to-lithium mole ratio, Schmidt et al were able to conclude the formation of the
2: 1 lithium-2,2'-bipyridine complex: This conclusion was confirmed, in nitromethane

.t_i +

t.'i+
solution, by examination of the titration curves for the various carbon- 13 nuclei of the
ligand molecule (Schmidt et al 1981). Another bis-pyridinic ligand has been studied by
the Liege group, using 7Li and 23Na, in nitromethane solution. There, the stoichiometry is definitely 1:1, as indicated by the structure (Corn61is et al 1982): Both these
ligands complex alkali metal ions in the order Li § > Na § > K § > Rb §

Once the stoichiometry of an ion-molecule complex is established through
continuous variation of their molar ratio, one can proceed to determine the formation
constant of the complex, and the attendant AH ~ and AS~ variations.
The complexation of lithium ions with acyclic polydentate amido ethers was
investigated by I H and 7Li ~MRin various solvents (Olsher et al 1980). The ligands used
were the tetradentate N,N'-diheptyl-N,N',5,5'-tetramethyl-3,7-dioxanonanediamide
(NDA) and the bidentate N-methylheptyl-3-oxapentanamide (pMA): NDA is superior to
PMA in complexing lithium ions. Various types of complexes can form and coexist:

j
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+NDA~(NDA)Li+, CIO2

I :I

Li +, C I O i

(20)

1:2

(NDA)Li+, CIO2 +NDA~-(NDA)2Li+, CIO4

(21)

2:I

(NDA) Li +, C I O 2 + Li +, C I O g ~ (NDA) (Li +, C I O g )2-

(22)

Their presence, as well as the magnitude o f the formation constants K, depend
m a r k e d l y upon the nature o f the solvent. Again, we have here a clear=cut case o f
competition between ligand and solvent, depending u p o n the electron-donor ability of
solvent molecules (table 8).
7Li and 23Na NMR were used to determine the formation constants o f I : 1 complexes
between alkali metal ions and various acyclic ligands, as indicated in table 9 (Corn61is et
al 1982).
NMR methods have been used also to d e t e r m i n e the stoichiometry and the
thermodynamics o f the interaction between cations and sugars in various solvents. In
water, Angyal (1973, 1974) showed that its occurrence is highly specific o f an axial=
equatorial-axial sequence o f O H groups. In low dielectric solvents such as pyridine or
isopropylamine, sodium perchlorate interacts with a variety o f sugars,' forming I : I
complexes (Detellier et al 1976). The interaction, o f m o d e r a t e strength, is best described
as non-specific, since a variety o f sugars display c o m p a r a b l e f o r m a t i o n constants as
shown in table 10. (Grandjean and Laszlo 1977). These authors concluded that the
Na+=sugar interaction is best described as non-specific, with close proximity o f the
ionic partners maintained, as in a sugar-shared ion pair.
Table 8.

Stability constants of the

Solvent (donor number)

K1/2

LiCIO4-NDAcomplexes.
Kl

K2 (M -1)

Methylene chloride ( ~ 0)
-~ 106 (?)
200 • 25
Nitromethane (2.7)
50+ 10 10s-106
17 + 3
Aeetonitrile (14-1)
-1000_+300 10•
Pyridine (33'1)
-1"1 •
-Olsher et al 1980.
Table 9.

Binding constants of Li + and Na + for LiCIO4 and for Na BPh4 in nitromethane at

303 K.
Ligand
1
2__

Li + :K (M -~)
---

Na + :K (M -1)
40+5
50+5

3

- -

- -

4

- -

- -

5
6__
7
8__

400__.40
50-t- 10
(to be determined)
> 2-000

45___10
6• 1.5
(to be determined)
60• 10

A dash indicates the absence of any significant interaction
(Corn61is et al 1982).
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I

2

CH3OCH2OCH
3
3

~Ov

OV~
4

0A

%2-"

0/~

6

5

~0

O~
7

8

Table 10.

Characteristics of sugar-sodium cation complexes at 290 K.

Sugar/solvent

K s (M - l)

Sorbosc/pyridine
Sorbose/isopropylamine
Met hyl-fl-D-ribopyranoside/pyridine
Methyi-fl-D-ribopyranoside/isopropylamine
Ribosc/pyridine
p-Methoxy-phenyl-fl-D-galactopyranoside/pyridine
Sorbitol/pyridine
Lactose/pyridine

7.2•
19-0___4-0
5.5•
12.7 • 1.4
6"8 _ 1.3

13"3• 1.8
11.2_+2.1
8"0 _+1.6
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23Na linewidths A v l / 2 have served as observables in determining the thermodynamics of complex formation between Na § ions and various acyclic polyethers in
pyridine solution (Grandjean et al 1981). These ligands differ in the number of
heteroatoms capable of binding the cation. After determination of the 1 : 1 stoichio-

9
10
11

0

0

n=l
R=-NHCOCHa
n--3 R=-NHCOCHa
n = 1 R = -CONHCHa

(OsN2)
(OsN2)
(OsNz)

metry, the linewidth (normalized to unit viscosity) was determined as a function of the
molar ratio ofligand to cation. Fast exchange conditions prevailed, so that the observed
23Na linewidth was the weighted average between the free and the complexed states.
Analysis of the experimental curves obtained at several temperatures gave the results
shown in table 11. Two points should be noted. Firstly, the entropies of 1 : 1 complex
formations are very strongly negative, despite the release by the ion of some (or all) of its
solvating molecules upon complex formation. Secondly, the AH ~ and AS~ values differ
very much for the 10" Na + complex, as compared to the other two complexes. The
explanation relies upon similarity between the solution structures of these complexes
and their solid-state structures as revealed by X-ray studies: ligands 9 a n d 11 wrap in
helical manner around the metallic ion, but the number of heteroatoms available for
coordination (a total of seven) is insufficient for full spherical encapsulation of the
cation; hence, the ion continues to be solvated in the complex. One or two solvent
molecules continue to coordinate to Na + in the complex with 9 or 11. This explains the
very strongly negative AS values: immobilization of solvent molecules translates into
loss of translational entropy, in addition to the rotational entropy loss, from the
freezing-out of degrees of freedom for internal rotation, as the ligand wraps around the
cation. Only this latter term is present for the 10- Na + complex, since ligand 10 has
enough ligating atoms (a total of 10) for full spherical wrapping of the sodium cation. In
other words, ligands_9 and 11 compete with the (good donor) solvent pyridine for access
to the sodium ion. Ligand 1_0,by contrast, is able to shield Na + effectively from the
solvent.
Table 11. Thermodynamic parameters for the complexation of Na + by acyclic polyethers in
pyridine solution.
Ligand
9 (OsNz)
(OsNz)
10 (OsN2)

AH o (kJ tool- 1)

AS ~ (JK - 1 mol- t)

-665:10
-455:7
- 18 5:3

- 185 5:45
-1155:25
- 11 + 3

310

Christian Detellier and Pierre Laszlo

Si non ~ veto, bene trovato?t The test we devised for this idea was to examine complex
formation in a solvent of much weaker donicity than that of pyridine yet with a high
enough dielectric constant that the perchlorate counterion does not interact strongly
with the Na + cation. Acetonitrile with a high dielectric constant (e = 37.5) and a
Gutmann donicity significantly lower than that of pyridine (14-1 vs 33"1) fills the bill.
The Na + complexes of 'short' ligands such as _1 or _3 are predicted to be much less
solvated in acetonitrile than in pyridine. Indeed, comparison of the results for ligand 1_
in pyridine (table 11) and in acetonitrile is striking: in the latter solvent, the
complexation entropy is close to zero and the acetonitrile molecule is too weak an
electron donor to coordinate to the Na + cation. In other words, the lower enthalpy
which would result from coordination of acetonitrile is insufficient to offset the
attendant loss in translational entropy (Grandjean et al 1981).
Just as synthetic acyclic ligands are capable of wrapping themselves around a cation,
there exist a number of natural polyethers which constitute an important class among
the antibiotic ionophores. Borremans and Anteunis have recently published (1981) a
statistical treatment to predict the 1H NMRspectrum of seventeen polyether ionophores,
mainly open chain such as monensin or nigericin. Predictions can be made within
0-19 ppm in the case of fragments in pyranoid rings, and could be very useful for future
determination of the ionophore-cation complex geometry (Borremans and Anteunis
1981). This statistical treatment follows upon the gathering of a huge quantity of highfield 1H NMR data on such complexes obtained in the Ghent group (Anteunis 1977;
Anteunis and Rodios 1981; and references therein). A representative structure is that of
monensin (a molecule widely used as part of the chickenfeed): The monensin-Na +

OH

RI

Me

Me

R I = C H ( M e ) C O2H

Me

; R2=Et

complex will serve to describe and explain the kinetic results which can be extracted
from NMR data for ion-molecule complexes.
When the relaxation rate Ti- ~ is plotted against reciprocal temperature (figure 8) for
23Na+ in methanol, in the presence of monensin, a 'textbook case' is found (Degani
1977): there is a nice sigmoidal change of the relaxation rate. The transition region
corresponds to chemical exchange at moderate rate (1/T'I^ ), the straight line behavior at
low temperatures approximates asymptotically the experimental results for free sodium
ions (state A) under the same conditions (l/T1^). Combining the information from the
T1-^1 and the (T'I^)- 1 curves yields the calculated T ~-B1 line for bound Na + ions (state B)
in the Na+-monensin complex. The equilibrium condition is P^/z^ = PffxB, where P^
and PB are mole fractions, ~^ and z B residence times. The exchange rate ko = 1/~^ was
calculated from the measured parameters T'~^, T~^ and T~B,according to the equation:

l (I/TIs- I/T'~^)(I/r;^-I/T,^)Pa
z^
P^/T,^ + PB/T,,--lIT'I^
? Even if it is not true, is it well conceived?

(23)
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Figure 8. Semilog plot ofthe longitudinal relaxation rate for 2~Na in methanol vs reciprocal
temperature; solution composition: 0-5 M NaBr ((3); 0-15 M monensin-Na + and 0-35 M NaBr
(O); 1>3 M monensin Na + (f-a) and 0.65 M monensin Na + (A) (from Degani 1977).

The exchange rates, when measured at 35~ for different monensin (sodium salt
MonNa) concentrations (0.125-0.3 M) and with a constant concentration ratio
[MonNa]/[Na + ] = 3/7, were found to be invariant. This finding points to a first-order
dissociative mechanism:
Na § + Mon- ~- MonNa.

(24)

These rate constants, together with the corresponding Eyring activation enthalpies and
entropies, are compared in table 12 with data pertaining to valinomycin, a cyclic
antibiotic ionophore, and to dicyclohexyl-18-crown-6 (occ).
To end this section, one word about the controversial topic of the interaction
between metal ions and nucleotides: for reviews, see Tu and Heller (1974); Frey and
Stuehr (1974); Marzili (1977); Hodgson (1977); Pezzano and Podo (1980). We discuss
Table 12. Formation and dissociation rate data for the complexations with sodium ions in
methanol at 25~

Ant

AS:

An:

AS:

ku (10 ~ scC- J) k~ (see- 1) (kcal tool- t) (cal K - t mol- t) (kcal tool - x) (cal K - 1 mol- 1)
Monensin
Valinomycin
DDC

6.3
1.4

26

63
2 x l0 s

10"3
9.5

5'2 x 10"

8.3

- 15.8
-7.3

-- 21

- 0.8
--

2.7

- 3.9
--

-- 23
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elsewhere (w
the question of the identification of the binding sites which, together
with the stoichiometry of the complexes present, has been most debated.
3.2

Monocyclicligands

In the cases just evoked, viz in the complexation of a cation by an open chain ligand,
such as glymes, polyamines or some antibiotics, the ligand coils round the cation (the
so-called chelate effect). The cavity in which the cation is nested is formed during the
process of complexation. One can use cyclic ligands with preformed cavities, either
monocyclic ('crown' compounds), bicyclic ('cryptands') or polycyclic. We shall first
consider the case of the monocyclic ligands, and mainly of cyclic ligands with oxygen as
the main donor atom (Pedersen 1967). For this case, we will refer to crown compounds
by using the usual nomenclature: for example, DB18C6 for dibenzo-18-crown-6
(6,7,9,10,17,18,20,21-octahydro-dibenzo[b,k] [ 1,4,7,10,13,16]hexaoxacyclooctadecan).
We will travel through the abundant literature on this topic with regard to
stoichiometrics, thermodynamics, geometry, kinetics and microdynamics of the
interactions.

DBI2C4:

m = n = 0

DBI5C5:

rn =

DBI8C6:

m = n =

DB21C7:

m = 2; n = 1

DB24C8:

m = n = 2

DB27C9:

m = 3; n = 2

DB30C10:

MB-3x-C-x;

re=x-4

3x-C-x,

with

re=x-4

1; n = 0
1

m = 3; n = 3

A simplified general case of the complexation of a cation by a crown is depicted
below:

(M + h + (C)~~--(M +, C),
(M +, C)~ + (C)~~--(C, M +, C)~

(M+, C), + (M+)~ ~--(M+, C, M+)s

K:~
K:2
K:3

(25)

(26)
(27)

(M § C)s, (C, M § C)s, (M § C, M§ are the complexes of stoichiometries 1 : 1, 2: 1,
1:2. Stoichiometries of this kind have been shown to occur in the solid state: for
example K § can form 1 : 1 complexes with DB30C10 (Hasek et al 1980; Busch and
Truter 1972), or 2 : 1 complexes with DB24C8 (Mercer and Truter 1973) when Li § and
12C4 form 1:1 (Groth 1981) or 1:2 complexes (Dale and Krane 1972).
In solution, depending on the nature of cation, of solvent, of crown, or of
temperature, the three equilibrium constants, K:~, K:2, Kr will be very different. In
the case of a cation like K § complexed by a small crown, such as 15C5, one can predict
a very small value of K:a, and a significant value of K:2, depending on the solvent. If
the solvent is a poor donor, like acetonitrile (ON = 14-1) or nitromethane (DN = 2"7),
K:2 will not be negligible: a second molecule of crown will enter in competition with
solvent molecules to occupy the solvation shell of the cation. In the same way one can
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predict, on this very simple basis, that in the case of Li +, complexed by 12C4, in DMSO
K:I ~>K:2 ~>KZ3, and K:x should be the only measurable constant. On the contrary,
in the case of Na +, complexed by 30C 10 in nitromethane, K:3 should be high enough to
permit the formation of the 1 : 2 (crown : cation) complex; and in a better donor solvent,
such as DMSO,K:I should be the only measurable equilibrium constant: K:a ~>K:2,

K:3.
One can simulate the chemical shift of the alkali cation to be expected by varying the
[crown]/[cation] ratio in a given solvent, taking into consideration the three equilibria
above. The system of six equations binding the unknowns ([M +, C], [C, M +, C];
[M +, C, M+], [M+], [C], bobs) to the variables (K/l, Kf2, Kf3, [M+]o, [C]o, 60, 6 i,
6n, 6in) can be easily reduced to a system of two equations of the third degree in [ - M +]
and [C].
6ohs, 60, 61, 6 H and 6 m are respectively the observed chemical shifts and the
characteristic chemical shifts of M § (M § C); (C, M +, C) and (M +, C, M+).
[M]0 = [M +] + K/I [M +] [C] + K fl K f2 [M +] [C] 2
+ 2K:, K:3 [M+]2[C]

(28)

[C]o = [c] + K:, [M +] [C] + 21<:, K:, [M +] [C]
+ K:, K:3 [M+]2[C].

(29)

This system is solved by the Newton-Raphson method. [M +] and [C] being
calculated, bob~ is given by:
[M +]
K:, [M +] [C]
6~ -- [M +]o 6o +
[M +]0
61

K:, K:2 [M +] [C] 2 6,1 Jr 2 Kr KI3 [M+]2[C]
+

[M +]o

[M+]o

(30)
6111

The simulated graphs are given in figure 9. They all have been obtained with
[M § = 0.02 M, a value usually found in the literature. At this concentration, ion
pairing is usually negligible (Detellier and Gerstmans 1982).
A simulation for typical values of 23Na NMR is given in figure 9 with 6o = 15 ppm
(close to the value for NaCIO4 0-02 M dissolved in nitromethane), 61 (M+C), ~ii
(C, M + C), 6 m (M +, C, M § have received arbitrarily the values 20, 10, 1 and Kit the
value 3000. In figure 9a K:2 and K.r3 are varied.
The typical case of the formation of a complex 1 : 1, not perturbed by complexes with
other stoichiometries is obtained when K:2 = Ky3 = 0.1. The graph consists of two
straight lines with an intersection at a ratio [C]/[Na +] "~ 1.0.
Under the same conditions for a value of K r3 as low as 10, a sigmoidal curve is
obtained which could permit, if such a case is encountered in an experiment, the
calculation of the two equilibrium constants. When K:3 and K/I become commensurate, in the conditions of limiting chemical shifts which are chosen, a sharp well is
found with a minimum at the stoichiometric ratio 2: 1 and an inflexion point around
the stoichiometric ratio 1 : 1. A similar behaviour is observed for higher values of K:2
(figure 9b). When the three equilibrium constants become of the same order of
magnitude, complex curves consisting of two inflexion points are obtained.
Of course, with all the possibilities which are offered of varying the three equilibrium
constants and the four limiting chemical shifts, the opportunity to generate many
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Figure 9. Simulation of the 2~Na chemical shift variation for the case of sodium
complexation by crown ethers forming 1 : 1, 1 : 2 and 2 : 1 complexes.
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handsome curves is hard to resist. We shall pass now to a rapid description of what has
indeed been found experimentally.
Popov and his coworkers have covered this area by studies in alkali-ion NMR,mainly
7Li, 23Na and 133Cs, of the interaction between those cations and the smallest crown
12C4, to the large DB30C10. The plot of the chemical shift, or of the linewidth at half
height gives a very rapid answer to the question of the stoichiometry. Thus, 1 : 1 and 2: 1
(sandwich) complexes are observed between the lithium ion and 12C4 in nitromethane
or propylene carbonate solutions while, surprisingly, only a 1 : 1 complex was detected
in acetonitrile solution (Smethana and Popov 1980). Also, 2:1 complexes were
observed with the 18C6-Cs + system in a number of nonaqueous solvents (Mei et ai
1977a, d). If the crown had a cavity large enough to accommodate the lithium cation, only
the 1:1 complex has been shown to exist (figure 10). This is the case for the
complexation of Li § by 15C5 in seven different solvents (Smethana and Popov 1980).
In the case of the large crown ether, dibenzo-30-crown-10, one observes, in solvents of
low donor number (nitromethane, acetonitrile), formation of the 1:2 and 1:1
complexes (Shamsipur and Popov 1979) which have been previously isolated in the
crystalline form (Parsons et al 1975). In those solvents, the presence of two inflexion
points shows unambiguously the coexistence of those two complexes with a third
species which is proposed by the authors to be the 2: 3 (ligand : metal) complex, but
which could be also the 2: 1 (figure 9) or the 1 : 1 complex in a different conformation.
These hypotheses should be tested by a multiple parameter non-linear regression. The
case of the complexation of Cs § by DB30C 10 is more simple: only the 1 : 1 complex is
observed. The value of the limiting chemical shift for the complex, almost constant for
-3.OO r
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Figure 10. 7Li chemical shifts against 15C5tLi + mole ratio in various solvents [LiCIO4]
= 0.02 M (from Smetana and Popov 1980).
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five different solvents, suggests the folding of the large crown around the cesium ion
(Shamsipur and Popov 1979).
Formation of the 1 : 1 complex and the expulsion of solvents and the anion from the
coordination sphere of the cation was also demonstrated in the case of dibenzo-24crown-8 with sodium (Shamsipur et al 1980; Bisnaire et al 1982). It is to be noted that
Cs + and DB24C8 or DB21C7 from 1 : 1 complex only and the chemical shift of the
complex is very solvent-dependent, suggesting the presence of at least one solvent
molecule in the solvation sphere of the cesium (Shamsipur et al 1980).
If the alkali-cation NMR can give very valuable information on the stoichiometries,
thermodynamics, microdynamics or kinetics of the complex formation, detailed
structural information is better derived from 13C or IH NMRof the ligand. However,
knowledge of the quadrupolar coupling constant of the complexed cation could
provide answers to the question of the symmetry of the cation close environment. This
has been rarely obtained in the case of crown ethers (Bisnaire et al 1982). Using IH
and 13C NMR, Live and Chan (1976) have elucidated the structure in solution of the
complexes formed between monobenzo-18-crown-6, dibenzo-18-crown-6 and
dibenzo-30-crown-10 and Na +, K +, Cs + or Ba 2+, in a number of solvents, with
different counterions. A very interesting conclusion from their work is the fact that, if
the DB30C10 wraps around the sodium as well as around the potassium cation, the
geometry of the two complexes is quite different. The potassium cation is completely
surrounded by the crown ether. The three-dimensional cavity formed by the folded
crown ether has the right dimension to imprison the cation. This is no longer the case
for the sodium, which is much less tightly bound in the cavity and can be exchanged
between two or more different sites ofcomplexation into the folded crown. One has to
remember the plots obtained for the 23Na chemical shift in this case (Shamsipur and
Popov 1979) showing the presence of at least three different species in the whole range
of [DB30C10]/[Na +] ratios. Joint relaxation studies in 23Na and x3C on this system
should be very informative, a3C relaxation times showed the rigidity of the KSCNDB30C10 complex on the time scale of the reorientational correlation time (Live and
Chan 1976). A similar conclusion was obtained for the KSCN-DB 18C6 (Fedarko 1973)
and the NaCIO4-DB24C8 (Bisnaire et al 1982) complexes.
Levy et al (1980) have shown the usefulness of the 89y nucleus to study the
interactions of metal ion with organic ligands. This spin 1/2 nucleus gives rise to a large
89y {~H} NOEeffect which can be used to probe the binding of the y3 + cation to. organic
molecules. 12C4, 15C5 and 18C6 have been used to study the fixation of y3+. The
complex 12C4-Y3 § shows a purely dipolar relaxation; spin-rotation, paramagnetic or
chemical shift anisotropy contributions can be neglected. This is no longer the case
when 15C5 and 18C6 are considered. Other relaxation mechanisms, particularly spinrotation, become noticeable, which is expected if Yttrium were largely uncomplexed.
Fixation of Ca ++ on ligand 1_22was followed by 43CaNMR (Drakenberg 1982) in
water solutions, at pH 10. Exchange between free and complexed calcium is very slow,
two different resonances being always observed, not only for ligand I, but also for EGTA
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[ethylene glycol-bis (fl-ethylamine)-N,N'-tetra acetic acid] or EDTA(ethylene diamine
tetraacetic acid).
Correlation times which have been calculated from the 13C Tt's permit the
determination of the quadrupolar coupling constant X for 43Ca in the different
complexes (X = 1"4 MHz for I). It is interesting to note that Xis much lower (0.5 MHz)
in the case of EDTAshowing apparently a higher symmetry of the close environment of
Ca § § in this complex.
The relaxation of ~33Cs for CsI or CsC1 dissolved in dimethylformamide (DMF)can
be ascribed entirely to the quadrupolar relaxation mechanism (Wehrli 1977). The 133Cs
spin-lattice relaxation rates of the complex Cs§
surprisingly show a linear
increase with a break point at [ 18C6]/[Cs § ] = 2. This indicates the formation of a 2: 1
complex, but gives no evidence for the formation of a 1 : 1 complex which has been
shown to be a ponderable species by potentiometric results (Frendsdorff 1971) or by the
variation of the t33Cs chemical shifts. The characteristic relaxation rate of the 1 : 1
complex is probably, quite fortuitously, intermediate between the relaxation rates of
the 2:1 complex and the solvated cation.
More complex situations are encountered when the conjugated anion remains close
to the crown complexed cation. Thus, the coexistence of monomeric and dimeric ion
pairs, both of which interact with the crown ethers 15C5 or 18C6, have been reported to
occur in solutions in tetrahydrofuran of the sodium salt of ethyl acetoacetate (Corn61is
et al 1978).
The successful model used is presented in (31).
Kt

2 ENa ~-- (ENa)2
K2

2 (ENa) + C ~ (ENa)2C
Ks

(ENa)2C + C ~ 2 ENaC

(31)

Where E is used for ethylacetoacetate, and C for Crown.
An excellent correlation between the concentration of ENaC and the rate of
alkylation by C2H5I was found, which suggests that the crowned monomeric ion pair is
the single kinetically active anionic species (Cornelis et al 1978).
Only a small amount of work has been done to determine the kinetic parameters of
the interaction crown-cation by NMR,mainly by the group from the Weizmann Institute
at Rehovot (Shchori et al 1971, 1973; Shporer and Luz 1975). We have seen in the
previous section the behavior of the 2aNa relaxation times when sodium ions are
complexed by the ionophore monensin (Degani 1977). The same pattern is obtained
when NaSCN is complexed by DB18C6 in dimethylformamide (Shchori et al 1971).
At low temperatures, there are two resonances: one, characteristic of the complexed
cation, has a very large width at half height, and the other one, characteristic of the
solvated cation, is observed. Increasing temperature induces a broadening of the
resonance line until a maximum is reached, at the limit of fast exchange. At higher
temperatures, only one resonance is observed, averaging the two environments of the
sodium cation. Equation (23) is applicable and the attendant kinetic parameters can be
derived. Complexation of sodium with dicyclohexyl-18-crown-6 (DC 18C6) in methanol, and DB18C6 in methanol and dimethoxyethane (Shchori et al 1973) and of
potassium with DBl 8C6 in methanol have been studied in the same way, using the
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same formalism (Shporer and Luz 1975). The exchange rate for rubidium was too fast
to be followed by this technique.
Very interestingly, an activation energy of 12 kcal coincides with the activation
energy required in a ring system for four trans to gauche conformational changes
(M R Truter, private communication cited by Shchori et al 1973). Thus, conformational changes of the ligand around the sodium cation during the process of
decomplexation are very likely to be the rate-determining factors. Lower energy
barriers are found in the case of DC18C6 (8"3 kcal/mol) which is more flexible than the
DB18C6, and an energy barrier of 12.6kcal/mol was found in the case of the
decomplexation of potassium by DBI8C6 (Shporer and Luz 1975).
Decomplexation kinetic parameters for the Cs+-DC18C6 complex in propylene
carbonate and for the Cs+-18C6 complex in pyridine (Mei et al 1977d) have been
obtained with AG" (25~ value of 12 kcal/mol, a A H " of + 8 kcal/mol and a AS * of
- 1 4 e.u. This negative entropy value contrasts with positive values in the case of
cryptands, to be discussed in the next section.
Even though spiro-bis-crown ethers (13-15) could be considered as bicyclic ligands
we will consider the study in this section. One or two metallic ions are able to attach

. . . . .

.

.

.

.

o
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Owo.3-- oj
themselves to such spiro bicycles ('dicoronands'). Complexation of NaCIO4 by these
crown ethers in pyridine solutions was followed by 23Na nMR (Bouquant et al 1982).
Dicationic 1:2 complexes were shown to be formed, in equilibrium with 1:1
complexes. At high ligand concentration sandwich complexes 2:1 are also formed.
There is one order of magnitude difference between the binding constants KI and K2,
characteristic of 1 : 1 and 1 : 2 complex formation (table 13).
A negative cooperativity by one order of magnitude only, when two univalent ions
occupy two cavities which touch is encouraging for the design of inclusion complexes
featuring several encapsulated metallic ions.
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Table 13. Formation constants for the 1 : 1 complex (subscript l) and for the 1 : 2 complex
(subscript 2) of Na § and 13.
T(K)

Kl (M -1)

278-2
293-2
307.2
323'2
338.2
353"2

800
750
550
475
380
350

M/~
AS~
formation of the complex 1 : 1.

K2 (M -1)
26
18
31
24"5
40
25-5
+5'l+0-8e.u.

for the

3.3 Bicyclic and polycyclic ligands
Macrocyclic ligands form cryptate-type cation inclusion complexes which are more
stable than those formed with monocyclic ligands (crown-type). Moreover, the cation
exchange between the bulk of the solution and the cage formed by the ligand is slower
(Lehn 1973). When included into such a cavity, the cation coordination shell is well
defined, and protected from direct contact with solvent molecules (see w
By a study in 23Na and 13C NMR('the double nuclear spin probe method'), Kintzinger
and Lehn (1974) were able to obtain the reorientational correlation time and the
quadrupolar coupling constant (see (17)) for the sodium cation complexed by four
macrobicycles depicted below:

16
17
18
19

m=O;n=l;X=O(C211)
m=l;n=O;X=O(C221)
m=n=l;X=O(C222)

m=n=l;X=S.

The 23Na quadrupolar coupling constants decrease when the number of oxygens in
the ligand shell increases, showing a higher symmetry for the cation environment.
Moreover, the chemical shift is linearly related to the quadrupolar coupling constant,
what is theoretically expected if the paramagnetic shielding term dominates the 23Na
chemical shifts (Deverell 1969). This trend has been confirmed in the case of the
monocyclic DB24C8-Na + cation (Bisnaire et al 1982). The ligand adopts a
folded conformation and isolates the cation from the solution, in a cryptate-like
manner. In seven different solvents, chemical shifts and quadrupolar coupling
constants are invariants. The values fit into the range found for the cryptates (table 14).
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Table 14. Chemical shift (~) and quadrupolar coupling constant (XNa) for the complex
between Na + and the indicated ligand.
Ligand

~a (ppm)

16 b
17 b
188b
19 b
DB24C8 c

XNa (MHz)

+ 11"15
-4.25
- 11.40
-6-20
- 9 to - 7

2-20
1.43
1.01
1.38
0.8-1.2

a6 is measured with respect to a 0-25 M NaCI solution in water;
bKintzinger and Lchn 1974; r
et al 1982; the range o f
values is given for the solvents: CDCl 3, pyridine, acetonitrile,
nitromethane, acetone, methanol and propylene carbonate.

When excess NaCI is added to the cryptate solutions in methanol, two separate 2 3 N a
signals are observed at 35~ giving a AG ~ of about 15.4kcal/mol (331 K) for the
complex [18, Na+], and a AG§ > 16kcal/mol (331 K) for [16, Na +] and [17, Na+],
which is very close of the value previously found by Ceraso and Dye (1973) for the
complex [18, Na +] in ethylene diamine (AG * = 14.8 kcal/mol at 323 K).
The exchange kinetics of the sodium cation with 2,2,2-cryptate complexes has been
studied in water, ethylenediamine, tetrahydrofuran and pyridine (Ceraso et a11977). A
detailed analysis of the curves (figure 11) furnished the activation parameters for the
exchange (table 15).
As one can see the activation entropies of decomplexation are negative for (Na +,
C222) (Ceraso et al 1977) and for (Li +, C211) or (Li +, C221) (Cahen et al 1975) in nonaqueous solvents, and positive in water. The well-structured bulk water around the
hydrophobic complex formed by the cation and the cryptate is disturbed by the
incoming of the cation into the solution. In non-aqueous solutions the negative value
reflects the participation of the solvent in the transition state. The values of AS*,
between 8 and - 23 e.u., correspond very roughly to the loss of translational entropy
of one solvent molecule. When the diameter of the cation is greater than the cavity size
-

(a)

(b)
IO Ol~n

(c)
jr~

tO ppm

70.3"
o
76.40
58 8 ~
47.4 ~
36.8 e
42.4*
36.2"
3"

Figure 11.

.l ~

-,

19 3 ~

23Na spectra at various temperatures for solutions of Na + with C222 in
( E D A ) , ( a ) 0"15 M C222 and 0-6 M NaBr, (b) 0"30 M C222 and 0.6 M NaBr,
(c) 0-45 M C222 and 0.6 M NaBr.

ethylenediamine
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Table 15. Decomplexationactivation parameters.
Complex
(Na § C222) a

(Li § C 2 1 1 ) b

(Li § C 2 2 1 ) b

Solvent

AHo* (kcalmol- l) ASo*(e.u.)

Py
THF
H20
EDA
Py
H20
DMSO
DMF
F
Py

13.6
13.8
16'1
12'3
19.0
20-7
15.5
15.4
13.5
12.9

- 12.6
- 8.1
+5-3
- 7-6
- 12.5
+ 0-4
- 13.8
- 15.5
- 22.8
- 14.9

Decomplexationactivationparameterfor (Na§ C222),(Li§ C211)and
(Li§ C221) in pyridine (Py), tetrahydrofuran (THr), water, ethylenediamine (EDA), dimethylsulphoxide (DMSO), dimethylformamide
(DMF)and formamide (v), aCerasoet al 1977;bCahen et a11975.

of the cryptand, one expects to observe the formation of complexes where the cation is
not located in the center of the cavity and contains some residual solvent molecules into
its coordination shell. This was observed by 133CsNMR for the case of the Cs §
complexation by the cryptand C222 (Mei et al 1977c). Two types of 1 : 1 complexes were
shown to coexist in solution: inclusive and exclusive.
Kl

K2

Cs § + C ~- (Cs+C)ex ~ (Cs+C)in.

(32)

The activation parameters were obtained only for solutions in DMV, where
process 1 (formation of the exclusive complex) is the dominating mechanism:
AH # = 12.9 kcal. mol- 1 and AS # = + 17 cal. mol- t. deg- 1. The value of AS # is in
strong contrast with the activation entropies of decomplexation of the cryptates shown
in table 14 or with the value found for the complex Cs+-18C6 (ASS = - 14 e.u.). This
large positive entropy variation is difficult to interpret: participation of solvent in the
transition state should lead to 'negative values and configurational entropy changes
should not contribute to such a high value. C211 and C221 form the exclusive complex
with Cs § only (Meiet al 1977b).
Kinetic stability of the specific complexes [Li +, C211] and [K +, C222] has
permitted to determine unambiguously the 7Li NMR signal of the triple ion formed
between Li § and the acetoacetate enolate anion (E-Li-E)-(M § C) (Cambillau and
Ourevitch 1981). The 7Li chemical shift of (E-Li-E)- is affected by the nature of the
solvent (CH2C12 (-2-1 ppm)or DMSO(--l'7ppm)).
Cryptand (2,2,2) cleaves the iodine molecule to form the inclusive complex (I +, C222)
I - (Pierre et al 1980). Positive halogen ion cryptation sends us back to the other side of
the periodic table: cryptands permit the formation of the alkali metal anions. A
crystalline salt of the sodium anion (Na-) has been shown to be formed in ethylamine
solutions oftbe cryptand 2,2,2. The stoichiometry is (Na +, C222) Na- (Dye et a11974).
The 23NaNMR of these species is shown in figure 12. Two signals are observed
belonging to the cryptated cation (-10.5 ppm) and to the anion ( - 6 2 ppm). The
C$6
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Figure 12. 23Na spectra of Na +-C222-Na - solutions ( ~ 0.1 M) in three solvents (from Dye
1977).

et a l

linewidth of Na- in xnv is less than 3 Hz compared with 23 Hz for Na § in THF. The
extreme narrowness of the line for Na- attests to the high spherical symmetry of this
species (Dye et a11975). Rb- and Cs- have also been observed by STRb and 1aaCs NMR.
As for Na-, these anions give narrow lines which are diamagnetically shifted (Dye et al
1975).
Macrobicyclic molecules forming cation inclusion complexes have been synthesized
(Graf and Lehn 1975). They form complexes of stoichiometries 2: 1 (metal :cryptand)
in the case ofAg + and B a + § as was shown by tH and taC NMR (Lehn and Simon 1971).
Diammonium molecules fit into the cavity of macrotricyclic receptors (20).

sN,,,,

H

N.

oJ

I
N

..H
~%.,0-)
(20)

"'N ~
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Kintzinger et al (1981) have shown by 13C nuclear relaxation times measurements
that the structural complementarity between the receptor molecular and the substrate
molecule is reflected in a strong dynamic coupling. The complex is stable not only
thermodynamically or kinetically, but also exhibits dynamic cohesion: the molecular
motions of the two entities of which it is composed are coupled.
4.

Interaction between ions and biomolecules

The importance of the topic now to be discussed would deserve a full volume being
devoted to it! In the limited format of this review paper, we can do no more than
emphasize a few salient points. The reader should also be reminded of the forewarning
we gave in the introduction: this account is oriented very much towards interpretation
of the results from the NUt of the quadrupolar ions themselves; and the choice of the
examples to be presented is dictated to a large extent by our own familiarity with these
systems, because we have ourselves worked on their elucidation.
4.1

Identification of the bindin 0 sites

Biomolecules could be portrayed, in the general sense, as molecules with molecular
weights at least 500 and very often 5000 or (much) more. Hence, the first question is to
ascertain where, i.e. to which part of this large molecule a given ion will attach itself. The
NURspectrum ofthe ion is not very informative in this respect, except in the all-too-rare
cases in which scalar couplings between the ionic nucleus and the nuclei on the
biomolecule can be detected. Even if the chemical shift of the ionic nucleus is perturbed
upon binding to the biomolecular host, it will rarely be possible to infer from this single
observable the exact location (coordinates) of the ion with respect to the biomolecule.
Since more than one observable is needed, one usually looks for changes in the
chemical shifts and/or linewidths of several nuclei of the biomolecule, which will
indicate qualitatively, and perhaps semi-quantitatively, the approximate site ofbinding.
A set of techniques very generally resorted to, following the pioneering work of the
Oxford group of Prof. R J P Williams, is isomorphous replacement of a biologicallyrelevant ion (such as Ca + +) by a paramagnetic ion, often a lanthanide ion, having a
comparable ionic radius (Eu 3§ for instance). From the magnitudes of the induced
paramagnetic shifts, one can then infer approximate distances between the ionic
nucleus and neighbouring host nuclei, in the complex.
Such an approach has been applied also to complexes between paramagnetic metal
ions and nucleotides, by investigation of the effect of the paramagnetic probes upon 31p
relaxation times (Mildvan and Cohn 1970; Brown et al 1973; Mildvan 1977, 1979).
A difficult question is that of the site of binding of Mg § ions to adenosine
triphosphate (ATP). Magnesium (II) ions are diamagnetic, and they do not form with
ATr, substitution-inert complexes which are sufficiently long-lived for x-ray structural
determinations to be of assistance. Indeed this question has been somewhat controversial: while some authors have interpreted 3i p chemical shift changes as implying
that Mg 2§ interacts with both the ~- and y-phosphate of ^TP (Cohn and Hughes 1962),
others have used essentially the same data as evidence for interaction only with the/~phosphate group (Tran-Dinh et al 1975), or as implying that the Mg 2 §
complex is
an ~,p,~-tridentate (Kuntz and Swift 1973). The disparity of interpretations could not be
more cacophonic!
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The source of these difficulties lies with the method itself: when Lewis acids, Such as
H § or Mg § +, bind to a nucleotide, the magnitudes of the induced 31p chemical shifts
are unrelated to the sites of binding (Jaffe and Cohn 1978). Following this caveat, other
methods have been explored. Rather recently, for instance, a new attempt at structural
characterization of the Mg2+-^xl , complex was made, using ~vO NMIL From the
observed line broadenings R (corrected for various factors) of the 170 resonances
(table 16), it would appear that Mg 2§ interacts approximately equally with the fl- and
the ),-phosphate group of A'rl,, and to a somewhat lesser extent with the ~t-phosphate of
AXP (Huang and Tsai 1982).
Another type of NMRtechnique, the recourse to paramagnetic relaxation of spin 1/2
nuclei, has been applied to the interaction between Mn 2§ and adenosine monophosphate (AMP) (Levy and Dechter 1980). These authors have measured ~SN and ~3C
electron-nuclear relaxation times (~) for the nuclei in the adenine, and 3~PT'~ s for the
phosphate group of AMP. Under the conditions of their experiments, viz the high
concentrations of AMP demanded by natural abundance 15NNMR (0"8 M!), the
nucleotides form stacked complexes. Their results are summarized in table 17. The r -6
dependence of the dipolar T] values allowed them to determine the distances of the
Mn 2§ ion indicated in the table: it is apparent that Nil), NH2(6) and N(7), together
with the phosphate via one of its oxygens, must all be directly bound to the
paramagnetic ion. By contrast, N(3), N(9) and C(4) must all be remote from the Mn 2§
center. Hence, the local structure about the Mn 2§ is best represented as the following
1:2 metal-nucleotide complex (Levy and Dechter 1980):

N 4re- - - -~:;7 Mn2§

E
,

Io

,9
4.2 Enhanced quadrupolar relaxation of the bound ion
Historically, Prof. Baldeschwieler seems to have pioneered the use of the considerable line broadenings undergone by a quadrupolar ion upon binding to a biomolecule (Stengle and Baldeschwieler 1966, 1967; Haugland et al 1967). To quote from
what one of us described of this method in a textbook (Laszlo and Stang 1971):
'Rather sharp lines (Avl/2 "~ 10 Hz) are seen for the 3SCl resonance of the spherically
solvated chloride ion Cl- when sodium chloride is dissolved in water. Since the field
gradient q at the quadrupolar chlorine nucleus is zero, the e2qQ term is also zero, and
quadrupolar relaxation is powerless to broaden the magnetic resonance of the 35C1.
However, when this 35C1 nucleus is engaged in covalent bonding, the quadrupolar
coupling constants e2qQ are then observed to be in the range of 40-90 MHz. The
bandwidths are comparably large: for carbon tetrachloride Avl/2 = 14.5 kHz, corresponding to a correlation time xc ~ 1"7 x 10-12 sec. The idea behind the experiments
to be presented now is thus very simple: the range of values between ~ 10 and
14,500 Hz is enormous, and can be exploited if fast exchange between two such sites
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Table 16. Normalized line broadenings R, at several spectrometer frequencies, for the ~t-, fl-,
and ),-phosphate groups of ^1"I, (Huang and Tsai 1982).
Position
obsd.

Vo (MHz)

* TO line
broadening R a

25
45
25
100
100

~,
ct
ct
~t
ct

40-67
33-9
27.11
24.4
12.2

1' 1
0'9
0-7
0"9
0"8

25
45
25
25
25

#
~
fl
fl
fl

40-67
33.9
27-11
48-8
10-85

1'4
1.7
1.7
1'4
1'4

25
45
25
25

)'
)'

40.67
33.9
27-It
10.85

2.5
I "8
2.1
1'8

[ATP] (raM)

9R =

)'

)'
(A,,,B:~ - A,,[m/(a,,~,).

Table 17. Diamagnetic T,s, dipolar T~s and calculated distances for Mn2+-AMP stacked
complex (Levy and Dechter 1980).
Nucleus

TIdia (sec) T~ (C)x 104 (see)

N0)

4.4

0-30

C(2)
N(3)
C(4)
C(5)
C(6)
NH2(6)
N(7)
C(8)
N(9)
p

0-25
2.8
3.0
5.3
2.1
1.4
3.2
0-25
7-0
3.0

5.8
28
4.9
7.3
0.26
0.20
1.9
0.27

r (A)

2.1
4.8
> 5
6.2
4-6
4.9
2-1
2.0
3.9
> 5
3.3

produces a 35C1 resonance with a bandwidth which will be the weighted average of
these two limiting numbers. Experiments have been devised, for instance, using
mercurychloride (Hg-Cl)--labeUing of proteins. When sodium chloride NaCI is reacted
with mercuric chloride HgCI2, chlorine is present either as the chloride CI- or engaged
in a covalent molecule:
3 NaC1 + HgC12 ~ CI- + HgCI~ - + 3 Na +.

(33)

Many macromolecules of biological interest have thiol (SH) groupings which react with
HgCI2 to give -S-Hg-CI groups. For instance, the 35C1 resonance of 0.5 M NaCI in H 2 0
has a width Avl/2 = 16 Hz, which is only increased to 22 H z - - t h e same order of
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magnitude upon addition of 10- s M hemoglobin. When 14.10- 5 M HgCI2 is added
to the solution the linewidth increases to 210 Hz. Therefore, as a rough estimate, the
correlation time % for the mercuric site on the hemoglobin is ca 100 times that for
HgCl; - :
Avl/2 = K% ,~ 210

hemoglobin

Avl/2 = K't'c m, 14,500

HgCI,~-

(34)
(35)

assuming equal electrical field gradients q in the free HgCI,~- and in the -S-Hg-CI
group.'
In such applications, it is often assumed that the quadrupolar nucleus (or ion) can
exist only in either of two states, free (F) or bound (a). Then, if fast exchange conditions
prevail--which can be tested experimentally, for instance by checking that the observed
linewidth is reduced upon increasing the temperature---, the transverse relaxation rate
R2 = T~ 1 can be expressed as the weighted average between the two limiting states:
R2 (obs) = prR2~ + paR2B,

(36)

where pr and Pa are mole fractions for the quadrupolar ion in the free and in the bound
state, respectively. This amounts to using the relaxation rates as if they were extinction
coefficients, not bothering to analyze their various components and relating their
overall variation to a position in the binding equilibrium corresponding to (36).
There have been very many (self-avowed or implicit) applications of such a
methodology. We wish to single out especially the handsome work of the Lund group:
many of the biological applications of the halide probes (CI-, Br-, I-), to the binding of
these anions to biomolecules such as the hemoglobins, are described in a remarkably
concise and well-written book (Lindman and Fors6n 1976).
4.3 The question of true complex formation
But how does one ascertain that binding truly occurs? One criterion that can be used is
the usual test for complex formation (Laszlo 1980): a true complex is present if and only
if its lifetime exceeds the reorientational correlation time of the bulkiest partner (the
biomolecule, in the case of ion binding).
For instance, our Liege group has investigated during the last few years the binding
ofNa + cations by the apoproteins derived from calciproteins after treatment with EDTA
or EGT^. The idea is to take advantage of the superior NMRproperties of the 23Na, as
compared to the 43Ca nuclide for probing the vacant calcium-binding sites in these
proteins. In every case we have studied, the correlation time Tcdescriptive of the sodium
ions in the bound state has been found to be equal to the reorientational correlation
time ~R for the protein: zR is calculated from the Debye-Stokes-Einstein relationship
xR = ( V" tl/KT), where the protein molecular volume Vis determined from the average
molecular density of the protein (table 18) (Grandjean and Laszlo to be published).
This agreement, which is further supported by other results, such as the magnitude of
the 2aNa quadrupolar coupling constants in the bound state, is consistent with these
Na+-protein complexes being long-lived: the residence time z B of Na + ions in these
complexes are (probably) greater by at least one order of magnitude to the observed zc
values; so that, for instance ~Bfor the MCPacrayfish protein must be greater than about
0"2/~s.
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Table 18. Comparison between ~, values for bound sodium ions and reorientational
correlation times for the apoproteins derived from a number of calcium-binding proteins
(Grandjean and Laszlo, to be published).
Calciprotein (or fragment thereof)
Bovine Gla protein
Parvalbumin
Phospholipase A2
Tryptic fragment TR-I from
Troponin-C
Troponin-C

Tryptic fragment TR-I from
Calmodulin
Tryptic fragment TR-2 from
Calmodulin
Calmodulin

Crayfish MCnPprotein

4.4

~, (nsee, 23Na) ~R (nsec)

MW
5700
11780
14000

2"5
4.0
6

2.6
3'5
6'6

8490
17965

4.4
9-0

4.5
9-0

8560

4.4

4-5

8114
16674
44000

4.4
9' 1
19"2

4-5
8-6
20"6

Determination of the binding constants

When the biomolecular host offers n equivalent (or so-assumed) sites, the binding
equilibrium is:
K

nM + + L ~ L . M , .

(37)

Variable concentration experiments provide K. For instance, trypsin hydrolysis cleaves
troponin C--the molecule whose binding of Ca ++ ions initiates muscular
contraction--into two peptidic fragments, labelled as TR-1 and TR-2 (see table 18).
TR-1, with residues 9-84, includes two 'low-affinity' calcium-binding sites, while TR-2,
with residues 89-159, contains the two 'high-affinity' binding sites. With TR-I, it is
observed that the 23Na linewidth decreases monotonously upon addition of external
Na +, in the form of aqueous sodium chloride, to a 1.45 mM solution of the apo TR-I
(figure 13). This decrease is simple to understand: in (34) the mole fraction Pv increases
asymptotically towards unity. By combining these data with those from a titration
curve in which the 'native' TR-1 is regenerated by addition of two equivalents of Ca + +
100

"~
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"1-

0

3

I

I

5

I

l

7

I

I

9

I

I1

1

I

I

13

CNo(mM)
Figure 13. Plot of the observed half band widths 1/nT2 against the total sodium
concentration ( 0 experimental points) (--) theoretical curve (from Delvilte et al 1980a),
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ions (figure 14), it is possible by performing an iterative least-squares fit, to analyze the
results for the binding constants KNa and Kc~ descriptive of Na + and Ca + + binding.
The results obtained thus by NMR (KNa = 91 + 15 M - t ; Kca = (5"1 +4)" 105 M -1)
compare well with the literature values obtained by other methods, such as dialysis, for
the low affinity sites in the whole troponin C molecules (Kca = 3" 105 M - 1) (DelviUe et
a11980). The plot of figure 14 is also indicative of sodium-calcium competitive binding,
at the low-affinity sites of troponin C, by contrast with the high affinity sites which
feature a more complex phenomenon. The first bound Ca + + ion has a structural role,
inducing the ordering of the protein from a rather random coil into a conformation
with high helical content; this transition, seen by chiroptical methods, can also be
followed by 23Na NMR: with addition to TR-2 of 0-1 equivalent of Ca + + ions, sodium
ions bind mostly to secondary sites, non-competitively with calcium ions (Delville et al
1980).
4.5

Determination of the rate constants for binding and release

In favorable cases, it is possible to go one step further, and to measure ultrafast rate
constants using NMR (Laszlo 1980). The example we shall present here is that of
gramicidin A, a pentadecapeptide with regular alternation of L and D residues, which
spontaneously dimerizes in protic solvents such as water or methanol. Cell or vesicle
membranes, doped with gramicidin A, when placed in aqueous medium containing
univalent Na + and K + ions, have a time-dependent electrical conductance which was
interpreted'by Haydon (1972), as the diffusion of a sodium or potassium ion across the
lipid bilayer. This diffusion occurs because of the lateral diffusion of the two halves of
the bilayer, each containing some of these gramicidin A dimers. As a result, channels are
formed, with lengths of 35-40 A spanning the width of the bilayer and an inner
diameter of 5-6 A sufficient for inclusion o f N a § or K § ions. Such channels exist for a
time duration of the order of one second, as shown by the electric conductance
experiments. In 1978, a German-Swedish group proposed, on the basis of a
sophisticated mathematical analysis of electric conductance data, that each such
channel, formed in gramicidin A-doped membranes, possesses two kinds of sites
available to univalent cations: outer sites, at the entrance to the channel, right at the
interface between the aqueous solution and the lipophilic membrane; and inner sites,
buried in the lipophilic environment of the bilayer, separated from the outer sites by an
energy barrier and also higher up in terms of potential energy (Neher et al 1978).
110
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Figure 14. Plot of the 23Na observed half band widths I/7~,T2 against the [Ca + +]/[TR-I]
ratio (from Delville et al 1980a).
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Because their evidence for the coexistence of distinct outer and inner sites was rather
indirect, we decided to have a more direct look, using 23Na NMa.
With gramicidin A dimers, in ethanol-water binary mixtures (90: 10), we found a
correlation time for the bound Na + ions zc = 1-9+0.5nsec (1 nsec= 10-gsec).
However, the reorientational correlation time ~R for the gramicidin dimers, as
determined from 13C longitudinal relaxation rates, is much longer, at zR - 30 nsec
(Fossel et al 1974). Since the correlation time % is, in fact, a composite of the residence
time z8 at the binding sites, and of the reorientational correlation T~ for the complex
(z~ "~ zR), the discrepancy between % and the z~ values shows that the correlation
time %:
~-1 = ~1

+~1,

(38)

is predominantly residence-determined. Hence, zB ~- 1.8 nsec: since k_, the rate
constant for release of sodium ions by the gramicidin A dimers G2, is the reciprocal of
this residence time z B, it is equal to (5-5 • 0.5)- 108 sec- 1. From variable concentration
experiments, we determined separately the binding constant K appropriate for the
equilibrium:
r
G2 + Na + ~ G2, Na +,
(39)
and found K = 4-0 M - 1. Combining these two pieces of information yields a rate
constant k + for binding, k + = k _ . K = (2.2 • 0.2)- 109 M - 1sec- 1: dearly, such a large
value must come close to the diffusion-controlled limit; which is fully consistent with
the notion of solvated Na + ions diffusing into the outer sites, which had been
postulated on the basis of the conductance data (Corn61is and Laszlo 1979). (Later on,
the team of Prof. D. W. Urry, at the University of Alabama, were able to show, also
using 2aNa NMRand working with Gz units embedded in membranes, that inner sites
are indeed also present; and that the ionic flows determined from NMRdata are in orderof-magnitude agreement with those derived from the conductance data.) But there is
yet an additional piece of structural information to be obtained from NMR: the
quadrupolar coupling constant at the outer sites has the high value of 1.7 MHz, which is
a sure sign of partial dehydration of the Na + ions in this bound state (Corn61is and
Laszlo 1979).
A multinuclear approach (~H, l~C, ~Na, ~ P , ~ K , ~~Rb) has been employed to
study 5'-guanosine monophosphate (5'-6MP) aggregation in aqueous solutions (Borzo
et al 1980; Detellier and Laszlo 1980; Delville et al 1979; Detellier and Laszlo 1979).
5'-GMP self-orders at neutral and slightly basic pHs by a process which depends
critically on the cation present (Detellier et a11978; Paris and Laszlo 1978; Pinnavaia et
al 1978). It was shown that in presence of sodium cations only, 5'-GMP aggregates by
dimerization of planar tetramers, followed by dimerization of octamers in hexadecamers (40):

2G4 ~G8
2Ga ~-G16-

(40)

The residence time of a sodium cation on the octamer was in the range of 20-60 nsec,
whereas the nucleotide counterions exchange with much slower rate constants, of less
than 102 sec- 1, as was shown previously by 1H NMR(Pinnavaia et al 1975). Observation
of such residence times (xB ~ 30 nsee) rules out conclusively sodium binding to a single
phosphate, and is consistent only with sodium binding by several groups. Recent
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determinations of the crystallographic structures of disodium CMP heptahydrate show
that the sodium coordination shells involve no direct interactions with the ionized
phosphate groups but coordination by N(7) of the guanine base or by O(2') or 0(3') of
the sugar moiety (Barnes and Hawkinson 1982; Katti et al 1981). The value of the
limiting chemical shift of 23Na in the aggregate was in the range of - 100 to - 160 ppm
and indicated coordination with atoms of strongly different types: 06 oxygens or
guanine nitrogens (Borzo et al 1980). A conclusion is to be strongly emphasized: sodium
cation binding contributes directly to the buildup of octamers and hexadecamers.
The self-ordering process requires lower concentrations of 5'-GMP, 2 N a § when
potassium ions are present (Detellier et al 1978). Comparison of K § with the other
alkali metal cations shows a marked selectivity favouring potassium, with the sequence
K + > Rb +, Na + >> Li +, Cs + being observed (Pinnavaia et al 1978).
We found a single correlation time of 9.4 nsec characterizing the aggregates in the
presence of potassium, to which we attributed the composition (Gs, K +, 4 Na +). It is a
species to which the Na + ions are tightly and durably bound, which is formed with
cooperativity. The model we proposed is based on coexistence of two kinds of sites,
inner site selective toward potassium ions and outer sites that display a strong apparent
preference for sodium ions over potassium or rubidium ions. This remarkable selfassembly, unlike a normal stacking interaction, is not determined predominantly by
hydrophobic forces, but by cation binding. The self-assembly in enthalpy-driven, since
the entropy change upon self-association is strongly negative (AH = - 2 2
_+ 3 kcal mol- 1; AS = -- 58 _ 7cal mol- 1 K - 1) (DeteUier and Laszlo 1980).
Recent studies of those self-associates using low-frequency Raman scattering
techniques supported the conclusion that the potassium ion is enhancing the selfassociation as compared to the sodium ion (Nielsen et al 1982), and recently also Fisk et
al (1982) have shown by 1H and 13C NMRthat the most stable species formed in the selfassociation of Na2 5'-GMP is a head-to-tail octamer, formed by the association of two
tetrameric plates.
4.6

Isomorphous replacement technique

In preceding sections (4.1 and 4.4), we have already drawn attention to the competitive
binding of sodium and calcium ions. Indeed, both Na § and Ca § + share an identical
ionic radius of 0.95 A, so-that sodium ions are good probes for the binding of calcium
ions (Phillips and Williams 1966). This is an example of an isomorphous replacement.
As implied by the entries in table 17, we have been able to use this technique to monitor
the metal binding sites of a number ofcalciproteins, after partial or total decalcification,
by the tactic of Na § probes, taking advantage of the higher sensitivity of 23Na, as
compared to 43Ca NM~.
One crucial question remains: how can we tell that true binding does indeed take
place? As indicated above; the equality ~c = zR for the sodium ions in the bound sites,
allowed us to answer it in the affirmative (table 17). A test case is that of the bovine Gla
protein, a small (M = 5,700) 49 residue molecule, capable of binding three Ca + § ions
per molecule at its three Gla (~-carbonyl-glutamic acid) residues, in positions 17, 21 and
24. It is a limiting case because the calcium binding constant is quite low: Kd ~ 3 raM.
Hence, since a priori the electrostatic binding energy of univalent sodium ions should be
approximately half that for the divalent calcium ions, binding constants for sodium
would have to be much lower than those for calcium. Yet, even for such a borderline
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example, the isomorphous replacement method worked, as indicated in table 17 (see
also Grandjean and Laszlo 1982). Thus exploration in calciproteins of calcium-binding
sites with Z3Na+ ions appears to be a rather general and useful method.

5.

Interaction between ions and polyelectrolytes

In this last section, we consider very briefly a special case of ion-molecule interaction,
when the molecule itself is an ion, or rather a poly-ion. Hence, such interactions when
the species involved bear electrical charges of opposite signs, come under the province
of ion pairing phenomena. When each charged site on the poly-ion behaves
independently of its neighbours, the binding of the counterion can be described in the
usual manner, as a chemical equilibrium, and the formalism is similar to that in the
preceding section (see especially (36), where PB would correspond now to the mole
fraction of tight or intimate ion pairs). This first mode of attachment between
polyelectrolyte and its counterion is termed site bindinff.
A different mode of interaction sets in when the distance between adjoining charged
sites on the polyion decreases to a (critical) value and condensation of the counterions
occurs in order to reduce the charge density of the polyelectrolyte. One can view this
phenomenon also as a screening, by the counterions, of the Coulombic repulsion
between adjacent charged sites, when these become too close to one another. This
second mode of ionic attachment to a polyelectrolyte is termed atmospheric condensation. Its equivalent, for monomers, would be a loose or solvent-separated ion pair. In
atmospheric condensation, a distribution of the fully-solvated counterions is set up, in
the vicinity of the polyelectrolyte, so that they congregate near the poly-ion, trapped
radially but not tangentially in its electrostatic potential. There are basically two kinds
of theoretical treatments of atmospheric condensation, either through solution of the
Poisson-Boltzmann equation, or through simplified two-states counterion condensation models;, since these theories have been reviewed adequately quite recently
(Anderson 1982), in their application to the linear topology of a rod-like polyelectrolyte, we shall limit our remarks here to discussion of a few NMR results.
With the classical Poisson-Boltzmann equation, an analytical solution is completely
equivalent to a numerical solution (Delville et al 1982). However, the classical PoissonBoltzmann treatment suffers from its assumption of point charges, and from the
neglect of interionic correlation. It has been shown, using a cell model in which the
cylindrical volume around each polyelectrolyte molecule is divided into a series of
coaxial cylindrical shells, that a modified Poisson-Boltzmann equation accounts
extremely satisfactorily for both the activity coefficients measured electrochemically,
and for the observed 23Na NMRline broadenings, when aqueous solutions of sodium
polystyrenesulfonate are studied in the presence of various added salts--such as NaCI,
KC1, CaCI2, MgCI2 or MnClz (Delville et al 1982). The modifications to the classical
Poisson-Boltzmann equation consist: firstly, in a realistic choice of the radius of the first
shell, chosen equal to the diameter of the solvated counterions; and, secondly, in a semiempirical treatment of ion-ion correlation by letting ionic activities vary with the ionic
strength of the medium. In this manner, it is possible to calculate the electrostatic
potential from the ionic activities, digitalized according to the shell considered, as a
function of the radial distance to the axis of the polyelectrolyte. The resulting activities,
whether for univalent or for divalent ions, nicely fit the experimental values (Delville et
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al 1982). But the application to the observed 23NaNMR line broadenings, due to the

presence of the polyelectrolyte, is yet more interesting. One will recall that, for the
quadrupolar 23Na+ ions (I = 3/2), the linewidth should be (under extreme narrowing
conditions) proportional to the average value of the squared electric field gradient at the
nucleus ~ q2 ), multiplied by a correlation time 3, descriptive of the fluctuations in time
of this electrostatic field gradient. From what was said above, atmosphericallycondensed ions retain their full solvation sphere, together with two of their three
degrees of translational freedom, and their three degrees of rotational freedom. To a
very good approximation, they can be assumed to be describable by a single correlation
time which, probably, is much closer to that of the free ion than to the reorientational
correlation time of the polyelectrolyte. Indeed, when the observed line broadenings,
after being normalized to the same amount of atmospheric condensation, are plotted
against (q2), a nice linear regression (going through the origin) ensues, with a slope
giving order-of-magnitude agreement with the Sternheimer anti-shielding coefficient (1
+ yoo)for the isolated Na § ion (after correction for polarization by the water molecules
in the solvation sphere of the atmospherically condensed Na + ions) (Delville et al 1982).
If one is interested only in accounting quantitatively for the NMRresults--in isolation
from, say, activity coefficients--, a full Poisson-Boltzmann treatment is not an absolute
necessity. This is because the calculated electrostatic field gradient is determined
overwhelmingly by the contribution for the counterions present in the first shell, right
next to the polyelectrolyte. Hence, a two-states treatment, such as that of Manning, or
that of Gu&on and Weisbuch (see the review of Anderson (1982) for a detailed
presentation), will perform satisfactorily. We have even found, in re-examining the
results we had obtained a few years ago on sodium heparinate (Herwats et al 1977), that
the chemical equilibrium model (site binding) we had resorted to in their interpretation,
while being conceptually much less satisfying than the notion of atmospheric
condensation, differs only semi-quantitatively from the results of the more rigorous
modified Poisson-Boltzmann treatment. This is also because, from the point of view of
the NMRobservables, these results depend quasi exclusively on the local contributions
for condensed ions in the immediate vicinity of the polyelectrolyte; hence it is possible
to lump together all of the other condensed ions, which are virtually unaffected in their
NMRproperties, a s / f they were free ions (which of course they are not really!) (Delville
and Laszlo 1983).
Ordered poly-ions such as sodium heparinate play an important role in biology: I~NA
is the prime example; its interactions with, especially Mg ++ ions, are of crucial
importance in determining its state in biological systems. Thus, 25Mg NMR has been
applied to a study of magnesium ion interactions with DNA (Rose et al 1980): sitebinding magnesium interactions are important even at moderate concentrations of the
ions, which is in contrast with the type of fixation of sodium, mainly atmospheric
(Anderson et al 1978). The applicability to ONAof the considerations outlined above is
the main reason for the considerable current interest in polyelectrolyte theories, and
their application to counter-ion binding or condensation (Anderson 1982).

6.

Conclusion

We hope that we have not taxed unduly the patience of our readers in this presentation,
which we have striven to maintain in focus; rather than providing a travelogue through
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the entire landscape of ion-molecule interactions, we have elected to delve on those
areas with which we are more familiar. Conversely, we regret that--this review being by
necessity of paper--rather than of book-length--we have had no room for discussion
of many important topics.
These include important questions such as:
(i) the shielding of ions from a lipophilic environment, using appropriate molecular
ligands, such as crown ethers and cryptands for selective extraction into organic
solvents, or ionophores for ionic transport across membranes; this type of ion-molecule
interaction, while very important to chemists and biochemists, has not yet been
addressed directly using NMR methods.
(ii) the conformational changes induced, in solution, on the molecular ligands by the
binding of ions; this phenomenon has been studied extensively by NMR,in laboratories
such as those of Prof. M J O Anteunis, at the University of Ghent, and of Dr. J Y
Lallemand, at the Ecole Normale Sup6rieur, in Paris. It is obviously connected with the
question of the geometries for ionic coordination.
(iii) likewise, there has been no room here for discussing changes in molecular
electronic distributions, as can be studied from e.g. IH and 13C chemical shifts, upon
ion binding; nor for studying the type of interaction present between an ion and a
molecule (charge control vs orbital control, in the Klopman distinction; electrostatic
versus covalent, a distinction which is extremely relevant to e.g. the binding ofLi + ions).
(iv) ,qMRmethods can be used for determining the heat of formation of ion-molecule
complexes in solution, and comparing them with their calorimetric, or gas-phase values
(the latter obtained for instance by the astute mass spectrometric methods pioneered by
Prof. Kebarle).
(v) likewise, we have skipped completely the chemically-interesting topic of Lewis
acidities and basicities in solution, and with reference to their gas phase values.
(vi) and we have been forced to neglect, not for lack of interest but for lack of space,
miscellaneous topics such as quaternary ammonium ions and the hydrophobic effects
associated with these when they include long hydrocarbon chains; the validity of the socalled extra-thermodynamic assumptions; etc.
Finally, as we had already made clear in the introduction, we have written this
account from a somewhat bio-inorganically biased perspective, choosing to emphasize
interactions between metal ions and organic molecules, since more classical topics such
as the ion pair separation of salts formed by organic anions and cations have already
received ample coverage in the literature.
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