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Few methods are available for the direct determination of coordina- 
tion geometry, bond lengths, and bond angles for complexes in solution, 
although such information is important, for example, for the interpreta- 
tion of thermodynamic and dynamic data. Complexes, which can be 
found also in crystals where their structures can be easily determined 
by diffraction methods, are usually assumed to have the same structure 
in solution, although the different environment can be expected to 
influence bond lengths and coordination geometry. But many com- 
plexes, which are stable in solution, do not occur in the solid state, 
where structures with infinite rather than discrete complexes may be 
preferred. Direct determinations of structures in solution are, therefore, 
needed and methods that can provide such information are all based 
on diffraction. 
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X-ray diffraction, neutron diffraction, and EXAFS all give similar 
types of structural information that can be used to calculate a radial 
distribution function (RDF) that directly shows interatomic distances 
in the solution. 

Neutron diffraction has been successfully used for structure determi- 
nations of aqua complexes of some metal ions, which have isotopes 
with sufficient differences in scattering lengths to be used for isotopic 
substitution methods. Not only bond lengths but also coordination num- 
bers and the orientation of the water molecules in the first coordination 
sphere can then be determined. Several review articles have summa- 
rized these results (1-61. 

EXAFS has the advantage of giving information on the distribution 
around a specific atomic species, but is limited to the immediate sur- 
rounding of an atom and gives no information on longer distances. It 
also seems to give less precise information, in particular on coordination 
numbers, and its use for determining structures of complexes in solu- 
tion has been limited (7). 

X-ray diffraction, which can be more generally applied, has also been 
used for determining structures of aqua complexes of metal ions in 
aqueous solution. Since hydrogen atoms are weak scatterers of X-rays, 
their positions and, therefore, the orientation of the water molecules in 
the hydration sphere, cannot be determined, but bond lengths and to 
some extent coordination numbers can be obtained. Several review 
articles have appeared, the most extensive one being that by Magini et 
a2. (7-11). 

Other types of complexes in aqueous as well as in nonaqueous solu- 
tions can also be successfully studied by means of X-ray diffraction and 
their structures can often be derived, completely or in part (7,12-15). 
Structural changes in the coordination sphere of a metal ion, caused by 
the stepwise replacement of solvent molecules on addition of a ligand, 
can be followed. Under favorable conditions structures can be derived 
for the whole series of complexes formed, from the solvated noncom- 
plexed metal ion to the complex in which all solvent molecules have 
been replaced. Structural changes beyond the first coordination sphere 
can sometimes be determined, making it possible to differentiate be- 
tween inner- and outer-sphere complexes. Even when the information 
that can be obtained from X-ray diffraction measurements is not suffi- 
cient for an  unambiguous determination of a structure, it may still give 
significant structural features, which, in combination with information 
from other sources, can lead to the complete structure. 

The information given by an X-ray diffraction curve for a solution is 
one dimensional only. By a Fourier inversion i t  can be transformed into 
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an RDF, which gives the distribution of interatomic distances in the 
solution. A solution of chemical interest consists of several different 
atomic species and several partial distribution functions, each giving 
the time and space averaged distribution of one of the atomic species 
around each of the others, are needed for a full description of its struc- 
ture. From an  X-ray diffraction experiment, however, only the total 
distribution function, which contains contributions from each of the 
partial functions, can usually be obtained, and this is the major obstacle 
for an unambiguous structure determination. To derive the structure 
of a specific complex in a solution its intramolecular contributions to 
the total scattering has to be separated from those of other complexes, 
which may be simultaneously present, and from the contributions from 
all intermolecular distances. This can seldom be done without approxi- 
mations and a careful analysis of the results are needed in order to 
make an  unambiguous structure determination and to avoid systematic 
errors in the derived parameter values. 

In the following, a survey will be given of structures of complexes 
derived from solution diffraction data. The methods used and the ap- 
proximations involved will be discussed. The basic theory of diffraction 
in solutions has been covered in several previous reviews (5, 7,8)  and 
will not be given here. Structure determinations of aqua complexes of 
metal ions in aqueous solutions have also been extensively reviewed 
(7-11 ) and will be discussed here only when they are of interest for the 
structures of complexes containing other ligands. 

I. Experimental Data 

A commonly used instrument for measuring the large-angle X-ray 
scattering from a solution is the 6-6 goniometer (Fig. 1). The 
Bragg-Brentano parafocusing geometry is used in which the incoming 
X-ray beam and the measured diffracted beam form the same angle, 8, 
with the horizontal surface of the liquid sample. The intensity scattered 
from the free surface of the solution is measured as a function of 6, 
where 26 is the scattering angle. Usually, a focusing single crystal 
monochromator of graphite or, preferably, lithium fluoride is used to 
reflect the diffracted beam before it reaches the scintillation counter, 
which is equipped with a pulse height discriminator. 

A typical diffraction curve is shown in Fig. 2. It gives the measured 
intensity from a solution as a function of the scattering vector 

sin 6 
s = h -  

A 
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FIG. 1. Theta-theta diffractometer for solution X-ray diffraction measurements. 

where A is the wavelength. MoKa-radiation (A = 0.7107 A) is generally 
used but can be replaced by, for example, AgKa-radiation (A = 0.5608 
A1 in order to  avoid fluorescence radiation or to  extend the experimen- 
tally available s region to larger values. CuKa-radiation, which has a 
longer wave length (A = 1.5418 A), does not cover a sufficiently large 
s region to be useful for structure determinations of complexes, since 
the high-angle part of a diffraction curve is of crucial importance for 
an analysis of intramolecular interactions. 

With the use of standard procedures (16,171 the measured intensity 
values are corrected for polarization in the sample and in the monochro- 
mator, and for absorption, multiple scattering, and incoherent scatter- 
ing. Contributions to  the scattering curve can be separated into a part 
which depends on the structure of the sample, and a structure indepen- 
dent part, the independent coherent scattering, that can be calculated 
from tabulated values for the scattering factors, fi(s), for the atomic 
species making up the sample. For a chosen stoichiometric unit of 
volume, V, which contains ni atoms of the species i, the independent 
coherent scattering is given by x n i f 2  (s) .  The structure-dependent part 
of the scattering is centered around this curve, as illustrated in Fig. 2, 
and the amplitude of its variation decreases with increasing s values. 
In the high-angle part the measured intensity values approach the 
curve representing the independent coherent scattering, which can 
be used to put the experimental data on an absolute scale. Different 
procedures have been used for this normalization and for the correction 
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FIG. 2. Experimental intensities (crosses) measured with AgKa-radiation for a concen- 
trated erbium(II1) chloride solution. The values have been normalized with the use of 
calculated values for the independent coherent scattering (solid line). The lower part 
shows the reduced intensities, s.i(s), where i(s) is obtained by subtracting the independent 
coherent scattering from the observed intensity values. 
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of the experimental intensity curve for low-frequency variations, which 
have no physical meaning in terms of interatomic distances. 

The structure-dependent part of the diffraction curve, the reduced 
intensity function, i(s), is obtained by subtracting the independent 
coherent scattering from the normalized experimental values (Fig. 2): 

The reduced function intensity, i(s), can be transformed into a 
radial distribution function, D ( r ) ,  by means of a Fourier inversion 

Here po is the average scattering density, defined by the expression 
C,(niZi)21V, with ni the number of atoms i with atomic number Zi in the 
stoichiometric unit of volume V. A modification function, M(s) ,  is in- 
cluded in order to give an  appropriate weight to i (s)  values in different 
s regions. A commonly used function consists of a sharpening factor, 
for example [ fi(0)/f;(s)12, which compensates for the decrease in f ( s )  
values with increasing s, and a damping factor, exp( - bs2), where b is 
chosen to reduce the cutoff effects in the Fourier inversion resulting 
from the upper s limit, s,,, not being infinity. 

The radial distribution function gives direct information on the short- 
range order in the solution (Fig. 3) and prominent interatomic distances 
will appear as distinct peaks in the RDF. The position of a peak gives 
the interatomic distance for the corresponding interaction. The size 
of the peak is proportional to the number of such distances in the 
stoichiometric unit chosen and the shape of the peak gives information 
on the variation of the distance around its average. For values of r 
smaller than possible interatomic distances the RDF will be zero. For 
large values of r it will approach the average distribution, 47rr2p,, 
because of the lack of a long-range order in a solution. It is often 
convenient to use the reduced RDF, D(r )  - 47rr2pO, which shows the 
variation of the RDF around its average (Fig. 3). 

II. Separation of Interactions 

In a solution containing n atomic species, p, q, etc., the number of 
different pair interactions is n(n + 1112. The pair correlation function, 
g,,&r), measures the probability of finding an atom q at a distance r 
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Fig 2 The lower part shows the reduced RDF, D ( r )  - 4nr2po 

from an atom p (Fig. 4). The number of q atoms between two spherical 
shells surrounding p is obtained by an integration 

n,V -I47r fr? r2gpq(r) dr 

where nq is the number of atoms q in the stoichiometric volume V .  
The partial structure factor Spq(s) is related to gP&) by a Fourier 
transformation and the total structure function for a solution can be 
written as a sum over the different partial structure functions Sp,(s). 
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FIG. 4. The number of atoms q between two spherical shells with radii rl  and r2 is 
obtained by an integration over the partial correlation function gpq(r). 

The reduced intensity observed in an X-ray diffraction experiment 
corresponds to the sum over the different partial structure functions, 
each weighted by the product of the scattering factors for the two atomic 
species involved. In an aqueous solution of a salt MX, which contains 
four atomic species M, X, 0, and H, the number of different pair interac- 
tions is ten and the reduced intensity function can be written: 

i (s)  = K,fM(S)fX(S)  [ s M X ( s )  - 11 + K 2 f M ( s ) f o ( s )  [ s M O ( s )  - 11 

+ K , f M ( s ) f H ( s )  [SMH(S)  - 11 + K 4 f M 2 ( s )  [SMM(S) - 11 
+ K , f X ( s ) f O ( s )  [sXO(s) - 11 f K G f X ( s ) f H ( s )  [S,H(s) - 11 

+ K , f X 2 ( s )  [ s X X ( s )  - 11 + K , f O ( s ) f H ( s )  [SOH(S)  - 11 

+ Kgf02(s) [ s O O ( s )  - 11 + K,, fH2(s)  [ S H H ( S )  - 11 

where K are constants determined by the composition of the solution. 
By a Fourier transformation the corresponding partial distribution 
functions can be obtained, each of which measures the probability of 
finding an atom q a t  a distance r from an  atom p (Fig. 4). 

For a complete description of the structure of a solution each of the 
partial functions should be known, but experimentally only the total 
function, that is the weighted combination of the partial functions, 
can be determined. Since the scattering factor of an  atom is roughly 
proportional to its number of electrons, and the contribution from a 
specific interaction to the total function is weighted by the product of 
the scattering factors for the two atoms involved, partial functions 
involving heavy atoms wilI contribute more to the total function than 
those involving only light atoms. Therefore, complexes containing 
heavy atoms will give more dominant contributions to a diffraction 
curve and will be more favorable for a structure determination. 
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If two metal ions, M and M’, form isostructural solutions, interac- 
tions, which do not involve the metal ions, are identical and are elimi- 
nated in the difference function A i ( s ) :  

Ai (S)  = ZM(S) - ZM!(S) 

= K,AfM(s) fX(s)  [ S M X ( s )  - 11 

+ K,AfM(s)fO(s) I S M O ( S )  - 11 

+ K 3 A  fM(s)  f H ( s )  [SMH(S)  - 11 

+ K4 [fM2(s) - fMt2(s)l [SMM’(S) - 11 

where 

AfM(s) = fM(s )  - fMi (8) 

This reduces the ten partial functions to four and of these the last two 
terms are small and can usually be neglected. 

A Fourier transformation of Ai(s)  using the convolution function 
fJs)/AfM(s): 

gives a distribution function to  which only interactions involving the 
metal ion, M, contribute and it shows the coordination around the 
exchanged atom unobscured by other types of interactions. 

For an unambiguous structure determination of a specific complex 
in a solution a separation of interactions becomes extremely useful. For 
two solutions to be isostructural, however, requires that one of the 
atomic species in the solution can be replaced by another one, having 
a sufficiently large difference in scattering factor, without causing a 
change in the structure of the solution. In neutron diffraction it can be 
achieved by using isotopic substitution, which is much less likely to  
affect the structure, but isostructural solutions, that can be used for 
X-ray diffraction, can also be prepared, although they are rare. 

Ill. Model Calculations 

An analysis of diffraction data can be done either in s space, by a 
comparison of observed intensities with theoretical values for an as- 
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sumed model for the solution, or in r space, by a comparison of the RDF 
with calculated peaks for assumed interactions. 

Two atoms, p and q, bonded together at a distance rpq give a contribu- 
tion, ipq(s), to the diffraction curve, which can be calculated according 
to the Debye expression 

If the distance rps has a Gaussian distribution around its average its 
contribution to the intensity is modified by the exponential factor, in 
which 1, is the root mean square variation of the distance. 

The corresponding contribution to the radial distribution function 
can be obtained by means of a Fourier inversion analogous to the one 
for the experimental data using the same modification function and 
upper integration limit. 

The total contribution from a specific complex can be calculated by 
summing over all of its intramolecular distances. In order to make a 
complete structural model of the solution all other contributions would 
also have to be included. Distances from the complex to surrounding 
atoms are often approximated by assuming it to occupy a spherical hole 
in an  evenly distributed electron density. Other interactions can also 
be approximated by a combination of discrete interactions for short 
distances and a continuous atomic distribution for long distances. 

The parameters needed to describe such a model are, for each discrete 
interaction, the distance, its rms variation and the frequency, and 
corresponding parameters for describing the emergence of the contin- 
uum. The parameter values can be refined either in s space by a least 
squares procedure minimizing 

where w is a weighting factor, or in r space by a comparison of a 
theoretical RDF with the experimental one. 

The approximate nature of a model of this kind, the large number of 
parameters needed for its description, and the likely occurrence of many 
overlapping interactions, can make the results ambiguous and lead to 
systematic errors in the refined parameter values. Usually, therefore, 
diffraction data for a single solution are not sufficient for a complete 
and unbiased derivation of the structure of a specific complex. If iso- 
structural substitution can be used to eliminate some of the pair inter- 
actions, then much more precise and detailed information about the 
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structure can be obtained but pairs of isostructural solutions are rare 
and this method can seldom be used. Often, however, approximate 
separations of interactions can be made by comparing diffraction curves 
for solutions of different compositions, in which the concentrations of 
complexes are known. 

A separation of intramolecular interactions is often possible since 
they correspond to sharp, well-defined interatomic distances which give 
distinct contributions to a diffraction curve in the high-angle region, 
where intermolecular interactions, which have their largest contribu- 
tions in the low-angle part, are usually very weak. From an  analysis 
of the high-angle part of an intensity curve, therefore, intramolecular 
distances can often be unambiguously and precisely determined, espe- 
cially for heavy atoms which dominate the scattering in this region. 
Coordination numbers, on the other hand, are more difficult to deter- 
mine accurately, being more sensitive to systematic errors. 

The calculations needed for corrections and normalization of solution 
X-ray diffraction data, for calculation of radial distribution functions, 
for model calculations, and for least-squares refinements (26) can conve- 
niently be done on a personal computer for which integrated program 
systems are available (1  7). 

IV. Illustrative Examples of Structure Derivations 

Two straightforward structure derivations can be used to illustrate 
the analysis of a diffraction curve and the structural information that 
can be extracted when conditions are favorable. 

One example is the square-planar tetrachloro- and tetrabromo- 
complexes formed by gold(II1) in aqueous solution, which can be 
uniquely and precisely structure determined from a single diffraction 
curve (18).  The heavy atoms in the complexes and the highly concen- 
trated solutions, that can be prepared, result in dominant contributions 
from the complexes to the scattering curve. 

The other example is the chloro complexes of platinum(I1) and palla- 
dium(II), which also have square-planar structures (13).  The PtC1,'- 
and the PdC142- complexes have identical structures, with the same 
bond lengths, and form isostructural solutions. By using the difference 
between their normalized diffraction curves contributions from interac- 
tions not involving the metal atoms can be eliminated and precise 
structures can be derived, not only for the complex but also for the 
structure beyond the first coordination sphere of the metal ion. 
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V. Gold(ll1) Halide Solutions 

The reduced intensity curves for 2.7 M aqueous solutions of tetra- 
chloro- and tetrabromo-aurate(II1) solutions (HAuC1, and HAuBr,) are 
shown in Fig. 5. The corresponding RDFs are given in Fig. 6. For 
a square-planar complex three peaks are expected: the gold-halide 
bonding distance and the halide-halide intramolecular distances along 
the edges and along the diagonals of the square. They are all present 
in the RDFs, and can be best seen in the reduced RDFs, D(r )  - 4nr2p0 
(Fig. 7). The ratio between the peak positions is found to correspond 
closely to  that expected for the distances in a square-planar complex, 
which is 1 : fi : 2. This uniquely defines the structure of the complexes 
in the solutions. The intramolecular contribution to the intensity curves 
for a square-planar model can be calculated as the sum over the three 
different distances. Each interaction is described by three parameters: 
the distance, the number of distances in the stoichiometric unit chosen, 

t‘ 
FIG. 5. Experimental s.i(s) values (crosses) for gold(II1) halide solutions compared 

with theoretical values (solid lines) calculated for square-planar AuX4- complexes. 



FIG. 6 .  Radial distribution functions, D( r ) ,  for the gold(II1) halide solutions (solid 
lines), compared with calculated peaks (dots) for a square-planar AuX4- complex. The 
4nr2po functions are shown by dotted lines. 
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FIG. 7 .  D( r )-47rr2po functions for gold(II1) halide solutions (solid lines), calculated 
peaks for a square-planar AuX4- complex (dots) and difference curves (crosses). 
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and the rms variation of the distance, assuming the distribution to  
be Gaussian. By means of a least-squares procedure values of these 
parameters, giving the best agreement between observed and calcu- 
lated intensities, can then be obtained (Fig. 5 ) .  Although all other 
structural features in the solutions have been neglected the calculated 
intensity values reproduce closely those observed, except for the low- 
angle part of the curves. 

From the theoretical intensity values the corresponding peaks in the 
RDFs can be calculated (Figs. 6 and 7). If these theoretical peaks are 
subtracted from the experimental RDF the resulting curve shows the 
remaining structure of the solution (Fig. 7). The main features in this 
difference curve include diffuse peaks in the region around 3 A, primar- 
ily corresponding to H20-H20 and Cl-H,O hydrogen bond distances 
and to distances from the complex to surrounding atoms. Since these 
interactions correspond to nondistinct distances and involve light 
atoms, their contributions to the intensity curves will be limited to the 
low-angle region. In the high-angle region the contributions from the 
intramolecular distances in the gold(II1) complexes will by far be the 
dominant ones, as shown by the comparison between observed and 
calculated values in Fig. 5 .  It would be possible to include intermolecu- 
lar interactions in the model to get agreement between observed and 
calculated intensities also in the low-angle region of the intensity curve. 
However, the many overlapping interactions would make such a model 
nonunique and its physical significance would be doubtful. A consider- 
able improvement in the low-angle intensity range can be obtained by 
merely assuming the complexes to occupy a spherical hole in an evenly 
distributed electron density. 

Since intensity contributions other than those from the complexes 
are limited to the low-angle region, this part of the intensity curve can 
be excluded from the least-squares refinement, minimizing its influence 
on the parameters derived for the intramolecular interactions. The 
final parameter values, obtained in this way, are given in Table I, 
together with the estimated standard deviations. The values illustrate 
that bond lengths can be determined with an  accuracy, which is as good 
as, or better, than can be obtained in a crystal structure determination. 
This is because intensity values are measured up to high s values, 
where the Au-X contributions are solely dominant. 

The coordination numbers can be less precisely determined primarily 
because of the correlation between the frequency, n, and the rms varia- 
tion, 1. An increase in the value of n and a decrease in 1 will have similar 
effects and will both increase the calculated intensity values in the 
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TABLE I 

RESULTS FROM LEAST-SQUARES REFINEMENTS OF X-RAY DIFFRACTION DATA FOR 

GoLD(III) HALIDE SOLUTIONS 

Au-X x-x 
Solution riA n liA rill n liA 

AuC1,- 2.291(3) 3.6(2) 0.06(6) - - 0.08(6) 
AuBr,- 2.431(3) 3.9(1) 0.05(2) 3.44(1) 4.1(2) 0.08(4) 

high-angle region. They can be resolved, and each of them can be 
accurately determined in the least squares procedure, only if the corre- 
sponding interaction is dominant over a sufficiently large s region. This 
is often not the case, although for the gold(II1) halide solutions, where 
the intramolecular interactions dominate down to rather low s values, 
a separation is possible. 

The separate contributions to the intensity curve from the three 
different types of intramolecular interactions in the AuX,- complexes 
are shown in Fig. 8. The lower atomic numbers for the halide atoms 
and, in particular, for chlorine, will reduce the X-X contributions to  
the i(s) curve relative to those from the Au-X interactions. They will 
be further reduced in the high-angle region because of larger values 
for the rms variations in the corresponding distances, either because of 
larger thermal vibrations or because of irregularities in the structures. 
This is reflected in the standard deviations obtained for the n and b 
values (Table I). For the AuC1,- complex the contribution from the 
C1-C1 distances is too small to  allow an independent refinement, and 
the square-planar symmetry has to be used as a restraint. For the 
bromide solution, however, an independent refinement is possible be- 
cause of the larger relative contributions from the heavier bromide ions 
(Table I). 

Alternatively, the structural parameters for the complexes can be 
determined in r space by fitting calculated peaks for different d, I ,  and 
n values to observed peaks in the RDFs. Since the background curve, 
which is determined by the remaining structure in the solution, is not 
known, this method also leads to  uncertainties in the determination of 
1 and n values, especially for the long X-X distances, which occur in 
regions where a large number of interactions other than those in the 
complexes contribute to  the D(r)  curve (Figs. 6 and 7). 
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FIG. 8. Intramolecular contributions to the intensity curve from the square-planar 
AuX,- complexes, separated into contributions from Au-X (solid line), X-X along the 
edge of the square (dotted line), and X-X along the diagonal (broken line). 

VI. Tetrachloroplatinate(l1) and -palladate(ll) Complexes in Aqueous Solution 

The PtC1,2- and PdC1,'- complexes have the same square-planar 
structure as the gold(II1) halide complexes and concentrated solutions 
of each of them can be prepared. In crystal structures the Pt-C1 and 
the Pd-Cl bond lengths in these complexes do not differ significantly 
and their solution diffraction curves show this to be true also in solution. 
They can, therefore, be expected to form isostructural solutions and the 
difference between the normalized diffraction curves for a platinate(I1) 



STRUCTURES OF COMPLEXES IN SOLUTION 175 

and a palladate(I1) solution of equal compositions will contain contribu- 
tions only from interactions involving the metal atoms. This allows the 
original RDFs to be separated into a part containing contributions only 
from interactions involving the metal atoms and another part with only 
nonmetal interactions. 

In the total RDF for the tetrachloroplatinate(II1 solution (Fig. 91, the 
peak a t  2.3 A, corresponding to the Pt-C1 bonding distances, is not 
fully resolved from longer interactions, and this overlap is more severe 
for the solution containing the lighter Pd atom. After separation, how- 
ever, using the isostructural palladate(I1) solution the Pt-C1 bonding 
interactions form a fully resolved peak, which is in perfect agreement 
with a Gaussian peak calculated for four Pt-C1 bonds of 2.31 A, with 
a rms variation of 0.06 A (Fig. 10) (13).  All nonmetal interactions, 
including the intramolecular C1-C1 distances, which are clearly indi- 
cated in the original RDF (Fig. 91, have been eliminated. The result 
shows that there is no distinct structure beyond the first coordination 
sphere of the metal atom. In particular it shows no preferred occupation 
of the two empty octahedral sites of the complex. 

The part of the distribution function that includes the nonmetal 
interactions only, is the dominant part, as shown by the comparison in 
Fig. 10, but has much less distinct features than the part involving the 
metal atom interactions. It shows diffuse peaks in the region around 
3.0 A, which can be related to H,O-H,O, C1-H20, and Cl-C1 dis- 

FIG. 9. The D ( r )  and the D(r) -4ar2p ,  functions for an aqueous 1 M ammoniumtetra- 
chloroplatinate(I1) solution containing square-planar PtC1:- complexes. 
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FIG. 10. (a) Upper curve shows the RDF for a 1 M tetrachloroplatinate(I1) solution 
before separation of interactions. Lower curve shows the RDF after elimination of non- 
platinum interactions. It is compared with a theoretical curve calculated for four Pt-C1 
bonds. (b) The part of the RDF involving only nonplatinum interactions. 

tances in the solution. In the original RDF they partly overlap the 
metal-chloride bonding distances and will effectively prevent the iden- 
tification of possible longer distances involving the metal atoms. The 
use of a difference method thus results in a much more detailed infor- 
mation on the coordination around the metal atom than can be obtained 
by an  analysis of the individual data sets. 

VII. Techniques Used for Structure Derivations 

The strategy for analyzing solution X-ray diffraction data for struc- 
tures of complexes will depend on the characteristics of each specific 
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system, and the method that can be chosen will determine if a unique 
and unambiguous structure determination is possible. 

The number of pairs of isostructural solutions is limited. It requires 
the replacement of one atomic species in a solution for another, with a 
sufficiently large difference in scattering power, without changing the 
structure of the solution. It requires not only that the bonding charac- 
teristics of the two atoms, but also the bond lengths, will be the same. 
When available, however, it makes it possible to  derive a precise and 
detailed structure for the coordination around the exchanged atom, 
since the corresponding interactions will not be obscured by contribu- 
tions from other types of interactions. Even when truly isostructural 
solutions cannot be obtained, however, difference curves can still be 
useful. Contributions from a specific interaction can be brought out by 
comparing diffraction data for solutions containing different concentra- 
tions of one of the atoms involved, keeping concentrations of other 
atoms approximately constant, or by observing changes in a diffraction 
curve, when a complex forming anion is replaced by a similar ion, which 
does not form bonds to the metal ion. 

The results obtained for the tetrahalogenoaurate(II1) solutions illus- 
trate that, when conditions are favorable, a limited number of discrete 
interactions can be separated and quantitatively analyzed, either in s 
space or  in r space, even when only a single diffraction curve is avail- 
able. A least-squares procedure can then be used to determine not only 
the distances but also the frequency and the rms variation of each of 
these distances. For lower concentrations and for complexes containing 
lighter atoms the intramolecular interactions will no longer be domi- 
nant or  will dominate over a more restricted range of the diffraction 
curve. Although the distances can probably still be accurately deter- 
mined, their frequencies and rms variations cannot. If the angular 
range that can be used for the refinement of the intramolecular interac- 
tions becomes too restricted the correlation between the frequency and 
the rms variation for an  interaction will increase and it may no longer 
be possible to resolve them in a least-squares procedure. 

X-ray diffraction measurements on aqueous metal salt solutions with 
no complex-forming anions, have been extensively used for determining 
structures of hydrated metal ions. A commonly used method for analyz- 
ing the data has been t o  refine the parameters in an  assumed model, 
consisting of a number of discrete interactions, approximating longer 
distances by assuming an  evenly distributed electron density surround- 
ing an atom beyond a sphere of radius R. The intensity values over the 
whole s range are then used for the refinement and the result is usually 
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an excellent agreement between observed and theoretical intensities 
and RDFs. 

The number of discrete interactions in the model then includes the 
first and usually a second coordination sphere of water molecules 
around the metal ion. The intramolecular interactions of the anion and 
a hydration sphere surrounding it can also be included. The contribu- 
tion from the water structure is taken into account by a H,O-H,O 
interaction at about 3 A or by assuming it to be unchanged from that 
in pure water. Other interactions are approximated by an  evenly dis- 
tributed electron density around each complex or each atomic species. 
A Gaussian distribution is assumed for all of the interactions, even for 
H,O-H,O distances and second coordination spheres, where this is 
probably a poor approximation. The number of parameters even for this 
very simplified model becomes rather large and extensive correlation 
between them are likely to occur. Since they cannot always be resolved 
in a least-squares procedure, restraints, based on preconceived assump- 
tions about the structures, have to be introduced. The physical signifi- 
cance of many of the parameter values obtained is difficult to judge 
even when the refinement leads to  a final good agreement between 
observed and calculated values. Although the bonding distance between 
the metal ion and the H,O molecules in its first coordination sphere is 
probably not affected by the approximations involved, values obtained 
for coordination numbers, np4, and rms variations in the distances, Z,,, 
probably are. For longer and less distinct interactions the physical 
significance of the values obtained becomes uncertain. The accuracy in 
the derived parameter values is difficult to estimate and a careful 
testing of the results is needed by using different weighting schemes 
and different s regions for the least squares refinement, and by using 
the agreement between observed and calculated values in r space as an 
additional criterion. 

In the presence of a complex-forming anion the number of interac- 
tions is increased, and in order to get information beyond a simple 
determination of average bond lengths, this method cannot be used. 
Comparisons between diffraction curves for solutions of different com- 
positions are then needed in order to separate and analyze specific 
interactions. 

VIII. Aqua Ions 

Diffraction data for concentrated aqueous metal salt solutions con- 
taining noncomplex-forming anions have been used to derive structures 
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for a large number of metal aqua ions. Anions have been C104-, which 
does not usually form innersphere complexes, and C1-, which has no 
intramolecular distances and, a t  least in some cases, cannot compete 
with H,O for positions within the first coordination sphere of the metal 
ion. 

The most detailed structures have been obtained from neutron dif- 
fraction data, when isotopic substitution methods have been possible 
to use. Neutrons are strongly scattered by hydrogen atoms, making it 
possible to determine not only bond lengths and coordination number 
of the metal ion, but also the orientation of the water molecules in its 
first coordination sphere. A summary of results is given in Table I1 
(19-31 1. 

TABLE I1 

STRUCTURES OF AQUA COMPLEXES IN AQUEOUS SOLUTIONS DERIVED FROM NEUTRON 
DIFFRACTION DATA IN COMBINATION WITH ISOTOPIC SUBSTITUTION' 

Cation Conc. Anion Coord. M-0 M-D Tilt Ref. 

Ag(I) 
CaiII) 
CaiII) 

Cu,Ni(II) 
CU(I1) 
Dy(II1) 
Dy(II1) 

Mn,Ni(II) 

NdiIII) 
Ni(I1) 
Ni(I1) 

Ni(I1) 
"1) 
Yb(II1) 

3.7 M 
4.5 m 
4.5 m 
2.8 m 
l m  
3.0 M 
4.3 m 
2.4 m 
1.0 m 
1.0 m 
0.3 m 
4.3 M 
2.6 M 
2.9 m 
4.4 m 
4.4 m 
3.1 m 
1.5 m 
0.9 m 
0.4 m 
0.1 m 
3.8 m 
4.4 m 
1.0 m 

CIO, - 
CI - 
CI - 
C 1 ~  
CI ~ 

CI ~ 

CI ~ 

CI ~ 

c10,- 

c10; 
c10,- 

SO? - 
CI ~ 

c1 
CI - 
CI ~ 

CI ~ 

CI - 

CI ~ 

CI - 
CI - 
(210,- 
CI ~ 

(210,- 

4.1(3) 
5.5(3) 
6.4(3) 
7.2(2) 

10.0(6) 
6(1) 
2.3(3) 
7.4(5) 
7.87 
7.99 
7.96 
5(1) 
5(1) 
8.4(2) 
5.8(2) 
5.8(2) 
5.8(2) 
5 8 3 )  
6.6(5) 
6.8(8) 
6.8(8) 
5.8(2) 
5.8(2) 
7.84 

2.41(2) 
2.40(3) 
2.41(3) 
2.39(2) 
2.46(3) 
1.97(2) 
2.05(3) 
2.370(3) 
2.386 
2.386 
2.399 
2.09(2) 
2.05(2) 
2.48(2) 
2.05 
2.07(2) 
2.07(2) 
2.07(2) 
2.09(2) 
2.10(2) 
2.07(3) 
2.07(2) 
2.07(2) 
2.328 

2.97(4) 
2.93(5) 
3.04(3) 
3.02(3) 
3.0 7 (3) 
2.60(2) 
2.56(10) 
3.042(3) 
3.037 
3.032 
3.032 
2.69(2) 
2.75(2) 
3.13(2) 
2.65 
2.67(2) 
2.67(2) 
2.67(2) 
2.76(2) 
2.80(2) 
2.80(3) 
2.67(2) 
2.67(2) 
2.981 

19 
20 
21 

22 
23 
24 
25 

22 

26,27 
28 
29, 3 

30 
31 
25 

Estimated errors are given within parentheses. The derived metal-oxygen, M-0, 
and metal-deuterium, M-D, distances are given in angstroms. The tilt angle is defined 
as the angle between the M-0 bond and the plane of the water molecule. 
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Unlike neutron data, X-ray data do not show the positions of hydro- 
gen atoms, and the orientation of the water molecules cannot be directly 
determined, which, on the other hand, can be an advantage for the 
derivation of the structure beyond the first coordination sphere, since 
the absence of hydrogen contributions will reduce the number of over- 
lapping peaks in the RDFs. A summary of structure determinations of 
aqua ions from X-ray diffraction measurements on solutions is given 
in Table I11 (41-143). Results reported for the alkali metal ions, Cs+ 
(73-751, Li' (1001, and Naf (109-1111, which have less distinct hydra- 
tion spheres, have not been included in the table. 

TABLE I11 

STRUCTURES O F  A Q U A  AND HALIDE COMPLEXES IN AQUEOUS SOLUTIONS DERIVED FROM X-RAY 
DIFFRACTION DATA" 

Cation IC1 Anion [AI/[CI Bond d i A  Complex 11'4 Ref. 

Ca,Mg(II) 

Ca(I1) 

Ca(I1) 

Ca(I1) 

4.2 M 
3.5 M 
4.0 M 
3 M  
9 M  

< 3.7 M 
9.2 N 
0.5 M 
1 M  
2 M  
2.5 M 
2.8 M 
3.1 M 
5.3 m 
1.0 M 
2.0 M 
4.0 M 
2 M  

6.3 M 

5.2 m 
3.3 m 
1.2 N 
2.0 N 
1.1 m 

18.7 M 
8.4 M 

7.5 M 

6.9 M 

c10,- 
I -  

CI 

CI ~ 

CI - 
B r -  
Br - 
c1- 
CI - 
C 1 ~  

c 1  

CI - 

1.0 
1.0 
1 .o 
1.0 
1.0 

3-6 
3 
3 
3 
3 
3 
4.6 
4.4 
2 
2 
2 
2 
2 

2 

2 
2 
2 
2 
2 

800°C 
120°C 

72°C 

80°C 

-0 
-0 
-N 
-0 
-0 
-I 
-0 
-0 
-0 
-0 
-0 
-Br 
-c1 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-Cl 
-0 
-CI 
-0 
-Cl 
-0 
-Cl 

2 410(4) 
2 450(8) 
2 22(2) 
238(1) 
243(1) 
2 9  
1 9 0  
1 90 
1902(4) 
1888(3) 
187 
2 432(3) 
2 291i3) 
167  
2 416 
2 411(3) 
2 422(3) 
2 428(7) 
2 044(5) 
2 355(3) 
2 698(7) 
2 4  
2 4  
2 40 
2 44-9 
2 39(1) 
2 76 
2 46 
2 80 
2 45 
2 75 
2 45 
2 74 

1.99(3) 
2.45(7) 
2.0(5) 
4 
4 

6.0(5) 
6 
6 
6 
6 
AuBr, 
AuCl, 
4 
6 
6 
6 
6 
6 
3 
6 
8.0 
8.2 
6-8 
6-8 
6.9(5) 
5.4 
3.9 
2.1 
4.8 
1.7 
5.6 
1 .o 

A d ,  

0.09 41 
0.09 
0.06 41 
0.16 42 
0.16 

43 
44 
45 

0.04 46 
0.10 
0.15 47 
0.05 18 
0.07 18 
0.04 48 
0.14 49 
0.15 
0.13 
0.14 50 
0.06 
0.09 51 
0.29 

52 

0.12 53 
0.15 
0.14 54 

55 
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TABLE I11 Continued 

Cation IC I Anion [Al/[C] Bond d/.& Complex L I B ,  Ref. 

6.8 M 

6.7 M 

5.3 M 
1.3 M 
1.0 M 
0.9 M 

1.3 M 

1 M  
2.9 M 
2.2 M 
1.3 M 
2.0 M 
1.3 M 

1.3 m 

3.8 rn 
1 M  
2.7 M 
2.9 M 
3.0 M 

0.5 M 
0.6 M 
2.1 M 

1.8 M 

0.9 M 
1.0 M 

1.0 M 

2.8 M 

4.3 M 

0.5 M 
1 M  
2 M  
1 M  
1.9-2.8 

1.4 M 

3.6 M 

33°C -0 2.44 
-Cl 2.75 

15°C -0 2.45 
-Cl 2.74 

25°C -0 2.44 
9.9 -N 2.37(3) 
3.08 -0 2.292(5) 
2 -CI 2.569(41 

-0 2.366(6) 
2 -Cl 2.570(31 

-0 2.373(5) 
2 -0 2.289(131 
2.2 -0 2.31(2) 
5.1 -I 2.79(1) 
2 -0 2.18 
2 -0 2.35 
0.72 -0 2.30(5) 

-I 2.80(5) 
2.0 -0 2.359(2) 

-Cl 2.576(2) 
2 -0 2.1 
2 -0 2.091(15) 
2 -0 2.08 
2 -0 2.096(1) 
2.0 -0 2.104(2) 

-Cl 2.47(11 
21.1 -c1 2.290(2) 
22.1 -Cl 2.29(1) 
3.4 -0 2.135(5) 

-Cl 2.353(9) 
4.2 -0 2.104(4) 

-Cl 2.49(11 
4 15 -0 2.088(3) 
6.09 -0 2.082(2) 

-Cl 2.36(4) 
7.18 -0 2.074(3) 

-Cl 2.391(6) 
2 -0 2.101 

-Br 2.577 
2 -0 2.086 

-Br 2.587 
3 -0 1.98 
3 -0 2.034(2) 
3 -0 2.024(3) 
3.6 -0 1.995(3) 

3-5 -0 1.97(1) 
-Cl 2.31(2) 

1 -0 1.94 
-0 2.38 

2.1 -0 1.94"2) 
-0 2.43(3) 

5.9 
0.9 
5.3 
1.4 
6.0 
Cd(NH,), 
Cd(HzO), 
2 
4 
2 
4 
5.8(21 
6 
CdI, 
4 
6 
CdI(H2O)S 

4.4(2) 
1.75(8) 
6 
5.9(2) 
6 
6 
COCNH,O), 

COCI, 
COCI, 
5.0(1) 
1.03(3) 
5 
1 
6.2(2) 
5.7(1) 
0.22(8) 
5.6(1) 
1.13(5) 
5.96 
0.28 
5.26 
0.60 
6 
6 
6 
6 
5.3-4.5 
0.7-1.5 
4 
2 
4 
2 

0.15 
0.17 
0.14 
0.13 

0.06 
0.09 

0.08 
0.08 
0.08 

0.12 
0.10 
0.10 
0.08 
0.06 
0.11 
0.11 
0.13 
0.16 
0.10 
0.10 
0.18 
0.12 
0.14 
0.09 
0.13 
0.09 
0.12 

0.08 
0.09 
0.07 
0.07 
0.09 
0.06 
0.09 
0.06 
0.10 

56 
57 
51 

51 

32 
58 

59 

60 

61 

62 
32 
63 
64 
65 

66 

67 

68 

69 

45 
70 

71 
72 

63 

76 

(continued 
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TABLE 111 Continued 

Cation IC1 Anion IAI/[Cl Bond d l A  Complex 1ia Ref. 

2.1 M 

1.5 M 

1.9 M 

2.9 M 

1.4 M 

3.2 M 

4.4 M 

3.7 M 

3.0 M 

1.0 M 

2.0 M 

3.3 M 

4.4 M 

2.1 M 

1.5 M 
2.7 M 

4.5 M 

2.2 M 

NH, 
CI - 
NH3 
CI - 
CIO, 

c10, 

so,2 

C 1 ~  

C 1 ~  

c1- 

CI- 

Br - 

Br - 

Br ~ 

Br ~ 

Br ~ 

Br ~ 

Br - 

Br ~ 

CIO, 
1.5-4.9 M KO3 
1.5-2.2 M CIO, 
1.8-5.1 m CI- 
5.0 M CI ~ 

2.2-5.9 M CI- 

10-15m CI- 
4.9 m CI - 

5.7 m CI ~ 

4.9 
2 

11.2 
2 
2.0 

2.0 

1 

2 

2 

2.5 

2.0 

2.0 

2.0 

2.0 

2.0 

3.97 

6.7 
2 

2 

2 
3-4 

3.5-4.4 
3.0 

3-4.2 
3-4.7 

3 
3 

3 

-N 2.03(2) 
-0 2.33(3) 
-N 1.93(2) 
-N 2.30(3) 
-0 1.976(1) 
-0 2.339(4) 
-0 1.979(1i 
-0 2.392(51 
-0 2.006(4) 
-0 2.33(2) 
-0 1.93(3i 
-CI 2.43(1) 
-0 1.93(3) 
-Cl 2.43(1) 
-0 1.95 
-Cl 2.27 
-Cl 2.6 
-0 1.954(2) 
-CI 2.250(2) 
-0 2.626(8i 
-0 1.96 
-Br 2.42 
-0 2.50 
-0 1.99 
-Br 2.43 
-0 2.51 
-0 1.96 
-Br 2.44 
-0 2.41 
-0 1.97 
-Br 2.46 
-0 2.37 
-0 1.93 
-Br 2.42 
-0 2.42 
-Br 2.41 
-0 2.120 
-Br 2.605 
-0 2.124 
-Br 2.621 
-0 2.12 
-0 2.03 

-0 2.3 
-C1 2.3 
-0 1.94-2.08 
-Cl 2.30-2.37 
-C1 2.24-2.26 
-0 2.04 
-0 
-Cl 2.28 
-CI 2.28 

ZOO( 1) 

4 
2 
4 
2 
4 0.05 
2 0.10 
4 0.07 
2 0.12 
4 0.09 
2 0.23 
2.7 p.n. 
3.3 
2.4 p.n. 
3.6 
2 p.n. 
2 
2 
2.8 0.08 
1.19(5i 0.10 
2 0.17 
3.67 
0.33 
2 
3.32 
0.60 
2 
2.73 
1.10 
2 
2.52 
1.31 
2 
1.10 
2.91 
2 
3.85 
5.51 0.09 
0.33 0.12 
5.07 0.08 
0.75 0.12 
6 
5.8 0.06 
6 0.09 
FeCI,, Fe,CI, 
FeCI,(H,Oi, p.n. 
Fe(C1, H,Oi, 

FeC1, 
6 
0.5 
3.5 
4.0 

77 

78 

79 

80 

81 

65 

82 

69 

63 
83 
84 
85 
86 
87 

88 
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TABLE I11 Continued 
~ 

Cation ICI Anion [AIIICI Bond d/.& Complex l / A  Ref. 
- 

Fe(II1) 
FetIIIl 

t H  

Fe(II1) 
+ LI 

Hg(II1 
H g W  
Hg(I1) 

Hg(II) 

HgiII) 
Hg(II1 

HgtII) 
Hg(I1) 
In(II1) 
In(III1 
In(III1 
In(II1) 
Er(III1 

La(I111 
GdtIIIl 

LaiIIIl 
Nd(III1 

LutIIIl 
Tm(II1) 
ErlIII) 
DytIIIl 
TbtIIIl 
Eu(III1 
SmlIII) 
NdtIII) 
Pr(II1) 
LatIII) 
Y(II1) 

TbtIII) 

ErtIII) 
SmiIIIJ 
LatIIIl 
ErtIIIl 

2.2 M C 1 ~  
3.6 M CI- 

3.6 M CI 

1- 
CI - 

2.7-3.5 M I -  

1.6-3.6 M Br 

1 - 5 M  CI- 
1.2 M OH - 

3.5 M c10; 
3.5 M c10, ~ 

3.0 M c10,- 
4.0 M NOn- 
2.5 M CI ~ 

1-3m C1- 
1.3 m I -  
1.5-2.7 m CI- 
2.7 m C 1 ~  
1.6 m CI - 

2.7-3.0 m B r -  
1.7 m CI ~ 

1.5 m CI - 

15 N 

3.6 m CI - 
3.6 m CI ~ 

3.5 m CI - 
3.3 m CI ~ 

3.5 m CI ~ 

3.2 rn CI - 
3.2 m CI ~ 

3.4 m CI ~ 

3.8 m CI ~ 

3.8 m CI ~ 

1.1 M CIO, ~ 

2.9 M cm- 
1.1 M CIO, - 
2.7 M CIO, 
3.0 M cm- 
2.5 M CIO, ~ 

2.9 M CIO, ~ 

1.0 M CIO, ~ 

1.0 M c10,- 
2.9 M c10; 

5.2 
4.0 

4.0 

4 
4 

3.5-4.5 

3.4-4.5 

3-6 

2.2 
2.2 

3.1 
3.2 
6 
3 
3 

3-6 
3 
6 

3-5 
3.0 
6.0 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4.8 
3.0 
4.9 
3.3 
3.1 
3.2 
3.2 
3.3 
9.5 
3.2 

-C1 2.26 
-0 2.010(5) 
-Cl 2.358(2) 
-Cl 2.213(2) 
-0 2.034(4) 
-Cl 2.348(1) 
-Cl 2.23712) 
-I 2.78 
-Cl 2.51 
-I 2.785(31 
-I 2.76 
-Br 2.610(51 
-Br 2.58 
-CI 2.47(1) 
-C 2.04(3) 
-0 2.06(2) 
-0 2.42(11 
-0 2.41(1J 
-0 2.35 
-0 2.15(3) 
-0 2.17 
-Cl 2.52 
-0 2.3 
-0 2.3 
-0 2.48 
-0 2.37(2) 
-0 2.37(2) 
-CI 2.8 
-0 2.48 
-0 2.41 
-0 2.41 
-C1 2.78 
-0 2.338 
-0 2.358 
-0 2.369 
-0 2.396 
-0 2.409 
-0 2.450 
-0 2.474 
-0 2.513 
-0 2.539 
-0 2.580 
-0 2.370 
-0 2.365 
-0 2.400 
-0 2.400 
-0 2.360 
-0 2.455 
-0 2.570 
-0 2.35(1) 
-0 2.36t2) 
-0 2.36(2) 

FeCI, 
FeCI3(H20), 

FeCI, 
FeCI,(H201, 

FeCl, 

HgC14 
HgI, 
HgI3 
HgBr, 
HgBr, 
HgCl, 
CH,HgOH 

5.7(3) 
Hg(H,O), 
6 
In(H,0)6 
6.0 
InCI, 
6.5-6.3 
6.3 
8.0(21 
Gd(H,0)8 
GdClp(HzO16 

8.0(2) 
Nd(H,OlR 
NdCI(HZ0)T 

7.97 
8.12 
8.19 
7.93 
8.18 
8.34 
8.80 
8.90 
9.22 
9.13 
8.0(31 
8.0(31 
8.0(31 
8.0(31 
8.0(3) 
8.0(3) 
8.0(3) 
8.0(3) 
8.0(3) 
7.9(31 

0.05 

0.06 

0.10 
0.10 
0.11 
0.11 
0.11 
0.06 
0.06 
0.19 
0.23 

0.09 
0.11 

0.06 
0.08 
0.08 
0.10 
0.10 
0.09 
0.09 
0.09 
0.09 
0.09 

89 
90 

90 

91 
91 
92 

92 

93 
94 

95 
96 
44 
97 
98 
99 
101 

102 
103 

104 
105 

38 
38 
38 
38 
38 
39 
39 
40 
40 
40 
34 

34 

34 
34 
34 
35 

(continued) 
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TABLE I11 Continued 

Cation [Cl Anion IAI/[CI Bond d / A  Complex 1/A Ref. 

Er(II1) 1.0 M 
0.8 M 

CI - 
c1- 

3.2 
10.3 

-0 
-0 
-CI 
-0 
-c1 
-0 
-0 
-Br 
-0 
-0 
-0 
-0 
-0 
-Br 
-CI 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-Br 
-0 
-Br 
-0 
-Br 
-0 
-Br 
-0 
-Br 
-0 
-Br 
-0 
-Cl 
-0 
-c1 
-0 
-Cl 
-0 
-CI 
-0 
-0 
-0 
-0 
-Br 
-CI 
-Cl 
-0 

2.35(1) 
2.35(1) 
2.67(7) 
2.33(2) 
2.65( 10) 
2.35(1) 
2.35(1) 
2 87(2) 
2.05 
2.094(4) 
2.12(1) 
2.1 
2.20 
2.62 
2.49 
2.063(2) 
2.068(3) 
2.07(2) 
2.04 
2.050(1) 
2.052(3) 
2.062(2) 
2.065(3) 
2.62(1) 
2.066(2) 
2.610(9) 
2.079(3) 
2.615(9) 
2.04 
2.52 
2.05 
2.53 
2.04 
2.58 
2.069(1) 
2.44(1) 
2.056(1) 
2.468(4) 
2.064( 1) 
2.431(2) 
2.072(1) 
2.444(2) 
2.063(3) 
2.126(5) 
2.059(3) 
2.059(3) 
2.47(1) 
2.33(1) 
2.31 
2.04(1) 

8.0(3) 
7.8(8) 
0.8(3) 
7.8(3) 
0.3(2) 
8.1(3) 
7.9(3) 
0.3(1) 
6.0(5) 
6 
6 
8.1-7.9 
6 
1.1-1.2 
1.3-1.5 
6 
6 
5.7(2) 
6 
6 
6 
6 
5.15 
0.85 
5.71 
0.29(3) 
5.56 
0.44(6) 
5.40 
0.68 
5.46 
0.47 
5.73 
0.18 
5.51 
0.49(2) 
5.08 
0.92 
4.84 
1.16 
4.57 
1.43 
6 
6 
6 
6 
PtBr, 
PtC1, 
PtC1, 
6 

0.10 35 
0.08 
0.11 
0.08 
0.10 
0.10 35 
0.07 
0.11 

0.12 106 
0.04 107 

44 

52 
63 
108 

2.4 M CI - 3.1 

Er(II1) 1.0 M 
0.8 M 

Br - 
Br - 

3.2 
10.4 

9.9 N 
2.6 M 
1.1 m 
5.6-4.3 m 
2.6 M 
2.1-5.7 M 
2.7-4.7 M 
2.0 M 
3.9 M 
1 M  
2.5 M 
2.9 M 
2 M  
4 M  
2.0 M 

CI 
so:- 
CI ~ 

CI ~ 

c10,- 
Br-  
c1- 
C 1 ~  
C 1 ~  
NOP- 
CIO, 
CIO, 
CI ~ 

CI ~ 

Br-  

2 
1 
2 
2 
2.2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

0.12 51 
0.13 

32 
63 

0.10 64 
0.10 112 
0.13 
0.11 113 
0.09 
0.08 114 
0.13 
0.10 
0.13 
0.08 115 
0.12 
0.09 
0.13 
0.09 
0.13 
0.09 65 
0.10 
0.09 116 
0.15 
0.09 116 
0.14 
0.09 116 
0.13 
0.14 117 
0.12 
0.14 118 
0.11 
0.08 119 
0.06 119 
0.06 13 
0.10 120 

2.1 M Br 2 

4.1 M 

4.8 M 

Br - 

Br - 

2 

"1) 2 

4.1 M BI 2 

2.0 M B! 2 

Ni(I1) 

Ni(I1) 

Ni(I1) 

Ni(I1) 

Ni(I1) 

Ni(I1) 

+ Li' 

+ H +  

+ Lit  

3.0 M c1 2 

2.0 M 

2.0 M 

CI - 

C 1 ~  

4.0 

4.0 

2.0 M CI- 5.0 

2 M  
1 M  
2 M  
1.5 M 
2.7 M 
2.9 M 
1 M  
0.3 M 

S0,Z- 
so,3- 
S0,i - 

S0,Z- 
Br-  
CI ~ 

Cl- 
c10, - 

1 
3.9 
1 
2 
6.2 
6.4 
4.0 
5.8 
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TABLE I11 Continued 

Cation ICI Anion [Al/[Cl Bond d / A  Complex l / A  Ref. 

0.2 M CI ~ 

0.4 M CI - 

3.3 M c10, 
3.3 M c10, 
1.5 M CI ~ 

2.0 M c1  
1 5 M  OH ~ 

1.0 M CIO, 
1.0 M CIO, 
2.5 M CIO, 
1.0-2.1 M CIO, 
1.0-2.7 M Br 

0.9-2.7 M C1- 

2.1 M CIO, 
1.0 M CIO, 
4.7 M NO, 
1 M  NO3 
2.9 M c10, 
2.8 M so: 

2 M  SO,’ 
2 M  S0,Z 

0.6-3.1 M SO,’ 

3-23 m B r -  
1.6 M Br -  

3.0 M CIO, 
1.0-7.6 M Br -  

5-27 m C1- 

2.2-2.6 M C1- 
2.3 M CI 

2.2-2.7 M NH, 
CI ~ 

l m  C 1 ~  

7-19M C1- 

1.1-4.6 M I 

10.7 
4.9 

2.1 
2.1 
2 
2 
6 
5.0 

11.1 
4.4 

5.7-7.3 
2-12 

4- 13 

4.4-4.1 
2 
2 
2 
2.1 
1 
1 
1 
1 

2.0-4.3 
3.1 

2 
0.5-5.0 

2.0 

6.1-6.5 
2-6 

3.8-6.6 
2 

2 

2 

0.5-8.1 

-0 2 062(4) 
-0 209(13 
-Cl 233(13 
-0 2 33(11 
-0 2 34(2) 
-0 2 636(2) 
-0 2644(2) 
-0 1935(3) 
-0 2486(4) 
-0 2486(4) 
-0 2484(4) 
-0 223615) 
-Br 2 481(23 
-Br 2 512(2) 
-Br 2 564(23 
-C1 243(1) 
-Cl 259(1) 
-0 244(1) 
-0 2 421(53 
-0 2 17(4) 
-0 2 09(2) 
-0 2081143 
-0 208 
-0 
-0 
-0 
-Br 
-0 
-Br 
-0 
-Br 
-Br 
-Br 
-0 
-Cl 
-Cl- 
-c1 
-0 
-N 
-N 
-Cl 
-0 
-Cl 
-0 
-Cl 
-I 
-I 
-I 
-I 

2.115-2 
2.115(23 
2.099(2) 
2.40 
2.21 
2.42 
2.10(11 
2.406(4) 
2.386 
2.386 
2.05 
2.28 
2.30(1) 
2.30 
2.05 
2.03(2) 
2.00(3) 
2.30(3) 
2.068(5) 
2.240(5) 
2.05 
2.3 
2.635(4) 
2.592(6) 
2.592(6) 
2.90(13 

6 
3 
3 
2.3(4) 
3.4(3) 
8 
8 
Te(OH), 
8.1(3) 
7.9(31 
8.0(3) 
5(13 
TIBr, 
TIBr, 
TlBr, 
TICI, 
TIC1, 
8.2(43 
5 
6.6(5) 
6.2(23 
6 
6 

.I44 6 
6 
6 
2-4 
2.42 
2.26 
6 
ZnBr, 
ZnBr, 
ZnBr, 

ZnCI, 
2-4 

Zn(NH,), 
ZnCI(NH,), 

5.3(1) 
1.06(4) 

2.4-4 
ZnI, 
ZnI,H,O 
ZnI,(H,0i2 
ZnI(H,O), 

0.08 121 
0.13 
0.05 
0.04 122 
0.06 123 
0.14 124 
0.12 
0.08 125 
0.08 126 
0.07 
0.08 
0.09 127,128 
0.06 
0.06 
0.07 
0.10 127,129 
0.09 
0.06 130 
0.04 131 
0.28 132 

32 
0.09 63 
0.09 63 
0.09-0.11 133 
0.10 134 
0.11 

135 
0.09 136 
0.12 
0.17 137,143 
0.08 137 
0.08 
0.08 

138 

139 
140 

141 

0.16 61 
0.11 

142 

0.11 143 
0.10 
0.07 
0.06 

“ A = anion, C = cation. For bond lengths d and for coordination numbers, listed in the column “complex,” 
estimated errors are given within parentheses. Charges on complexes formed are  not given. p a .  = polynuclear. 
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In some instances it has been possible to use isostructural substitu- 
tion for the analysis of X-ray diffraction data. The method was first 
applied by Bol et al. (32) for an investigation of the coordination around 
Co(II), Ni(II), Zn(II), and Cd(I1) in aqueous chloride solutions. The pairs 
CO(NO,),-M~(NO~)~, Ni(NO,),-Mg(NO,),, Zn(NO3),-Mg(NO,),, and 
C~(NO,),-CO(NO,)~ were assumed to form isostructural solutions, al- 
though the ionic radii are slightly different. The calculated difference 
RDFs showed two pronounced peaks corresponding to a distinct first 
and a more diffuse second coordination sphere, which could be analyzed 
by comparison with theoretical curves. 

This “isomorphic substitution” technique has also been used for neu- 
tron diffraction measurements as an attempt to  extend the use of differ- 
ence methods beyond what can be obtained by isotopic substitution 
(22). The structures of the aqua ions of Mn(I1) and Cu(II), using Ni(I1) 
as the isomorph, have been investigated in this way (Table 11). 

The three-valent ions formed by erbium and yttrium are structurally 
very similar and have been used for an extensive investigation of their 
coordination in different solvents for different anions and concentra- 
tions (33-37). Yttrium(II1) is closely related chemically to  the lanthan- 
ides, having the same outer electron configuration. The additional f 
electrons in the lanthanide ions do not participate in chemical bonding. 
Because of the lanthanide contraction the ionic radius of yttrium(II1) 
is close to that found in the lanthanide series for the elements around 
erbium. Yttrium(II1) and erbium(II1) form isomorphous structures in 
the solid state, usually with no significant differences between their 
interatomic distances, and several diffraction measurements on 
yttrium(II1) and erbium(II1) solutions have confirmed that they also 
form isostructural solutions. An illustration of the close similarity is 
given in Figs. 11 and 12, which compare intensity curves and RDFs for 
2.4 Myttrium(II1) and erbium(II1) chloride solutions of equal concentra- 
tions. By using the intensity difference curve, or the difference between 
the D(r )  functions for the two solutions, contributions from interactions 
involving the metal ions can be separated from those of the nonmetal 
interactions. The results for a 1 M chloride solution, where no inner- 
sphere complexes are expected, are illustrated in Figs. 13 and 14. The 
peak a t  2.36 8, corresponds to the first coordination sphere in the hy- 
drated metal ion. In the original RDF (Fig. 13) it is overlapped by 
longer interactions, which prevents its precise analysis, but in the RDF 
calculated from the difference function (Fig. 14) it appears as a fully 
separated peak. This proves the presence of a well-defined first coordina- 
tion sphere around the erbium(II1) ion, which can be precisely analyzed 
by comparison with theoretical Er-H,O peaks, since nonmetal interac- 
tions are eliminated. It is found to  be in perfect agreement with a 
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FIG. 11. Reduced intensities, s.i(s), for erbium(II1) and yttrium(II1) chloride solutions 
of equal concentration. 

1 2  3 4  5 6 r / A  

-2 
1 2  3 4  5 6 7  6 r / A  

FIG. 12.  The RDFs (a) and the reduced RDFs (b) calculated from the intensity values 
in Fig. 11. 
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FIG. 13. The RDF (upper curve) and the reduced RDF (lower curve) for a 1 M aqueous 
erbium(II1) chloride solution. The peak a t  2.36 A, corresponding to the first coordination 
sphere of the erbium(II1) ion, is compared with a theoretical peak, calculated for a 
coordination number of eight. 

theoretical peak calculated for eight surrounding water molecules with 
a Gaussian distribution of distances, the rms variation being 0.09 A. 

For perchlorate solutions of different compositions the results show 
no significant dependence on the concentration of the metal ion (34, 
35) .  Values for the coordination number, Er-H20 bond lengths and 
their rms variations do not differ significantly between a 1 M and a 3 
M solution (Fig. 151, and are independent of the perchlorate concentra- 
tion. No inner-sphere complex formation is indicated. 
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FIG. 14. The separation of the RDF for the 1 M erbium(II1) chloride solution in Fig. 
13 into a RDF involving only the metal ions (upper curve) and a reduced RDF for 
the remaining nonmetal interactions (lower curve). Theoretical peaks for eight water 
molecules (1st coordination sphere) and 16 water molecules (2nd coordination sphere) 
are shown for comparison (upper curve). 

In the original RDFs (Figs 12 and 13) the next pronounced peak, 
beyond that of the first coordination sphere, occurs at about 4.5 A. It is 
most clearly seen in the reduced RDFs and it occurs in a region where 
a second coordination sphere would be expected. The large number of 
other types of interactions that also occur in this region prevent a 
quantitative analysis. In the RDFs obtained from the difference curves, 
however, the nonmetal interactions are eliminated and the structure 
beyond the first coordination sphere can be analyzed (Figs. 14 and 15). 
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FIG. 15. RDFs for aqueous erbium(II1) perchlorate solutions of different compositions 
after elimination of nonmetal interactions. CI0,A: 1 M E I - ( C ~ O ~ ) ~ ;  C104B: 1 M EI-(C~O,)~ 
+ 6.5 M HClO,; C104C: 2.9 M Er(C10&. Peaks for the first coordination sphere at  2.36 
8, are compared with theoretical peaks calculated for 8.0 Er-H20 interactions with an 
rms varation of 0.09 A. 

In the 1 M solution it shows a distinct and fairly well-separated peak 
at 4.5 A, corresponding to about 16 water molecules, which is roughly 
equal to twice the number of H,O molecules in the first coordination 
sphere. In the more concentrated perchlorate solution (Fig. 15) this 
peak has a more structured appearance, but is not resolved from longer 
distances, presumably due to the presence of perchlorate ions in the 
second coordination sphere, apparently bonded as bidentate ligands. 
The many overlapping interactions, however, prevent an unambiguous 
analysis. 

The use of isostructural solutions in combination with a difference 
method thus makes i t  possible to get detailed and precise information 
on the coordination around the metal ion in solutions of different compo- 
sitions, not only for the first coordination sphere, but also for the struc- 
ture beyond and no assumptions about the remaining structure of the 
solution have to be introduced. 
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For some of the elements of the lanthanide series isotopes are avail- 
able which make possible the use of isotopic substitution methods in 
combination with neutron diffraction (Table 11) (24-27). Results ob- 
tained for the structure of the first coordination sphere of these ions are 
consistent with those from the X-ray diffraction measurements. The 
neutron diffraction measurements, however, also give information on 
the orientation of the water molecules (Table II), which cannot be 
directly derived from X-ray diffraction data because of the weak scatter- 
ing power of hydrogen atoms. Neutron diffraction data, on the other 
hand, have not been used to analyze the structure beyond the first 
coordination sphere. Although X-ray data do not give direct information 
on the orientation of the water molecules an estimate of the tilt angle, 
that is, the angle between the metal-oxygen bond and the plane of 
the water molecule, can be made from the experimentally determined 
distances between the metal ion and the water molecules in the first 
and the second coordination spheres. If reasonable assumptions are 
made about H,O-H,O hydrogen bond distances the results are consis- 
tent with those derived from neutron diffraction data (35) and indicate 
an orientation between that for a tetrahedral and a dipolar bonding to 
the metal ion. 

Structures of the lanthanide aqua ions have been derived also from 
single X-ray diffraction curves, without the use of difference methods, 
for nearly saturated chloride solutions for each of the elements in the 
rare earth series (38-40). The hydration number was found to be eight 
for the heavy elements, but seemed to gradually increase to nine for the 
lighter elements (Table 111). The data for each solution were analyzed by 
fitting Gaussian peaks for specific interactions to  the RDF, assuming 
that complex formation with chloride does not take place. The Ln-H,O 
distance in the series increases from 2.34 A for the last element, Lu, to  
2.58 A for La, the first element in the series (Table 111). The Ln-H,O 
peak partly overlaps the nonmetal peaks from H,O-H,O and Cl-H,O 
interactions and this overlap becomes more serious for the lighter ele- 
ments. Assumptions about the size and the shape of the nonmetal 
peaks may thus influence the results. There is also evidence that some 
complex formation with chloride may occur in very concentrated solu- 
tions (35,103,105). However, for the aqua ions of the heavy lanthanides 
which have been investigated by all three methods, neutron diffraction 
using isotopic substitution (Table 111, X-ray diffraction with isostruct- 
ural substitution, and analysis of single diffraction curves for very 
concentrated solutions (Table 1111, the results show no significant differ- 
ences. 

A correct estimate of the uncertainty in coordination numbers, de- 
rived from X-ray diffraction data, is difficult to make unless a separa- 
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tion of interactions can be made. This is true in particular for ions 
with large hydration numbers for which several different coordination 
geometries are possible. For smaller ions the coordination can normally 
be expected to be octahedral or tetrahedral, and diffraction data are 
usually sufficient to  differentiate between a six and a four coordination. 
The coordination geometry, however, cannot normally be unambigu- 
ously deduced, since the H,O-H,O interactions within the coordination 
sphere are too close to  the much larger number of bulk water interac- 
tions to  be uniquely distinguishable. 

In Table I11 parameter values are given only for the first coordination 
sphere for which the interactions in the solutions investigated often 
give dominant contributions. Except for the results discussed above 
they have all been derived from analyses of single diffraction curves. 
Coordination geometries are usually assumed, the assumptions being 
based on the derived value for the coordination number and on the 
observed M-H,O distance, which differs for octahedral and tetrahe- 
dral coordination. In the usual procedure of a least-squares refinement 
of the parameter values, using the intensity curves, restraints have 
often been introduced because of correlations between too many over- 
lapping interactions. This will make the significance of estimated stan- 
dard deviations uncertain, in particular for less dominant interactions. 
Estimated errors are those given by the authors and are probably in 
many cases too low. Often a coordination number has been kept con- 
stant at an assumed value during the refinement, in which case an 
estimated error is not given. Unlike coordination numbers and rms 
variations bond lengths can usually be determined with high accuracy 
and the given standard deviations are likely to  be more realistic esti- 
mates of the errors. 

A hydration number of eight for the heavy lanthanide ions seems to 
be well established by several different investigations (25,34,35,38) .  
For the four-valent Th4+ ion the hydration number in perchlorate solu- 
tions, where no complexes are formed, has also been found to be eight 
(126), although the Th-H,O distances of 2.49 A are similar to those 
of the light rare earth ions for which coordination numbers of nine have 
been reported (40). Other three-valent ions, forming primarily ionic 
bonds, A13+, In3+, T13+, have all been found to be octahedrally coordi- 
nated, as expected from their ionic radii and their crystal structures. 
Among the lower charged ions in the two first groups of the periodic 
system those with the higher atomic numbers and, therefore, larger 
size, seem to have less distinct coordination shells and precise values 
for the coordination numbers are difficult to determine. 

The results obtained for these aqua ions in solution correspond closely 



STRUCTURES OF COMPLEXES IN SOLUTION 193 

to those of the structures in crystals and usually no significant differ- 
ences between the metal-water bond lengths in solution and in the 
solid state seem to occur. An interesting exception has been found for 
the lanthanide ions, which most often have coordination numbers of 
eight or nine in the solid state as in solution, but in crystals of 
Ln(H,O),(ClO,), are octahedrally coordinated by water molecules (144). 

Among the elements in groups 1B and 2B, which form bonds of a 
more covalent character, several investigations have been reported for 
the copper(I1) ion, which has the same distorted octahedral coordination 
as in the solid state (Table 111). The silver(1) ion does not form discrete 
aqua ions in the solid state, but occurs as Ag(H,O),+ in aqueous perchlo- 
rate solutions, with Ag-H,O bond lengths of 2.4 8,, expected for a 
tetrahedrally coordinated Ag+ ion (19, 42).  

Zn2+, Cd2+, and Hg2+ are all octahedrally coordinated in aqueous 
perchlorate solutions. Hg" has a strong tendency to form two approxi- 
mately colinear bonds in the solid state, but in the aqua ion it is 
found to have a regular octahedral coordination both in crystals of 
Hg(C1O,),(HzO),, with Hg-H,O bond lengths of 2.341(6) hl(1451, and 
in solution, with bond lengths of 2.41(1) 8, (95, 96). In the aqua ion of 
cadmium(I1) the same octahedral coordination is found with Cd-H,O 
bond lengths of 2.292(5) 8, in solution (57)  and 2.27(1) 8, in crystals of 
Cd(ClO,),(H,O), (146). The greater difference between metal-water 
bond lengths in crystals and in solution for mercury(I1) than for 
cadmium(I1) seems to be significant. The larger value for the rms varia- 
tion found in solution for the Hg-H,O bonds, 0.23(1) A, than that for 
the Cd-H,O bonds, 0.06 8, (Table 1111, also seems to reflect a difference 
in bond character between these two ions. Similar differences are found 
for their DMSO solvates in DMSO solutions (96, 147). 

IX. Anion Hydration 

Anions have a much weaker tendency to coordinate water molecules 
than cations and precise values for hydration numbers are difficult to 
obtain from X-ray data. Although a hydration sphere around an anion 
is often included in the least-squares analysis of an intensity curve for 
a metal salt solution, meaningful values are usually obtained only for 
the bond lengths. Coordination numbers and rms variations are often 
kept constant at assumed values. For the halide ions the bond lengths 
found show no significant deviations from values in crystal structures. 

For the chloride ion neutron diffraction in combination with isotopic 
substitution has been used for extensive investigations of the structure 
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of the hydration sphere in solutions of different concentrations and in 
the presence of different cations (2). When no complex formation occurs 
the Cl-H,O bond length, 3.3 A, and the coordination number of six, 
seem to be independent of both concentration and of cation. The water 
molecules are bonded to the chloride ion with approximately linear 
hydrogen bonds. 

For oxoanions X-ray diffraction data have given evidence for coordi- 
nated water molecules, but they are generally not sufficient for a quan- 
titative determination of hydration numbers. For the planar-triangular 
nitrate ion, where neutron diffraction with isotopic substitution can be 
used, the results for a 7.8 M sodium nitrate solution have been interpre- 
ted in terms of a model in which 1.3 water molecules are coordinated 
axially to the nitrate ion with N-0 distances of 2.65 A and 2.4 water 
molecules hydrogen bonded to the nitrate oxygens (148). A similar 
investigation of the tetrahedral ClO,- ion in a 3.25 M NaC10, solution 
also shows the presence of a weak hydration shell of four to five hydro- 
gen bonded water molecules (149). 

0 1 2 3 L  5 6  7 

FIG. 16. The difference (solid line) between theD(r) functions for 2 Maqueous Na2W04 
and Na2Mo04 solutions compared with theoretical peaks (dashed lines) calculated for 4.0 
(W-Mo)...O interactions ( I  = 0.08 hl) at  1.786 8, and 12 (W-Mo)...O interactions ( I  = 

0.34 A, a t  4.06 8,. 
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The tetrahedral molybdate and tungstate ions, MOO:- and W04,-, 
have the same metal-oxygen bond lengths and form isostructural solu- 
tions. The coordination around the metal ions can, therefore, be derived 
from X-ray diffraction data, using a difference method (150). The RDF 
calculated from the intensity difference function for 2 M Na,WO, and 
Na,MoO, solutions is shown in Fig. 16. Two distinct peaks appear, 
the first one at 1.786 A, which is equal to  the M-0 bonding distance 
in the tetrahedral MO,,- ions in the isomorphous crystals of 
Na2W0,.2H,O (151 1 and Na,Mo0,.2H20 (152). It is in agreement with 
a theoretical peak calculated for four M-0 bonds. The second peak 
shows the presence of a distinct hydration sphere around the tetrahe- 
dral ion with an average M-H,O distance of 4.06 A. The theoretical 
peak in Fig. 16 has been calculated for 12 M-H,O contacts. The result 
shows that these tetrahedral ions, which are probably representative 
for other similar ions like SO,,-, have a relatively well-defined hydra- 
tion sphere containing about 12 water molecules probably hydrogen 
bonded to the anion oxygens. 

X. Complexes with Halide Ions 

Most structure determinations of complexes in solution using 
X-ray diffraction have dealt with the monoatomic halide ligands and 
primarily with chloro complexes. Metal-chloride bond lengths usually 
fall between metal-water bond lengths and water-water distances in 
the bulk water. The corresponding peak in the RDF is easily identified 
and is often only partly overlapped by other peaks. For the heavier 
halide ions, Br-  and I - ,  the corresponding bonds are longer, but their 
relative contributions to the scattering are larger, and usually they can 
also be easily distinguished in the RDFs. 

A summary of results reported in the literature is given in Table 111. 
Most of these have been derived from analyses of single diffraction 
curves and only a limited number are based on diffraction data for 
solutions of different metal ion concentration and halide to metal ratios, 
which are needed in order to determine structures of individual com- 
plexes. The values obtained are, therefore, usually averages over the 
different complexes, that  may be present, and give only limited informa- 
tion on coordination geometry. 

For some heavy metal ions, which form strong halide complexes with 
relatively well-separated regions of existence, diffraction measure- 
ments can be done on solutions in each of which one of the complexes 
is dominant. The complete structures of the individual complexes can 
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then be derived. The bromide complexes formed by thallium(II1) can be 
used as an illustration (127, 128). The addition of bromide ions to  a 
thallium(II1) solution leads to a stepwise formation of complexes: 

TI3+ + n Br-  % TIBr,'3-"'' 

Since water molecules also form part of the complexes a more correct 
formula would be: 

Tl(H20),,3+ + n Br- s [T1Br,(HzO),,,,]13~"1+ + ( m  - rn')HzO 

not including the water molecules in the weakly hydrated bromide ion. 
From known stability constants for the formation of these complexes 
the amount of thallium(II1) bonded in each complex can be calculated 
as a function of the bromide concentration. Since no polynuclear com- 
plexes are formed this fraction should be independent of the total thal- 
lium(II1) concentration, if activity factors do not change. 

Literature values for stability constants (153) have usually been 
determined for solutions much less concentrated than those needed for 
diffraction measurements, and the values for these solutions have to 
be checked by other methods. For the thallium(II1) bromide complexes 
the stability constants for the concentrated solutions used [l-2.6 M in 
TUIII)], were derived from T1-205 NMR shift measurements. The frac- 
tion of TUIII), bonded in each of the complexes calculated from these 
constants as a function of the chloride concentration (Fig. 171, shows 

0 1  2 S 4 6 6 I 8  9 1 0 1 1 1 2  

CI -1, / 1.1 ,.I 

FIG. 17. Fraction of thallium(II1) belonging to the different TIBr,,'3-"'' ( n  = 0-4) 
complexes a t  total thallium(II1) concentrations of 1.0 and 2.6 M ,  as a function of the BriTl 
ratio. Dashed lines indicate the compositions chosen for X-ray diffraction measurements. 
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that the regions of dominance of the complexes are well separated. 
Therefore, solutions can be prepared in each of which one of the com- 
plexes predominates. From the known concentrations of the complexes 
and from the results of an analysis of the dominant T1-Br and Br-Br 
intramolecular contributions to the diffraction curves, the structures 
of all of the complexes formed could be determined with the exception 
of T1Br2 + , which is not stable under the conditions used. The structures 
are illustrated in Fig. 18, which also gives the TI-Br bond lengths and 
their estimated standard deviations. 

The hydrated thallium(II1) ion, T1(H20),3 + , is octahedrally coordi- 
nated by water molecules. In the linear complex, T1Br2+, two of the 
H,O molecules are replaced by bromide with no apparent change in the 
octahedral coordination. TlBr, is planar trigonal but with two water 
molecules, one above and one below the plane, forming a trigonal bipyr- 
amidal structure. The T1Br4- has a regular tetrahedral structure. The 
positions of the water molecules in the bromide complexes could not be 
definitely established on the basis of the diffraction data alone, since 
their contributions in comparison with those from the bromide ions, 
are small. Support for the derived water positions were obtained from 
analogies with solid state structures (127). 

For those of the complexes that appear as discrete units also in 
crystals, T1(H20),3 + , T1Br3(H,0l2, and T1Br4- , no significant differences 
in bond lengths were found between the complexes in the solid and the 
liquid phase (127, 128). 

FIG. 18. Derived structures for the TlBI, (H20),,,'3-n' complexes in aqueous solution. 
Dark spheres represent Br and light spheres H20. 
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The zinc(I1) ion and the complexes it forms with halide ions provide 
another example in which the structures of all of the complexes in 
aqueous solution can be derived from X-ray diffraction data (137,143). 
The concentrations of the complexes can be determined independently 
from their Raman spectra and although the ranges of existence of the 
different complexes are more extended than for thallium(III), leading 
to more extensive overlap, their structures can be derived by using 
diffraction data for a series of solutions of different concentrations and 
halide to zinc ratios. The most detailed information is obtained for the 
zinc-iodide system (1431, for which structures, including positions for 
the water molecules, can be derived for all the complexes formed (Fig. 
19). The octahedral coordination in the zinc aqua ion is retained in the 
first complex, ZnI(H,0),3+, with a Zn-I bond length of 2.90 A, but 
changes into a tetrahedral coordination in the following three com- 
plexes (Fig. 19). The approximately tetrahedral Zn13H,0- units, which 
occur in crystals of KZnI, (H,O), (154) with average Zn-I bond lengths 
of 2.57 A and Zn-H,O 2.07 A do not differ significantly from those 
found in solution: 2.592(6) A for Zn-I and 2.1 A for Zn-H,O. For the 
tetrahedral ZnI,2- ions the Zn-I bonds are slightly longer, 2.635(4) A. 

Another heavy metal ion, Hg2 + , also forms strong halide complexes 

n 

FIG. 19. Derived structures for the zinc(I1) iodide complexes formed in aqueous solu- 
tion: Zn(HzO)?', ZnI(H20)5*, ZnIp (Hp0)2,ZnI,H20- and ZnI,'-. Nonfilled circles indicate 
water molecules. Bond lengths are in angstroms and bond angles are given. 
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for which structures have been determined from solution diffraction 
data (92, 93). Of the four complexes formed in aqueous solution only 
HgX,- and HgXd2- can be obtained in sufficiently high concentrations 
for diffraction measurements while HgX+ and HgX, are only slightly 
soluble. HgXd2- forms a regular tetrahedron with Hg-I 2.785(3) A 
and Hg-Br 2.610(5) A. HgX,- is a slightly flattened pyramid, derived 
from a tetrahedron with H,O in one of the corners. The Hg-X bonds 
in HgX,- are about 0.03 A shorter than in the HgX,'- complexes (92). 

These examples and some others that are given in Table I11 show 
that for selected ions, which form strong complexes, it is possible to  
make unambiguous structure determinations from solution diffraction 
data and to obtain direct information on coordination changes that take 
place during the stepwise formation of complexes. Thermodynamic data 
provide only indirect information on these structural changes, indi- 
cated, for example, by abnormal changes in enthalpy and entropy val- 
ues or in stability constants for the formation of the complexes. 

In the rare cases when difference methods can be used detailed struc- 
ture determinations can be made also when only weak complexes are 
formed. Structural changes, caused by changes in composition of the 
solution, can then be followed not only for the first but also for the 
second coordination sphere, making i t  possible to  differentiate between 
inner- and outer-sphere complexes. Inner-sphere complexes are formed 
by a direct bond between the metal ion and a ligand, usually with a 
simultaneous release of one or more solvent molecules from the first 
coordination sphere. Outer-sphere complexes are formed by a bonding 
of the ligand in the second coordination sphere, and are often described 
as solvent-separated ion pairs. Metal-ligand interactions for a second 
coordination sphere are usually indicated in the RDF for a solution, 
but as they appear a t  a distance where a large number of other distances 
will also occur, they cannot be quantitatively analyzed unless a differ- 
ence method can be used. 

The isostructural solutions formed by yttrium(II1) and erbium(II1) 
have been used to  study the structures of their halide complexes in 
aqueous solutions at different concentrations (35).  The RDFs for some 
erbium(II1) bromide and chloride solutions with different metal ion 
concentration and halide to  metal ratios are given in Fig. 20 after 
elimination of the nonmetal interactions. For comparison those of three 
perchlorate solutions of similar concentrations are also given. For all 
of these solutions the peaks at 2.35 A, which correspond to the inner 
coordination sphere of the metal ion, are nearly the same and are 
closely reproduced by a theoretical peak calculated for 8.0 Er-H,O 
interactions. This indicates that the anions do not penetrate the first 
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FIG. 20. RDFs for some aqueous perchlorate, chloride, and bromide solutions of erbiu- 
m(II1) after elimination of nonmetal interactions. A and B solutions are 1 Min erbium(III1, 
with anion to Er ratios of about three (A) and nine (B). C solutions are about 3 M in Er. 
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coordination sphere to any large extent. Only at  very high halide con- 
centrations do inner-sphere complexes appear and then only in small 
concentrations. The formation of an  inner-sphere complex is most 
clearly indicated for the bromide solution with the highest bromide 
concentration, where a separate Er-Br peak appears a t  2.87 A (Figs. 
20 and 21). For the corresponding chloride solution an Er-Cl peak 
from an  inner-sphere complex, expected at about 2.7 A, is too close to 
the Er-H,O peak to be resolved, but a peak analysis shows a similar 
but somewhat stronger inner-sphere complex formation in this solu- 
tion. In the 1 M solutions, where halide ions are not in excess, no inner- 
sphere complexes are indicated. In the more concentrated 2.4 M chloride 
solution a weak inner-sphere complex formation (< = 0.3 Cl/Er) cannot 
be excluded. 

In contrast to the first coordination sphere the second sphere is 
strongly dependent on the composition of the solution (Fig. 20). The 
corresponding peak, which appears at 4.5-5.0 A, is fairly well resolved 
from longer distances, with exception for the two concentrated perchlo- 
rate solutions. For the halide solutions two overlapping peaks can be 
distinguished, one of which corresponds to the expected shorter Er-H,O 

5 t 
t 

‘ t  

1 2 3 4 5 6  I I*  

FIG. 21. An analysis of the  first and second coordination spheres for 1 M erbium(II1) 
bromide solutions with BriEr ratios of three (BrA) and nine (BrB) by a comparison with 
theoretical Er-H20 and Er-Br peaks. Parameter values are given in Tables I11 and IV. 
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(= 4.5 A) and the other to the longer Er-X (= 5.0 A) interaction. An 
analysis in terms of distinct Er-H,O and Er-X interactions leads to 
the parameter values given in Table IV. The theoretical peaks, calcu- 
lated with these values, are illustrated for the two bromide solutions 
in Fig. 21. 

From the results of an analysis of the first (Table 111) and the second 
(Table IV) coordination spheres the distribution of water molecules and 
halide ions over the different spheres and the remaining solution can 
be calculated. The values given in Table V clearly show that the halide 
ions are concentrated to the second coordination sphere, which estab- 
lishes a preferred formation of outer-sphere complexes. 

The distance to the chloride ion in the second coordination sphere, 
5.0 A (Table IV), is similar to  corresponding distances found in the 
crystal structure of ErC1,(H20), (1551, which have an average value of 
5.05 A. The same distance is found in the bromide solution for Er-Br, 
despite the larger size of the bromide ion. The packing of these two 
halide ions in the second coordination sphere thus seems to be different, 
perhaps because of their different tendencies to  take part in hydrogen 
bonding. In iodide solutions the corresponding Er-I distance is 5.25 
A, the increase corresponding to the difference in ionic radii between 
Br- and I -  (35). 

The four-valent Th4+ ion, which also forms primarily ionic bonds, 
has a hydration number of eight in aqueous perchlorate solutions (1261, 
which is the same as that of erbium(III), although the Th-H,O bonds 
are slightly longer, 2.49 A, than for erbium(III), 2.35 A. Diffraction 
data for an aqueous thorium(IV1 chloride solution, with a composition 

TABLE IV 

THE STRUCTURE OF THE SECOND COORDINATION SPHERE IN SOME ERBIUM(II1) 
CHLORIDE AND BROMIDE SOLUTIONS’ 

Er-O(H20) Er-X 
Sol. Comp. r i b  n l i b  r i b  n l i b  

~~ ~ 

CIA I 3 4.51(4) 13.2(15) 0.24(4) 5.07(8) 2.8(7) 0.24(4) 
CIB 1 9 4.60(4) 11.0(10) 0.20(5) 5.06(6) 4.8(5) 0.24(41 
CIC 3 3 4.50(2) 12.8(10) 0.22(4) 4.98(2) 3.5(4) 0.20(3~ 
BrA 1 3 4.49(1) 12.0(8) 0.20(3) 5.01(1) 1.6(2) 0.20(31 
BrB 1 9 4.5(1) 9(1) 0.2(1) 5.00(2) 5.2(5) 0.25(3) 

Compositions of the solutions “comp” are given by the concentration of erbium(II1) 
in moll1 and by the ratio [XI/[Er]. For each interaction the distance, r, the frequency, 7 1 ,  

and the rms variation, 1, are given. 
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TABLE V 

RELATIVE DISTRIBUTION OF LIGANDS FOR SOME ERBIUM(III) 
CHLORIDE AND BROMIDE SOLUTIONS“ 

Soh.  Comp. Stoich 1st 2nd Bulk 

CIA 1 3 0.06 0.0 0.21 0.01 
ClB 1 9 0.19 0.10 0.44 0.13 
CIC 3 3 0.14 0.03 0.27 - 

BrA 1 3 0.06 0.0 0.13 0.05 
BrB 1 9 0.20 0.04 0.61 0.14 

* The ratios between the number of halide ions, X - ,  and water 
molecules in the first and second coordination spheres and in the 
bulk solution are compared with the value for the total solution 
“stoich.” The solutions are the same as in Table IV. 

similar to one of those used for erbium(III), shows similar complex 
formation and both inner- and outer-sphere complexes are formed (126). 
The inner-sphere complex formation is stronger, however, and can be 
more precisely analyzed than for the erbium(II1) solutions. The results 
seem to indicate that the complexes are formed by an  addition of chlo- 
ride ions without replacing water molecules in the inner sphere, thus 
leading to an increased coordination number (126). 

XI. Polyatomic Ligands 

The bonding of a polyatomic ligand to a metal ion increases the 
number of metal-ligand interactions, but corresponding peaks in the 
RDFs are usually not well resolved. In nitrate complexes, for example, 
the metal-nitrogen distance for a bidentately bonded nitrate ion is too 
close to the metal-oxygen bonds to form a separate peak in the RDF. 
The M-O(N0,) and the M-O(H,O) bonding distances within the first 
coordination sphere are also too close to be separately determined. The 
information given by the RDF then becomes mainly indicative of a 
complex formation and is seldom, depending on the specific characteris- 
tics of the system, sufficient for a precise determination of coordination 
number and conformation of the ligand. A summary of results reported 
in the literature for polyatomic ligands is given in Table VI (156-1 79). 

More precise structural information can be obtained when a separa- 
tion of interactions can be made. The RDFs for 2.9 M solutions of 
erbium(II1) and yttrium(II1) nitrate, which are isostructural (361, are 
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TABLE VI 

STRUCTURES OF COMPLEXES WITH POLYATOMIC LIGANDS IN AQUEOUS SOLUTION" 

Ligand Cation [Cl [L]/[Cl Coord. Bonding Ref. 

SO:- Cd(I1) 1-3 M 

Cd(I1) 2 M 

Cr(II1) 1.4 M 

Fe(II1) 3.4 M 

2.5 M 

1.9 M 

Mn(I1) 2.0 M 
3.8 M 

Mn(I1) 2 M 

Ni(I1) 2 M 

In(II1) 1.7 M 

Zn(I1) 3.0 M 

Se0:- Y(II1) 0.8 M 

Y(II1) 0.9 M 

Er(II1) 0.8 M 

Er(II1) 1.0 M 

Tb(II1) 1.2 M 

La(II1) 0.7 M 

NO3- Ag(1) 3.0 M 

8.8 M 

Cd(I1) 4.5 M 

1-3 

1 

2.5 

1.5 

1.5 

3.0 

1 
1 

1 

1 

1.5 

1 

2.0 

2.1 

2.0 

2.2 

1.6 

1.7 

1 

1 

2 

0.8-1.6 

0.34 
(9°C) 

0.64 
(62°C) 

0.83(7) 

1.20(4) 

1.27(10) 

0.95(10) 

0.75(6) 
0.92(8) 

0.50(6) 

0.9(1) 

0.88(5) 

0.4(1) 

0.35 

0.60 

0.35 

0.60 

0.60 

0.60 

1 

1 

0.96(7) 

Cd-60 2.28(1) 
Cd-0-S 134(2)" 
Cd-60 2.32(1) 
Cd-0-S 133" 
Cd-60 2.30(1) 
Cd-0-S 133" 
Cr-60 1.94(1) 
Cr-0-S 136(1)" 
Fe-60 2.018(2) 
Fe-0-S 135.1(3) 
Fe-60 2.016(2) 
Fe-0-S 133.9(5) 
Fe-60 2.006(3) 
Fe-0-S 134.7(5) 
Mn-60 2.195(3) 
Mn-60 2.218(3) 
Mn-0-S 140" 
Mn-60 2.196(2) 
Mn-S 3.50(2) 
Ni-60 2.068(2) 
Ni-S 3.49(2) 
In-60 2.156(2) 
In-0-S 134" 
Zn-5.60 2.10(1) 
Zn-SO, 3.13(5) 

Y-0-Se 142" 

Y-0-Se 141 
Er-80 2.345 
Er-0-Se 140 
Er-80 2.340 
Er-0-Se 141" 

Tb-0-Se 140" 
La-80 2.560 
La-0-Se 139" 

Y-80 2.330 

Y-80 2.325 

Tb-80 2.380 

Ag-40 2.42(1) 
Ag-N 3.13 
Ag-40 2.43(1) 
Ag-N 3.13 
Cd-60 2.284(5) 
Cd-N 3.15 

57 

156 

157 

158 

159 

160 

160, 161 

162 

163 

33,34 

34 

33,34 

34 

34 

34 

42 

164 
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Ligand Cation [C] 

Ce(1V) 2.1 m 

Ce(II1) 2.0 M 

Er(III1 1.0 M 

1.0 M 

2.9 M 

MntIIl 4.4 M 

PO,"- Nit111 1.0 M 

Cd(I1i 1.0 M 

c20; - Fe(I1Ii 1.1 M 

CH;jCOO- Mg(I1) 1.5 M 

2.9 M 

Corn) 1.0 M 

MniIIi 1.5 M 

Zn(I1) 1.4 M 

CdtII) 1.0 M 

2.0 M 

SCN- A@I) 
HgcIIi 1 M 

CdtIIi 1 M 

Zn(I1) 1 M 

en Zn(IIi 1.8 M 
1.3 M 

CdtII) 1.9 M 
1.8 M 

iLI/iCl 

6 

3.0 

3.3 

9.5 

3.2 

2 

4.0 

5.0 

3 

2 

2 

2 

2 

2 

4.0 

2 

7.0 

7.0 

7.0 

3.2 
2.3 
3.4 
2.2 

Coord 

6 

0.9 

0.9 

2.0 

2.2 

0.6 

0.7518) 

0.95(6) 

3 

0.8 

0.8 

0.8 

0.8 

1.6 

1.70 

2.50 

4 

4 

4 

3 
2 
3 
2 

Bonding Ref. 

Ce-11.2 0 2.85 
Bidentate 
Ce-8 0 2.555(2) 
Ce-N 3.44(2) 
Er-0 2.35-2.45 
Er-N 2.86 
Er-0 2.32-2.45 
Er-N 2.78 
Er-0 2.37-2.45 
Er-N 2.86 
Mn-60 2.191(2) 
Mn-0-N 125" 
Ni-60 2.03(11 
Ni-0-P 136(2)" 
Cd-60 2.30(1) 
Cd-0-P 130(2)" 
Fe-60 2.005(1) 
Fe-6C 2.80 
Mg-60 2.089(4) 
Mg-0-C 125(3)" 
Mg-60 2.098(4) 
Mg-0-C 125(3)" 
CO-60 2.140(3) 
CO-0-C 125(3)" 
Mn-60 2.195(3) 
Mn-0-C 125(3)" 
Zn-60 2.075(4) 
Zn-0-C 125(3)" 
Cd-60 2.287(5) 
Cd-0-C lOO(2)" 
Cd-60 2.270(5) 
Cd-0-C lOO(2)" 
Ag-4 S 2.65 
Hg-4S 4.15(4) 
Hg-S-C 102(2)" 
Cd-2N 2.246(6) 
Cd-2S 2.649(3) 
Cd-N-C 149(1)" 
Cd-S-C 106(1)" 
Zn-4N 2.041(31 
Zn-N-C 145(1) 
Zn-6N 2.276(5) 
Zn-4N 2.131(9) 
Cd-6N 2.371(5) 
Cd-4N 2.339(4) 

165 

166 

36 

167 

168 

168 

169 

170 

170 

170 

170 

170 

43 
171 

171 

171 

172 

173 

(continued) 
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TABLE VI Continued 

Ligand Cation [Cl [Ll/[Cl Coord. Bonding Ref. 

Ni(I1) 

Ni(I1) 
CU(I1) 

2 

Cu(eni3 

tren Zn(I1) 2.2 M 1 Zn(tren)Cl 

Zn(I1) 

Cu(gly), 

Ni-2N 2.102(7) 174 
Ni-20 2.10(1) 
Ni-6N 2.202(4) 
Cu-N 1.93 (eq) 175 

-N 2.92(at) 
Cu-N 1.72 (eq) 

-N 2.22(at) 
Zn-N 2.09(2) 176 

Ni-0 2.03 177 

Cu-0 1.98 (eqi I78 

-0 2.37(3) 

-N 2.14 

-0 2.27(at) 
-N 1.99 

cu-0 2.02 
-N 2.02 

Zn-0 2.12 179 
-N 2.12 

[C] = concentration ofcation. [Ll/[Cl = ratio between anion and cation concentration. 
Coord. = average number of coordinated ligands. “Bonding” gives the type and number 
of bonded atoms, bond length, and bond angle. en = ethylenediamine; tren = triamino- 
triethylamine; gly - = glycinate. 

given in Fig. 22. If inner-sphere nitrate complexes are formed the 
metal-nitrate interactions should appear in the region between about 
2.5 and 4 A. It is obvious that the RDFs in Fig. 22 cannot be used to  
derive an  unambiguous model for the nitrate complexes because of the 
many overlapping interactions and the resulting nondistinct peaks in 
the region. 

By using the intensity difference curve the light atom interactions 
can be eliminated and the RDF, including only interactions involving 
the metal ions, can be calculated. The results, referred to the erbium(III1 
solutions, are shown in Fig. 23 for three nitrate solutions of different 
compositions, including the 2.9 M solution illustrated in Fig. 22. The 
intramolecular NO,- interactions together with all other nonmetal 
interactions are now eliminated and the first coordination peak appears 
as a separate peak. Its shape, however, depends on the composition of 
the solution, contrary to what was found for perchlorate solutions of 
similar compositions, and in comparison with these it is significantly 
broadened. For the 1 M solutions the difference is small but it becomes 
much more pronounced, when the concentration of nitrate ions is in- 
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FIG. 22. Radial distribution functions ( A )  and reduced RDFs (B) for 2.9 M isostructural 
yttriurn(II1) and erbium(II1) nitrate solutions. 

- 1  . 

1 

FIG. 23. The RDFs for three erbium(II1) nitrate solutions after eliminating nonmetal 
interactions. t A ]  1 M Er(NOJ3; (B)  1 MEr(NO3I3 + 6 M LiN03; and (C) 2.9 MErfNOa)3. 
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2 -  

1 -  

creased. Although the specific metal-nitrogen interactions are not re- 
solved from neighboring peaks the changes in the first and second 
coordination spheres in the nitrate solutions, when compared to the 
perchlorate solutions, can be related to the bonding of a bidentate 
nitrate ion to erbium(III), as illustrated in Fig. 24. The expected Er-N 
distance of about 2.8 A leads to a broadening of the first coordination 
peak and the shoulder at about 4.1 A in the second coordination peak 

... * .  

. ... , .  

. .  
. .. 

. .  . .. . .  

FIG. 24. The RDF for solution B in Fig. 23, after elimination of nonmetal interactions 
(solid line) is analyzed by comparison with peaks calculated for a bidentate bonding of 
two nitrate ions to erbium(II1). The lower half shows the separate peaks Er-O(H20) at  
2.32 A, Er-0(NO3) and Er-N at  2.45 A and 2.8 A, Er-03 a t  4.1 A, and Er-H20 at  
4.6 A. In the upper half of the figure the sum of the individual peaks, indicated by dots, 
is compared with the experimental RDF. 
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results from the Er-0 distance involving the nonbonded nitrate oxy- 

A model calculation on the basis of this structure is illustrated in 
Fig. 24 for one of the solutions. It leads to a symmetric or only slightly 
asymmetric bidentate bonding of about two nitrate ions to erbium (Fig. 
24) with the Er-O(N0,) bond lengths, 2.45 A, somewhat longer than 
the Er-O(H,O) bonds, 2.32 A, in the first coordination sphere. The 
Er3+ ion and the nitrate ligand are coplanar as shown by the Er-0, 
distance of 4.1 A. This bonding of nitrate to the metal ion is very similar 
to that found in crystals, with the same orientation of the nitrate ion 
and the same difference between Er-O(H,O) and Er-O(N0,) bond 
lengths (36).  

The same technique has been used to investigate the bonding of 
a tetrahedral oxoanion to erbium(II1) in aqueous solutions (33, 3 4 ) .  
Selenate rather than sulfate was chosen because of the higher atomic 
number and, therefore, the higher scattering power of selenium. Figure 
25 shows the RDFs, after elimination of nonmetal interactions, for a 
0.8 M erbium(II1) selenate solution and for a 1 M perchlorate solution, 
both of them normalized to a stoichiometric unit of volume containing 
one metal atom. The first and the second coordination spheres appear 
as distinct, well-separated peaks at 2.35 and 4.5 A. In the selenate 
solution, however, an  additional peak appears a t  3.7 A, which is not 
present in the perchlorate solution. It can only be explained as an  
Er-Se distance in an inner-sphere complex, resulting from a monoden- 
tate bonding of the SeO, group with a n  Er-Se-0 bond angle of about 
140". An analysis of this peak by comparison with theoretical Er-Se 
peaks shows the complex formation to be weak, however, and only 
about 0.4 SeO, groups are bonded to each Er3+ ion in the solution 
investigated. In crystals of erbium(II1) sulfates, which can be expected 
to have structures very similar to those of the selenates, the sulfate 
groups usually form bridges between different metal ions, but often 
have the same type of monodentate bonding with an average Er-0-S 
angle of approximately the same magnitude as found for the Er-0-Se 
angle in solution (34) .  

Since the metal-sulfur distance in an  inner-sphere sulfate complex 
appears in a region where a large number of other distances in the 
solution will also occur, a unique identification and structure determi- 
nation of sulfate complexes is difficult to make unless difference meth- 
ods can be used. Definite conclusions cannot generally be made on the 
basis of an analysis of a single diffraction curve only. Data for several 
solutions of different compositions are needed and a careful analysis 

gen, 0 3 .  
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perchlorate solution 

Er-Hz0 

selenate solution 

Er-Hz0 

0 1 7 3 4 6 

FIG. 25. RDFs for 1 M erbium(II1) perchlorate and selenate solutions after elimination 
of nonmetal interactions. The monodentate bonding of Se0,'- is shown by the Er-Se 
peak in the RDF for the selenate solution. 
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is required of both intensity curves and RDFs. Controversies in the 
literature demonstrate the difficulties involved (117, 118, 160, 161 1. 

Complex formation with several other polyatomic ligands have been 
investigated and results reported in the literature are summarized in 
Table VI. Some of the ligands, because of their internal structure, are 
more favorable for structure determinations than others. 

The internal structure of a polyatomic ligand is obtained as an addi- 
tional result in these investigations. Its high concentration and the 
sharp intramolecular distances often result in dominant contributions 
to the diffraction curves and make possible a precise determination 
of its bonding distances. When careful analyses have been made, no 
significant differences from values found in crystals have been found, 
however. Therefore, the derived structure for the ligand can serve as 
an internal check on the quality of the data. Large deviations from 
values found in crystal structures may be an indication of errors in the 
data or in the method of analysis. 

XII. Nonaqueous Solutions 

Although aqueous solutions have been the main object of interest, 
X-ray diffraction can also be used to study nonaqueous solutions, and 
to investigate, for example, the influence of a solvent on the structure 
of a specific complex. A summary of results of structure determinations 
of complexes in nonaqueous solvents is given in Table VII (180-199). 

Nonaqueous solutions often have specific characteristics which make 
them more favorable for structure determinations by X-ray diffraction 
than aqueous solutions. An illustration is given in Fig. 26, which com- 
pares the RDF for a 3 M aqueous silver(1) nitrate solution with that for 
a similar solution in the aprotic solvent dimethylsulfoxide, DMSO. The 
RDFs are given after subtracting the known intramolecular DMSO and 
NO,- interactions and they are both normalized to a stoichiometric 
unit of volume containing one Ag atom. The Ag' ion is four-coordinated 
in aqueous solution, but the corresponding Ag-H,O peak at 2.4 A is 
extensively overlapped by H20-H20 hydrogen bonding distances. In 
DMSO such interactions are absent and here the peak is much better 
resolved. The first part of the two peaks are identical, however, indicat- 
ing the Ag-0 bonding distances and the coordination number for 
Ag(1) to be the same in the two solvents, the DMSO molecule being 
coordinated over oxygen. The DMSO solution also shows a distinct peak 
at 3.5 A, corresponding to the Ag-S distance (Fig. 26) in the DMSO 
solvated Ag' ion, and this can be used for an independent determina- 
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TABLE VII 

STRUCTURES OF COMPLEXES IN NONAQUEOUS SOLUTIONS' 

Cation Solvent* IC1 Anion [Al/[Cl Complex Bond Ref. 

PY 1.1 M 
PY 0.9 M 

melt 
tht 0.8 M 

1.8 M 

1.5 M 

dmso 3 M  

dmso 0.5-1 M 

dmso 2.5 M 
1.7 M 
1.3 M 

dmso 0.3 M 
dmf 1.0 M 

1.0 M 

dmso 0.7 M 

meth 3.9 m 
eth 3.8 m 
meth 1.1-3.3 

dmf 
an + 
dmso 
dmf 

0.6 M 
dmf 0.9 M 

0.9-2.5 M 
1.0-2.0 M 

dmso 1.3-4.4 M 

dmso 0.6-3.2 M 

dmso 1-1.5 M 

meth 1.5 M 
dmso 0.4 M 
dmso 0.4 M 

c10; 1 
Sb(C,H& 1.7 

I -  

I -  
CIO; 

Br-  

NO, ~ 

I- 

I -  
I -  
I -  
SCN ~ 

SCN - 
CIO, 

CIO, - 

CI - 
CI - 
c1- 

CIO, ~ 

CIO, - 
I -  
I -  

1- 

Br - 

CI ~ 

CI ~ 

Br - 
CI ~ 

0.2-0.7 
1 
1 

1 

1 

1.5-4 

2.0 
3.0 
3.8 
4.5 
2 
5-6 

2 

2 
2 
2 

2 
2 
2-4 
3-4 

1-2 

1-4 

1-3 

2 
4.5 
4.5 

-N 2.30(2) 
-Sb 2.680(3) 
-N 2.38(2) 
--I 2.82 
-S 2.526(7) 
-Ag 3.070(11) 
--I 2.824(4) 
-S 2.65 
-Ag 2.866(5) 
-Br 2.592(3) 
-S 2.65 
-0 2.42(1) 
-S 3.49(1) 
--I 2.775(5) 
--I 2.86(1) 
-Ag 2.94 
-1 2.769(4) 
--I 2.773(3) 
--I 2.790(3) 
-S 2.634(1) 
-0 2.296(4) 
-N 2.23(2) 
-S 2.57(2) 
-0 2.292(3) 
Cd-0-S 126(1Y 
-Cl 2.30 
4 1  2.30 
-0 1.95, 2.44 
-Cl 2.24 
-0 2.03(3), 2.43(5) 
-0 2.00(1) 
--I 2.80(1) 
--I 2.73(1) 
--I 2.60(1) 
I-Hg-I 165" 
--I 2.625(2) 
I-Hg-I 159(2Y 
-Br 2.636(4) 
-Br 2.548(4) 
-Br 2.455(3) 
Br-Hg-Br 165(3Y 
-C1 2.434(4) 
-C1 2.350(4) 
-C1 2.308(3) 
-Br 2.628(3) 
-Cl 2.532(2) 

180 

181 
182 

183 

184 

185 
186 

96 

62 

187 

171 

188 

189 

190 
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TABLE VII Continued 

Cation Solventh IC1 Anion [AI/ICI Complex Bond Ref. 

Hg(I1) dmso 

Hg(I1) dmso 

Hg(I1) py 

PY 

PY 

Hg(I1) py 
PY 
PY 

Hg(II1 tht 

tht 

LaiIII) meth 

LaiIII) meth 

ErtIII) dmso 

dmso 

Mg(I1) meth 
Mo(I1) eth 
TNIII) CH,CI, 
ZniII) acet 
Zn(I1) dmso 
Zn(I1) dmso 

0.4-0.9 M 

0.3-0.8 M 

0.7 M 

0.7 M 

0.9 M 

1.2 M 
1.4 M 
1.2 M 
0.8 M 

0.7 M 

2.0 m 

2 m  

0.9 M 

1.0 M 

1.4 M 
0.7-1.5 m 

0.8 M 
4.2 m 
0.3 M 
0.7 M 

c10, 

SCN 

I 

Br 

CI 

I 
Br 
c1 
I 

Br 

CI 

c1 

NO 3 

CI 

CI 
CI 
I 
Br 
SCN 
c10, 

2 

1-4.6 

2.0 

2.0 

2.0 

1.0 
1.0 
1.0 
2 

2 

3.0 

3.0 

3.0 

3.0 

2 
2.3 
4.0 
2.0 
4.5 
2 

Hg(drnso), 

Hg(SCN1, 

Hg(SCN), 
Hg(SCN), 

HgI,(PY 12 

HgBrz(PY), 

HgCMpy), 

CH,HgI 
CH,HgBr 
CH,HgCI 
HgI,(tht 1, 

HgBrJtht Iz 

LaCl,(meth), 

0-4 

Er-5.9(3)dmso 

Er--1.5 NO, 
5.2(3) dmso 

1.3(1) C1 

Mg(meth), 
Mo,CI, 
TlI, 

2 
Zn(NCS), 
Zn(dmso1, 

-0 2.393(5) 
Hg-0-S 120.2(10)' 
--S 2.410(2) 
--S 2.464(3) 
-S 2.547(4) 
Hg-S-C 107" 
-1 2.665(2) 
-N 2.43(2) 
I-Hg-I 143(2) 

-N 2.45(2) 
-Br 2.497(2) 

Br-Hg-Br 151(3) 
4 1  2.375(10) 
-N 2.47(2) 
-1 2.649(3) 
-Br 2.480(3) 
-C1 2.325(8) 
--I 2.670(4) 
-S 2.72 
I-Hg-I 143(2F 

-S 2.62 
-Br 2.535(6) 

Br-Hg-Br 132(2) 
-C1 2.95 
-0 2.48 
-Cl 2.95 
-0 2.48 
-0 2.31(2) 
-S 3.516(5) 
Er-0-S 133" 
-N 2.85(4) 
-0 2.36(3) 
-S 3.450(5) 
Er-0-S 124" 
-C1 2.57(2) 
-0 2.065(3) 
-Mo 2.65 
--I 2.771(3) 
-Br 2.40 
-N 1.93 
-0 2.127(5) 
-S 3.147(3) 

96 

185 

191 

192 

193 

194 

195 

37 

196 
197 
198 
135 
185 
199 

" [CI = concentration of cation. [Al/[Cl = ratio between anion and cation concentration. "complex" = The 

I' py = Pyndine; tht = tetrahydrothiophene; dmso = dimethylsulfoxide; dmf = dimethylformarnide; 
romplex formed or the number of coordinated ligands. "bond" = Type of bond and bond length in A. 

meth = methanol; eth = ethanol; a n  = acetonitrile; acet = acetone. 
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DMSO ~ D(r)-4'ITrzp, 

A 

t 

L o , , , , , , , . , , , , , , , , ,  
0 1 2 3 4 5 b A  

Hydrated Ag' S o l v a t e d  Ag' i n  DMSO 

FIG. 26. Comparison between radial distribution functions for 3 M silver(1) nitrate in 
aqueous and in DMSO solutions. Intramolecular interactions of the solvent molecules 
have been removed. The derived structures for the solvated silver(1) ion in the two 
solvents are shown. 
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tion of the coordination number. It also allows a determination of the 
Ag-0-S bonding angle, 126", which gives the orientation of the 
DMSO molecule in the coordination sphere (183). Since hydrogen atoms 
give very weak contributions to the scattering data the corresponding 
orientation of the solvent molecules in the aqueous solution cannot be 
determined. 

By isostructural substitution, using the Er3+-Y3+ pair, the struc- 
tures of chloride and nitrate complexes of Er3+ in DMSO solution 
have been determined and can be compared with the structures of 
corresponding complexes in aqueous solution (37). The deconvoluted 
RDFs for 1 M erbium(II1) nitrate and chloride solutions, calculated 
from difference curves, are shown in Fig. 27. The structures for the 
complexes were derived from these RDFs and the final parameter val- 
ues were obtained by least-squares refinements using the intensity 
difference curves. The bonding of the ligands and a comparison between 
experimental values and values calculated for the derived models are 
shown in Fig. 27. 

Chloride ions in aqueous erbium(II1) solutions are coordinated in the 
first sphere only at  very high concentrations, while nitrate ions form 
inner-sphere complexes already at  rather low concentrations. In DMSO 
the complex formation with chloride is much stronger relative to that 
of nitrate, which probably in part can be ascribed to a relative difference 
in solvation of C1- and NO3- in water and in DMSO (37). The nitrate 
ion is bidentately bonded, as was also found in aqueous solution. 
Er-O(DMS0) bond lengths are significantly shorter than Er-O(N0,) 
bonds, as is also observed in the crystalline solvate and in aqueous 
solution. The average Er-0-S angle is 130°, which is close to  values 
found in crystals. The presence in the RDFs of peaks corresponding to 
Er-C distances indicate a restricted rotation around the S-0 bonds 
with the trans configuration (Fig. 27) apparently preferred (37). 

Halide complexes formed by mercury(I1) in DMSO solutions have 
been extensively investigated. The HgBr,'- and Hg1,'- complexes are 
regular tetrahedra with bond lengths not significantly different from 
those found in aqueous solution (Tables I11 and VII). The HgBr3- and 
Hg1,- complexes are approximately tetrahedral with a DMSO molecule 
occupying the fourth corner of the tetrahedron and with X-Hg-X 
angles slightly larger than expected for a regular tetrahedron. The 
same structures, with H,O replacing DMSO, are found in aqueous 
solution. In many organic solvents the solubility of the HgX, complex 
is much larger than in water, which allows a determination of its 
structure by X-ray diffraction. It is found to be not quite linear with an 
X-Hg-X angle in DMSO of about 160°, which deviates significantly 
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D"' ( Y )  X lO"/ le  

Nitrate i.\ 
3 I 1 '1 

1 2 3 4 Y / A  

FIG. 27. RDFs for 1 A4 erbium(II1) nitrate and chloride solutions in DMSO (solid 
lines) with nonmetal interactions eliminated. DMSO is coordinated over oxygen with an 
average Er-0-S angle of abut 130". Nitrate is coordinated as a bidentate ligand. The 
Er-Cl distance for chloride in the first coordination sphere is 2.57 A. Theoretical values 
calculated for Er(N03)1 S(dmso)5 in the nitrate solution and ErCl, 3(dmso)s in the chlo- 
ride solution are marked by dots. The contributions from the coordinated anions (NO3- 
or C1-1 are separately shown as dotted lines. 

from the linear value of 180" (Table VII). It has been shown by similar 
investigations in other solvents that this angle is variable and it has 
been related to the coordination power of the solvent (191,193). Values 
varying from about 135" in tetrahydrotiophene to about 160" in DMSO 
have been found (Table VII). 
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In the absence of complex-forming anions mercury(I1) is found to be 
octahedrally solvated in DMSO with Hg-0 bond lengths of 2.39 A 
(Table VII), compared to  2.41 A in the octahedrally hydrated Hg2+ ion 
in aqueous solution (Table 111). The values are significantly longer than 
those found in the corresponding crystal structures, which are 2.34 A. 
No such differences are observed for the corresponding cadmium(I1) 
solvates, where the average Cd-0 bond length is 2.29 A. The angles 
M-0-S are 120" for Hg and 126" for Cd and do not differ significantly 
from corresponding values in the crystalline solvates (96). 

XIII. Polynuclear Complexes 

Polynuclear complexes, which contain several metal atoms, have 
structures, which cannot usually be derived from solution X-ray diffrac- 
tion data alone. However, since the intramolecular metal-metal dis- 
tances in these complexes are well defined and limited in number, they 
give distinct contributions to the diffraction data and can often be 
precisely analyzed in terms of distances, frequencies, and rms varia- 
tions. When compositions and concentrations of the complexes are 
known from other measurements, this information can be sufficient for 
a derivation of the structures. The method has been applied to several 
hydroxo and 0x0 complexes and to some halogeno complexes of primar- 
ily heavy metal ions. 

When hydrolyzed in aqueous solution most metal ions form polynu- 
clear hydrolysis complexes: 

qMZ* + pH20 s M,(OH),'q'-P'' + pH' 

The composition of these complexes and their stability constants have 
been determined for a large number of metal ions primarily with the 
use of emf methods (200, 201). The free hydrogen ion concentration 
and in some cases the free metal ion concentration are determined as 
functions of the stoichiometric hydrogen ion and metal ion concentra- 
tions. From measurements on series of solutions of different concentra- 
tions the number of metal atoms in a complex and its charge can be 
derived, but no information is obtained on the number of water mole- 
cules in the complex. Since emf measurements are influenced by 
changes in activity factors they have usually been done in an inert 
ionic medium of high concentration (3 M NaC10,) and at low metal ion 
concentrations. The major complexes formed, however, have been found 
to be stable also in the concentrated solutions needed for X-ray diffrac- 
tion measurements, and the stability constants determined seem to be 
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approximately valid. For some systems polynuclear complexes with the 
same number of metal atoms as those derived for solutions have also 
been found as discrete units in crystals. 

Structure determinations of polynuclear complexes in aqueous solu- 
tions are summarized in Table VIII (202-222). 

The analysis of solution diffraction data for these systems can be 
illustrated by results for indium(II1) in aqueous perchlorate solutions 
(211). The RDFs for two concentrated solutions (-4 MI,  one slightly 
acid containing no hydrolysis complexes and one with hydrogen ions 
removed, each normalized to  a stoichiometric unit of volume containing 
one In atom, are compared in Fig. 28. The major difference between 

TABLE VIII 

STRUCTURE DETERMINATIONS OF POLYNUCLEAR COMPLEXES IN AQUEOUS SOLUTION 

Metal Conc. Anion Complex Bond 1engthiA Ref. 

B i ( I I I ) 5.8 M C104- Bi,(OH),, Bi-Bi 3.70 202 
Bi(II1) 4.7 M C104- Bifi04(0H), Bi-Bi 3.70 203,204 
Hf(1V) 0.5-2 m C1- Hf,(OH)&H20)12 Hf-Hf 3.57 205 

2.0 m Br -  Hf4(OH)&H20)16 Hf-Hf 3.57 
Zr(1V) 2.0 m c1- Zr4(OH)s(HzO),fi Zr-Zr 3.57 

2.0 m Br ~ ZJ-,(OH)@~O)~~ Zr-Zr 3.57 
Z r W )  2.1-3.0 M ClO,- Zr4(OH)R(H20)1fi Zr-Zr 3.57 206,207 

3.5-5.0 M C1- Zr4(OH)a(H20)16 Zr-Zr 3.57 
3.1-3.3 M Br-  Zr4(OH)8(HzO)lfi Zr-Zr 3.57 

HAIV) 1.7 M C1- Hf4(OH)8(HzO),z Hf-Hf 3.57 
Hg(1) 1.1-5.6 M C104- Hg2(HzO)z Hg-Hg 2.52(1) 208 
Hg(I1) 3.5-4.6 M C104- Hg,(OH)(H20)2 Hg-Hg 3.64 209,210 

Hg,O(H20)j 
Hg40(OH)(Hz0),3 

In(II1) 4.0-4.8 M NOB- In4(OH),(HZO) 12 In-In 3.89 211 
Mo(V1) 1.6-2.0 M PO:-, ClO4- Mo,0z4, Mo5P2OZ3 212 
Mo(V1) 1.6-2.0 M PO:-, ClO,- Mo9POJ4 213 
Mo(V1) 1.6-2.0 M AsO:-, C10,- MogAsOB4 214 
Mo(V1) 2.0 M M07024, MOs026 215 
Mo(V1) 1.7-1.8 M Mo6AszOz7 216 
Pb(I1) 1.9 M C104- Pb,(OH)d Pb-Pb 3.854(5) 21 7 

1.6 M C104- Pb6O(OH)6 
Rh 0.4-0.9 M NO3- RhzO(N03)(Hz0)8 Rh-Rh 3.1 218 

Th(1V) 2.0 M NOS- >Thz(OH), Th-Th 3.94 219 
U(IV) 2.2 M C10,- U-U 4.00 130 
U(V1) 3.1 M C1- (U02)2(0H)~Cl~(HzO), U-U 3.9 206,220 

Sn(I1) 3 M C10,- Sn3(OH), Sn-Sn 3.6-4 122 

(UO2)3(0H)4C13(H20)3 
U(V1) 0.5-0.9 M CO2- (UOZ )&C03 )6 U-U 4.946(5) 221 
W(V1) 3.7 M H4SiW 1Zo4O W-W 3.36-3.71 222 
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FIG. 28. RDFs for an acid and a hydrolyzed indium(I1I) nitrate solution and the 
corresponding difference curve, which shows the sharp In-In interaction a t  3.9 A in the 
polynuclear hydrolysis complexes. Theoretical peaks, calculated for the models to  the 
right, are shown by dashed lines. 
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them is a sharp peak, which appears only for the hydrolyzed solution. 
In the difference between the two RDFs this peak a t  4.0 A remains and 
appears on a smoothly varying background curve, which has no other 
distinct features (Fig. 28). The peak is closely reproduced by a theoreti- 
cal Gaussian In-In peak calculated for a distance of 3.89 A, with a 
rms variation of 0.12 A and a frequency corresponding to 0.65 In-In 
distances per In atom. A very similar In-In distance, 3.95 A, is found 
in crystal structures, where the In atoms are joined by single hydroxo 
bridges (223,224), suggesting that the same type of bridging occurs in 
the hydrolysis complexes in solution. Since the RDF indicates no other 
In-In distances the complexes can only be dinuclear (0.5 In-In dis- 
tances per In atom) or contain the In atoms arranged a t  the corners of 
a regular triangle (1.0 In-In distances per In) or a tetrahedron (1.5 
In-In distances per In). Since the analysis of the RDFs shows an 
average value larger than 0.5 In-In distances per In atom, some of the 
complexes must contain three or four In atoms. 

emf data on solutions of similar compositions have been explained 
by the formation of tetranuclear complexes, In,(OH),G+ (225). It seems 
likely, therefore, that tetranuclear complexes are dominant in the solu- 
tions. 

An analysis of the RDF for the acid solution shows that the In3+ ion 
is bonded to six water molecules at 2.17 A (Fig. 28). The same In-H,O 
distance is found for octahedrally coordinated In3 + in crystal structures 
(223, 224). According to the difference curve this coordination is not 
changed by the hydrolysis. A possible model for a tetranuclear complex 
with four octahedrally coordinated In atoms occupying the four corners 
of a regular tetrahedron and joined by single hydroxo bridges is shown 
in Fig. 28. It is consistent with the experimental data and seems to be 
a likely model for the hydrolysis complexes formed in solution, but has 
not yet been found in crystal structures. 

emf measurements on aqueous lead(I1) solutions have been interpre- 
ted in terms of two dominant complexes (226): 

4PbZ' + 4H,O s Pb,(OH),4+ + 4H' 

6Pb2+ + 8Hz0 s Pb6(OH)$+ + 8H' 

The stability constants indicate that solutions can be prepared in each 
of which one of the complexes is solely dominant (Fig. 29). Diffraction 
curves for two such solutions, and for an acid solution containing no 
hydrolysis complexes, give RDFs as shown in Fig. 30 (21 7). The Pb-Pb 
intramolecular interactions are very distinct and are clearly seen in 
the two hydrolyzed solutions. For the Pb, (OH):+ solution the single 
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I\ 
0.2 0.1 0.6 0.8 1.0 1.2 no" 

FIG. 29. The percentage of lead, bound in the different hydrolysis complexes, Ph,(OH), 
in a 2 M IeadrII) perchlorate solution, as a function of no", which is the average number 
of protons removed from each hydrated lead(I1) ion. 

Pb-Pb peak at 3.854(5) A is in close agreement with a theoretical 
peak calculated for a tetrahedral arrangement of the lead atoms in the 
complex (Fig. 30). 

For the Pb,(OH),4+ solution the changed Pb-Pb peak shape at 3.85 
A and two additional Pb-Pb peaks at, 6.4 and 7.1 A, indicate a more 
complex structure, which cannot be unambiguously derived from the 
limited information in the RDF. Crystals can be prepared, however, 
which contain discrete Pb,0(OH),4 + units with the structure shown in 
Fig. 30 (227). Theoretical peaks calculated for the Pb framework in this 
structure are in complete agreement with the peaks in the RDFs (Fig. 
301, which proves that the structure of the complexes are the same 
in solution and in crystals. Raman spectroscopic measurements are 
consistent with this interpretation. 

The combination of information from different sources thus makes it 
possible to  determine the structure of the complexes in solution even 
when the information contained in the solution diffraction curves is too 
limited for a complete and unambiguous structure determination. 

Although the metal-oxygen distances in the hydrolysis complexes 
are usually too weak and too irregular to give distinct features to a 
diffraction curve they can be observed and can sometimes be used 
to  choose between different conceivable models for the structure. In 
hydrolyzed bismuth(II1) solutions a dominant complex containing six 
Bi atoms has been shown to occur (201-204,226,2281. The octahedral 
arrangement of the six Bi atoms can easily be proved from the diffrac- 
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FIG. 30. Reduced distribution functions, D(r)-4nr2po, for 1.8 M lead(I1) perchlorate 
solutions. The upper curve is for a slightly acid solution (no" = 0 )  and the two lower 
curves for hydrolyzed solutions with no" = 0.97 (dashed line) and 1.33 (solid line). To 
the right is shown the arrangement of lead atoms in the tetranuclear (solid lines) and 
the hexanuclear (solid and dashed lines) complexes formed. Theoretical Pb-Pb peaks 
calculated for these structures (dotted lines) are given for comparison with the observed 
RDFs. 

tion data. The positions of the oxygen atoms in the complex, however, 
which can reasonably be assumed to be above the centers of the Bi-Bi 
edges or above the centers of the triangular faces in the octahedron, 
are not clearly indicated in the RDFs (201-204, 226). Discrete Bi, 
04(OH),4f units, where the 0x0 and hydroxo groups are positioned 
above the centers of the triangles, have been found in crystals (2031, 
however, and it can be shown that theoretical peaks calculated for this 
model are in significantly better agreement with the observed radial 
distribution function than are other models for the oxygen positions 
(204 1. 



STRUCTURES OF COMPLEXES IN SOLUTION 223 

A different type of bridging occurs in hydrolysis complexes of tho- 
rium(1V) (219) and uranium(1V) (130). Here a distinct peak at  3.94(2) 
A in the hydrolyzed solutions can be ascribed to  the metal-metal dis- 
tances in the hydrolysis complexes. Discrete dinuclear complexes with 
a very similar metal-metal distance, 3.98") A, in which the metal 
atoms are joined by double hydroxo bridges have been found in crystals 
of Th,(OH2)(N03)6(H20)s (229). The same type of bridging, therefore, 
must occur in solution. When hydrolysis is increased, however, the 
number of metal-metal distances per metal atom increases beyond a 
value of 0.5, valid for a dinuclear complex, and larger hydrolysis com- 
plexes are obviously formed. These structures are unknown but an 
extensive X-ray investigation of highly hydrolyzed thorium(1V) solu- 
tions has shown that there is probably no close relation between the 
structures of the hydrolysis complexes in solution and the structure of 
thorium dioxide, which is the ultimate product of the hydrolysis process 
(230). 

Uranium(V1) also forms polynuclear hydrolysis complexes in solu- 
tion, in which the uranium atoms are joined by double hydroxo or 0x0 
bridges. In chloride solutions the chloride ions can replace some of 
the bridging hydroxo groups. Depending on the type of bridging the 
intramolecular U-U distances vary between 3.7 and 4.0 A. The coordi- 
nation around the uranium atom is a pentagonal bipyramid with the 
linear uranyl groups, U022', perpendicular to the plane through the 
uranium and the bridging atoms. The structures in solution could be 
derived by using information from solution diffraction measurements, 
crystal structure determinations, and equilibrium emf measurements 
(206, 220). 

Similar types of bridging between the metal atoms have been found 
for other metal ions, although complete structure determinations have 
not always been possible to make. MercuryW forms hydrolysis com- 
plexes in which three Hg2' ions are joined by an 0x0 group. Tin(I1) 
forms complexes by similar bridging as found for lead(I1) (Table VIII). 

Is0 and hetero polymolybdates and polytungstates in solution, which 
form compact structures containing several metal atoms, give distinct 
contributions to a solution diffraction pattern, but the structures are 
too complex to allow a complete structure determination from solution 
X-ray diffraction data alone. Since a large number of them have been 
found as discrete complexes in crystals, theoretical curves for these 
known structures can be used for identification of similar complexes in 
solution. Changes in the diffraction pattern for a solution of a known 
complex, when the composition of the solution is changed, can then give 
information on the resulting structural changes in the complex. 

At high pH values molybdenum(V1) occurs as tetrahedral MOO,'- 
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ions in aqueous solution. On acidification the heptamolybdate ion, 
Mo70242-, well known from crystal structures, is formed. emf data have 
indicated a transformation of the heptamolybdate into an octamolyb- 
date on further acidification of the solution (Fig. 31). X-ray diffraction 
data on a series of 2 M lithium molybdate solutions of increasing acidi- 
ties also indicate that a structural change occurs (Fig. 31) (215). In 
order to identify complexes formed the RDFs can be compared with 
theoretical curves calculated for structures of complexes found in crys- 
tals. Theoretical peaks for the known structure of the heptamolybdate 
ion Mo7O2:- and for two octamolybdate ions, Mo80264- and Mo8022- 
are shown in Fig. 32, which also gives the separate contributions from 
the Mo-Mo, the Mo-0, and the 0-0 interactions. The characteristic 
features of the curves are given primarily by Mo-Mo interactions, 
while the much larger number of 0-0 interactions gives only a rather 
smooth background curve. The observed changes in the RDFs (Fig. 
31) can be shown to be consistent with a partial transformation into 
Mo8OZG4- complexes. The features of the curves are sufficiently distinct 

FIG. 31. The fraction of molybdenum bound in different species H,(MoO,), in a 2.00 
M molybdate solution as a function of -log[H+l. Vertical lines indicate compositions 
of solutions for which X-ray diffraction measurements were made. The corresponding 
distribution functions are shown to the right. The RDF for the heptamolybdate solution, 
B! is repeated (dashed lines) in the C-E solutions in order to bring out the changes. 
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FIG. 32. Peak shapes, calculated from crystal structure parameters for the heptamo- 
lybdate ion, Mo7O2?-, and for two octamolybdates Mo80264- and M O ~ O ~ ~ ' - .  The separate 
contributions from Mo-Mo distances (short dashes), Mo-0 distances (dotted lines), and 
0-0 distances (long dashes) are shown. 

to give a unique identification of the complexes and they show the 
bonding distances to  be the same in solution and in crystals. 

XIV. Concluding Remarks 

X-ray diffraction measurements can give direct structural informa- 
tion on complexes in solution, which cannot be obtained by other meth- 
ods. Although the complete structure of a solution cannot be derived 
from the limited information in a single one-dimensional diffraction 
curve, a separation of the distinct contributions given by i.stramolecu- 
lar interactions can often be made. This makes it possible to determine 
structures of complexes even in solutions with chemically complicated 
compositions. Comparison of diffraction curves for different solutions 
can give information on structural changes caused by changes in con- 
centration of a particular atomic species. 
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For a dominant complex in a solution precise determinations of the 
intramolecular distances can usually be made. Derivations of coordina- 
tion numbers and geometries will depend on the specific characteristics 
of the system investigated. Although solution X-ray diffraction mea- 
surements have been primarily concerned with the structures of metal 
aqua ions, other ligands and nonaqueous solutions often offer more 
favorable conditions for structure determinations of complexes. 
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