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Determination of structures of complexes in
solution from X-ray diffraction data
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Abstract - Methods for deriving structures of complexes in solution from
X-ray diffraction data are discussed. The use of isomorphic substitution
for separating specific interactions is demonstrated for some systems with
inner- and outer-sphere complex formation. The results are used to illus-
trate the difficulties encountered in making unique interpretations of
solution diffraction data.

INTRODUCTION

Knowledge of structures of complexes in solution is fundamental for interpretion of thermo-
dynamic and kinetic data, but detailed information on coordination numbers and intramolecu-
lar distances is not usually available. For complexes occurring in both the solid state and
solution, the solid state bond distances are generally assumed to be valid also in solu-
tion, although they are likely to be affected by the solvent used and by differences in
concentration and counter ions. Many complexes exist only in solution and are not known from
crystal structure determinations.

The only methods available, which can give direct structural information in terms of inter-
atomic distances and bond angles, are based on diffraction. The liquid state, however, is
not very favorable for a structure determination by means of diffraction methods. It does
not have the three-dimensional order which for a crystal gives a structure which can be
fully described by a limited number of parameters and leads to a strong three-dimensional
diffraction pattern. Also for a gas, conditions are more favorable since its one-dimensional
diffraction pattern results from intramolecular interactions only, which are directly relat-
ed to the structure of the individual gas molecule. For a solution the diffraction effects
are weak and since the molecules are closely packed, intramolecular as well as intermolecu-
lar interactions will contribute to the diffraction and will complicate the derivation of
the structures.

The limitations inherent in conventiocnal X-ray diffraction studies are partially overcome by
EXAFS methods (extended X-ray absorption fine structure) (ref. 1) and the use of differen-
tial anomalous scattering (ref. 2), which can give information on the environment around
specific atoms in a solution. Both, however, require the use of synchroton radiation, which
is not generally available, and they have limitations of their own. EXAFS sometimes seems to
give uncertain coordination numbers as well as distances. The anomalous scattering method
depends on relatively small differences in scattering powers and has not yet been exten-
sively used. Even in conventional diffraction methods a separation of interactions involving
specific atoms can sometimes be made. In neutron diffraction this can be accomplished by
using isotopic substitution (ref. 3), when suitable isotopes are available. In X-ray
diffraction a similar result can be achieved by using isomorphic substitution (ref. 4).

In a crystal structure determination, based on diffraction data, the number of independent
experimental observations exceeds the number of parameters to be determined. The system is
overdetermined and a unique structure determination is almost always possible. For a non-
ordered state,the number of parameters needed to describe the structure is not limited, as
for a crystal, and only a one-dimensiocnal diffraction curve is usually available for the
determination of an essentially three-dimensional structure. The system is underdetermined
and a structural model, consistent with the scattering data, will not necessarily be unique
and may not exclude the possible existence of other models, which may give equal or better
agreement. An overinterpretation of the data can easily be made. A structural model, on the
other hand, which is not consistent with the scattering data, can be excluded.
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An increasing number of diffraction investigations of liquids and solutions are being
carried out but relatively few of these have involved structure determinations of complexes.
The major interest seems to have been concentrated on hydrated metal ions in aqueous solu-
tion, primarily as part of investigations on structures of electrolyte solutions. Conse-
quently, ions from the first two groups in the periodic system have been the subject of a
large number of investigations (ref. 5-10).

The structure of a solvated ion and the structural change caused by the replacement of a
solvent molecule in the coordination sphere by a mono or polydentate ligand can in principle
be determined by diffraction methods. The stepwise building up of metal-ligand complexes
from the solvated metal ion can involve several coordination changes in addition to changes
in bond lengths and bond angles. Direct information on the structures of inner and outer
sphere complexes can be obtained by following changes in the diffraction patterns over a
range of concentrations. Polynuclear complexes often formed in solution, for example in
hydrolysis reactions, can be profitably studied by diffraction methods because of the dis-
tinct metal-metal interactions in the complexes. Another interesting field is that of very
concentrated electrolyte solutions. The structural change taking place when a metal ion
hydrate melts can be followed by diffraction measurements and can be related to its crystal
structure. The molten hydrate provides a link between the crystal structure and the very
concentrated electrolyte solutions, where the ordering is more pronounced than in dilute
solutions and for which the structures are not well known.

Direct structural information on complexes formed in sclution is needed and diffraction
measurements can provide at least part of this information. The results cannot be compared
to those from a crystal structure determination, but are in many cases, when combined with
information from other sources, sufficient for a derivation of the structures.

TREATMENT OF DATA

Experimental

Usually the intensity of the radiation scattered from the free surface of the solution is
measured as a function of the scattering angle, 28, in an arrangement having the Bragg-
Brentano parafocusing geometry (Fig. 1). The scattered radiation is filtered through a fo-
cusing single crystal lithium fluoride monochromator. Graphite can be used but is less effi-
cient in reducing unwanted radiation. The measured intensities are corrected for background,
absorption, multiple scattering and incoherently scattered radiation.

' N
x-ray tube

lE:

detector Fig. 1. Experimental arrangement
for X~ray diffraction measurement
on solutions.
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Theoretical
For a solution the structure can be described by correlation functions, gpq(r) , which give
the time averaged probability of finding an atom "g" at a distance r from an atom "p". The

(1)

nurber of "g" atoms between two spherical shells of radii ry and r, surrounding a "p" atom
is then given by the expression:

-1 2 2
n=an 4n 41 rgpq(r) dr (1)

L is the number of atoms "g" in a unit volume V. By a Fourier transformation of

where n V.
g

the correlation function the partial structure factor, Spq(s) , is obtained:
Spq(s) =1+ a1 [ (gpq tr)=1) sx-sin(rs) -dr 2)

Here s = 4n>\_1si_no. The wave length of the radiation is A and the scattering angle is 26. N
is the total number of particles in the volume V.
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If the partial structure factor has been determined the corresponding correlation function
can be calculated by a Fourier transformation:

Goq ) = 1+ v(ene) " | (8, (5)-1) 5+5in (rs) ds (3)

If a solution contains n different atomic species the number of different partial structure
factors is n(n+1)/2. The total structure factor is obtained as a sum over the partial
structure factors and the total correlation function is the sum over the corresponding par-
tial correlation functions.

The total scattered intensity from a solution, measured as a function of s in an X-ray
diffraction experiment and normalized to a unit volume, is equal to

= 2 -
I(s) anfp + Z):npan (s)f (s)(S (s)-1) (4)

where f(s) are the X-ray scattering factors for the atoms. The structure factors, S(s),
approach unity for large values of & which can be used for a normalization of the cbserved
intensities to a unit of volume chosen, by comparing observed intensities at large scattering
angles with the independent coherent scattering anfp . By subtracting the term In pf}zj from

the normalized intensity values the structure dependent part, the reduced intensity function
i(s), remains:

. 2
i(s) I(s) ):npfp Z):npanp(s)fq(s) (Spq(s) 1) (5)
Since the X-ray scattering factors, f(s), are functions of s the measured intensities are not
linear combinations of the different partial structure factors and a Fourier transformation
results in a convoluted correlation function. Since the contributions to i(s) are weighted
by the product of the scattering factors, and these depend on the number of electrons in an
atom, light atoms contribute much less than heavy atoms.

An electronic radial distribution function, D(r), can be calculated from the observed i(s)
values and is defined by the expression:

D(r) = 4nr Py * 2rm ] [ s°i(s) +M(s)-sin{rs)-ds (6)
where Po = (anz ) /V and ):(n 7 ) is the total number of electrons in the unit volume. M(s)

is a sharpening function mtroduced to compensate for the decrease in the values of the
scattering factors when s increases.

The radial distribution function, D(r), is a sum over the convoluted partial radial distri-
bution functions and this makes its information contents rather limited. For a complex in

a solution the interactions of interest are those involving the complex forming ions and a
separation of the corresponding interactions is needed for a determination of its structure.
Two methods are available which can achieve this. Isomorphic substitution leads to a sepa-
ration of the partial distribution functions involving the substituted ion, but its use is
limited by the number of available iscmorphous pairs. The specific characteristics of
intramolecular interactions can be used to separate them from those of other interactions in
the solution.

Isomorphic substitution
An agueous sclution of a metal salt, M.Lp, contains four different atomic species: the metal

ion "M", the ligand "L", and the atoms of the water molecules "O" and "H". The total number
of partial distribution functions is ten. If the number of atoms of each type in the unit
volume is given by Dyr Ay Dy and Ny respectively, we can write

i) = ooy folSyy(s)=11 + 2oyn £5; [Syy ()-11 + 2oy £ £LIS (s)-1] +

nﬁl fl\z,1 [Sm(s)—ﬂ + n2 f2 s) 1] + ZnOnL ofL, OL(s) 1] + (7)
- 2 g2 - -

nonfofylSog(s) =11 + nf £7 (/7 (8)=11 + 20 nyf £408 4 (s)-1] +

2 2

ny £y (S (e)-1]

The parts of this expression characterizing the metal ion interactions can be separated if a
substituent ion M' can be found, which has a scattering power differing from that of M, but
does not change the structure of the solution when replacing M. The difference between
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observed intensities for two solutions of the same compositions, one containing M and the
other M', will then contain only terms involving the metal ion, other terms being unchanged:

Al(s) = Zr’I\POfoAfM{SMO(S)_” + 2nManLAfM[Sl\IL_1] + ann'[-IfHAfM[SM-I(S)_” +
2 (E0=£- 2) [y, (8)=1] (8)

where AfM = fM - fM' . Normally the first two terms will be much larger than those involving
MH and MM interactions. A Fourier transformation using the convolution function fM/AfM
deconvolutes these terms in the difference function:

1 1

D'r) = amPp M+ 20m7! [ sead(s)esin(rs) -Ms) £y (af,) T ds (9)

where oM = (Eniz.)z/v includes only terms involving the metal ion and DM(r) is the part of
the disPributiofi function that involves the metal icn interactions.

A difference in bonding distances between M and M' would require a correction term in this
expression. In the examples, which will be discussed in the following, the differences are
small (=0.01 A) and the correction term will be ignored. It will also be assumed that for
the solutions and for the range of distances discussed the M-M interactions are not impor-
tant.

Intra- and intermolecular interations
For sharp interactions between two atoms "p" and "g", resulting from well defined intra-
molecular distances, the contribution to the intensity curve can be calculated from the
Debye expression
, =1_, 2
i(s) = 21f £ - (x sin(r_ s)-exp(-31Z_ s
(s) pq(pq) (pq)Xp(zpq

2 (10)

This is valid if each distance, rpq’ has a gaussian distribution about its average with a
Yoot mean square variation of lpq A. A sharp interaction, having a small lpq value, will give

larger contributions to the intensity curve at higher s values than that of an interaction
with a larger lpq‘ Well-defined distances will, therefore, be dominant contributors to the

high-angle part of a diffraction curve while other distances and non-bonded interactions will
contribute only in the low-angle region of the curve. The corresponding contribution to the
D(r) function can be obtained by a Fourier transformation analogous to the one used for the
experimental i(s) values. An intramolecular interaction will lead to a distinct peak in the
RDF, which can usually be distinguished from the diffuse peaks resulting from distances
between non-bonded atoms.

The scattering data can thus be analyzed in s space, by comparing observed and theoretical
i(s) values, or in r space, by comparing calculated peaks with those cbserved in the RDF.
In r space the intermolecular interactions are broad and diffuse. In s space they fade out
quickly. The intramolecular interactions, on the other hand, cause significant oscillations
in the structure factor even at high s values and result in sharp peaks in the RDFs.

STRONG COMPLEXES DOMINATING THE SCATTERING

Under favorable conditions an analysis of a single diffraction curve can lead to a unique
and precise structure determination of a dissolved complex. The procedure can be illustrated
by an investigation of the square planar PtCl,2- complex, for which concentrated aqueous
solutions can be prepared in which it is the dnly dominant complex (ref. 11).

For a 1 M (NH4)2PtCl 4 solution the experimental data are illustrated in Fig. 2a. The struc-

ture dependent part of the scattered intensity appears as oscillations around the smoothly
decreasing background curve of the independent coherent scattering Enpff3 . If this is

subtracted the reduced intensity curve, i(s), is obtained which contains the structural
information on the solution and forms the basis for the analysis (Fig. 2b). A Fourier trans-
formation converts the data from s space to r space and gives the radial distribution func-
tion (Fig. 2c). The three intramolecular distances in the square planar PtCl,2” complex lead
to distinct peaks in the RDF. By comparison with theoretical Pt-Cl and Cl—C.AL peaks the
relative frequency of each peak can be approximately estimated, which, together with the
ratios between the observed distances (Pt—Cl:Cl~Cl:C1-Cl = (1 : V2 :2), uniquely determine
the structure of the square planar complex. Calculated values for the intramolecular con-
tributions to the reduced intensity curve reproduce the experimental curve closely, except
in the low-angle region, where they no longer dominate over intermolecular interactions in
the solution (Fig. 2b). Subtracting calculated values from observed values leaves very
little of remaining structure in the diffraction curves, because of the dominant contribu-
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tions from the heavy metal complex. The region of the intensity curve in which the intra-
molecular interactions dominate over all other interactions in the solution is sufficiently
large to make a least squares refinement possible for the parameters characterizing them,
that is distance, d, frequency, n, and rms variation, 1.

The Pt—Cl distances can be determined with an accuracy equal to or better than in a corre-
sponding crystal structure determination, since data are available up to large © values.
Because of strong correlation between frequency and rms variation the accuracy with which
these parameter values can be determined will depend on the size of the s range in which the
interaction is dominant.

The Pt-Cl distance can be determined also from the peak position in the RDF. The peak size
and shape should give the frequency of the distance and its rms variation, but since the
Pt~Cl peak is partly overlapped by neighboring peaks (Fig. 2c) a further separation of
interactions is needed in order to get more precise information. The tetrachloro complex

of palladium(II) has the same square planar structure as PtCl,27. According to crystal struc-
ture determinations the Pt—-Cl and the Pd—Cl bond lengths are’equal and this is confirmed for
solutions by diffraction measurements. Palladium can, therefore, be used as an isomorphic
substituent for Pt and a separation of interactions can be made. The result of the separa-
tion is shown in Fig. 3. The Pt-Cl peak is now fully resolved and can be closely reproduced
by a theoretical peak calculated for 4 Pt—Cl distances of 2.311 & with an rms variation of
0.063 A, The longer interactions in which the Pt atom is involved begin to emerge at about

3 A, but do not indicate any pronounced structure around the PtCl42' complex (Fig. 3a). The

non-metal interactions in this region are dominated by HZO-HZO and Cl—H20 interactions
(Fig. 3b).

The results demonstrate that intramolecular interactions can be closely described by
Gaussian peaks and can be analyzed by comparison with theoretical peaks calculated according
to the Debye expression. This makes a quantitative analysis of a peak possible even if it is
not fully resolved in an RDF.
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INNER- AND OUTER-SPHERE COMPLEX FORMATION

Inner sphere complex formation takes place when water molecules in the 1st coordination
sphere of the metal ion are replaced by ligands. When the corresponding metal-ligand dis-
tances differ from the metal-water bonding distances and occur below the water-water
interactions in the bulk water the corresponding peaks are at least partly resolved and can
be approximately analyzed in terms of distance, frequency and rms variation for the inter-
actions. Outer-sphere complexes are formed when ligands replace solvent molecules in the 2nd
coordination sphere. The corresponding metal-solvent and metal-ligand distances will be
longer and will occur in a region where a large number of other distances in the solution
will also appear. A quantitative analysis will then not usually be possible.

The effects of complex formation on a diffraction curve is best demonstrated with a system
where isomorphic substitution can be used for a separation of interactions. The three-valent
ions within the lanthanide series are suitable examples since an isomorphous pair is avail-
able among them (ref. 12). They interact primarily electrostatically and their complex for-
mation in aqueous solution is weak. Yttrium, which chemically is closely related to the
lanthanides, has an ionic radius of the same magnitude as the lanthanides close to erbium
in the series. Yttrium and erbium form apparently isostructural solutions which can be used
to study the first and second coordination spheres around the metal ions and the effects of
different counter ions and concentrations.

Results for 1 M and 3 M agqueous solutions of erbium perchlorate are given in Fig, 4. In
their RDFs (Figs. 4a) the intramolecular interactions in ClOZ gilve peaks at about

1.5 A (C1-0) and 2.4 A (0-0). Er-H,0 interactions in a 1st coordination sphere are expected
at about 2.4 A. The Cl1-O peak is resolved in the D(r) function and can be analyzed by com-
parison with theoretical peaks. The Er-H,0 peak is best resolved in the concentrated solu-
tion, where bulk water interactions at about 2.9 A are less frequent. Approximate paramete
values can be obtained by comparison with theoretical peaks.

In the separated RDFs (Figs. 4b) the Er-H,0 peak is fully resolved for both solutions and is
closely reproduced by a theoretical peak “calculated for a coordination number of 8.0 and a
distance of 2.36 A with an rms variation of 0.10 A. A 2nd coordination sphere is indicated
at 4.5 & and is in approximate agreement with a gaussian peak for d = 4.50 A, n ~ 13 and

1 =10.24 & The ClO4— interactions appear in the non-erbium part of the RDFs (Figs. 4c). The
Cl-0 peak 1s consistent with a calculated peak for a Cl-0O distance of 1.465 A with a mms

value of 0.030 A. The O0-O peak is partly resolved only in the concentrated solution.
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Fig. 4. Radial distribution functions for a 1.00 M (left) and a 2.88 M
(right) erbium perchlorate solution. Both data sets normalized to a
unit volume containing one Er atom. Dotted lines are theoretical peaks
calculated for Cl1-0O in ClOZ : d=1.465 &, n=4.0, 1=0.030 A.

Er-H. O in 1st coord. sphere: d=2.36 &, n=8.0, 1=0.10 A
H, p

Er-H,0 in 2nd coord. sphere: d=4.50 A, n=13.0, 1=0.24 A,
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The ist coordination sphere is thus independent of concentration. The 2nd coordination
sphere is more complex and is less resolved in the more concentrated solution, where the num-—
ber of water molecules is no longer sufficient to fill out a 2nd coordination sphere. The
shape of the RDF in this region indicates that perchlorate groups are bonded in outer-sphere
complexes apparently with an orientation corresponding approximately to that of a bidentate
ligand.

Similar results are obtained for chloride solutions (Fig. 5) where the complications of a
polyatomic counter ion are not present. For 1 M solutions the 1st coordination sphere can
be described with the same parameter values as for the perchlorate solution, but the 2nd
coordination sphere is slightly changed. Apparently only solvent molecules fill out these
positions. In the concentrated solution the 1st coordination peak is still unchanged, but
the 2nd sphere is now represented by a double peak, presumably because not only water
molecules but also Cl1™ ions are present and outer-sphere chloride complexes are formed.
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Fig. 5. D (r) functions for a 2.40 M

(upper curve) and a 1.00 M (lower
curve) erbium chloride solution.
Both sets normalized to a unit
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The concentrated solutions lead to orientation effects which cannot be easily included in a
complete model for the structure and which are not present in the more dilute solutions,
where ions are separated by layers of water molecules. In the concentrated solutions on the
other hand the 1st coordination sphere is more dominant and can be more precisely determined.
The intramolecular interactions, including those of the 1st coordination sphere can be well
reproduced by gaussian peaks, which is not, however, the case for the 2nd coordination sphere
or for the non-bonding interactions, where the distribution of distances is no longer
gaussian.

It is always possible to resolve an RDF into a number of gaussian peaks, but this may not
have any physical, or rather chemical, significance. It can be useful, however, for analysing
a partly resolved peak. Results obtained with such a procedure have been reported for a
series of concentrated lanthanide chloride solutions (ref. 13). For the 1st coordination
sphere of erbium the results do not differ significantly from those obtained here using iso~
morphic substitution. The high charge of the erbium ion leads to strong bonds to its coordi-
nated water molecules and to well-defined coordination spheres. Several investigations of
the calcium ion, which has a size (Ca~H,0 = 2.40 A) similar to that of Er3* (Er-H2O = 2.36 A)
but a lower charge, have been reported %or chloride solutions using X-ray scattering

(ref. 14-16), neutron scattering (ref.317,18) and molecular dynamics methods (ref. 16&. Com-—
pared to the results obtained here Er>" has a lower rms variation (1=0.10 A) than Ca®t (1=
0.14 &) and, apparently, a more pronounced 2nd coordination sphere, as would be expected
because of the charge difference. For Ca?t, however, values obtained for the coordination
number range from about 5 to about 10.

When water molecules in the 1st coordination sphere are replaced by ligands and inner-
sphere complexes are formed the effect on the diffraction curves will be the appearance of
new interactions, which may not be resolved from other types of interactions. Diffraction
measurements on erbium solutions show inner-sphere complex formation with sulfate and
selenate, and with nitrate ions. For a 0.8 M erbium selenate solution this is indicated by

a peak at 3.75 A in (r), which can only correspond to an Er-Se interaction (Fig. 6). With
distances of 1.63 A for Se-O and 2.34 A for Er-O it corresponds to an Er-O-Se angle of about
1409, The SeO42' group thus acts as a monodentate ligand, which is similar to the bonding

found in crystal structures. The size of the peak corresponds to about 0.5 Se042‘/Er. The 1st
coordination sphere is not affected, except for a slight decrease of about 0.02 A in the

Er-O0 bond length. The remaining oxygens in the bonded selenate group will contribute to the
2nd coordination sphere, the shape of which differs from those in the other solutions.

In the non-erbium RDF part the intramolecular SeQ, interactions are closely reproduced
by theoretical peaks with Se-O distances the same as found in crystal structures. The Er-Se
peak is clearly indicated in the original RDF (Fig. 6b). Subtraction of the part involving
erbium (Fig. 6c) shows, however, in addition to Se-O interactions at 1.63 A and H,0-H.O
interactions at 2.9 A, an overlapping peak to be present at about 3.9 &, probably restlting
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in part from a hydration sphere around Se042". This will affect the appearance of the peak
in the non-separated RDF, which cannot, therefore, be used for a quantitative analysis,
although it shows that a complex formation takes place.

For a 1 M nitrate solution the 1st coordination sphere does not differ from those of the
other solutions except for a slightly longer Er—HZO distance (Fig. 7). An increased concen-
tration of the ligand leads to a broadening of theé peak and to the formation of a shoulder
at about 4.2 A on the peak of the 2nd coordination sphere (Fig. 7). A reascnable inter-
pretation is an inner-sphere bonding of one to two nitrate groups as bidentate ligands. The
Er-N distance is not resolved from the Er-H,O distance and the shoulder at 4.2 & corresponds
to the non-bonded oxygen of the nitrate grolip. As for the selenate complexes the nitrate com-
plex formation is indicated in the original RDF but cannot be separated from overlapping
interactions.

INTERPRETATION OF SINGLE DIFFRACTION CURVES

The results indicate that the prospects for investigating weak complex formation and in par-
ticular outer-sphere complex formation with diffraction methods are not good unless the re-
sulting peaks occur in a region where they are not distorted by contributions from other
types of interactions or a separation of interactions can be made. Obviously, the situation
will be more favorable for other types of ligands, preferably containing heavy atoms, and
for other types of solvents containing more than one atom that contribute to the scattering.
The data analysis then has to be limited to identification and separation of specific
intramolecular interactions in the solution. In combination with information from other
sources, this can be sufficient for a derivation of the complete structure of the complex.
The remaining solution structure cannot be uniquely derived from the diffraction curve but
is, on the other hand, not of interest in this context.

An approach (ref. 5,7) that is often used for interpreting solution scattering data, in
particular for the determination of hydration numbers of metal ions, involves the construc-
tion of a complete model for the solution, including intra- as well as intermolecular inter-
actions, often involving a large number of parameters, which is then refined by a least
squares procedure comparing observed and calculated intensity values. For each intramolecu-
lar interaction the distance, 4, its frequency, n, and its rms variation, 1, are used as
parameters. The 1st coordination sphere is included for the metal ion and for the counter
ion. The water structure is assumed to be that of pure water or is introduced in the re-
finement as water-water interactions. A 2nd coordination sphere is often included. Beyond
the discrete interactions in this "first neighbor model"” the structure is approximated by
an evenly distributed electron density outside a sphere of a radius R surrounding each
atom, A correlation between many of the parameters cannot be avoided but the refinements
usually lead to good agreement between observed and calculated values over the whole s
range and also lead to realistic values for the hydration numbers. The uncertainties in the
derived parameter values, however, are difficult to estimate, but are likely to be much
larger than the standard deviations seem to indicate. The results discussed for the erbium
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solutions show that distances within a 2nd coordination sphere and between water molecules
in the water structure and other intermolecular interactions cannot be described by gaussian
distributions and they are not usually resolved from other interactions. The same may be
true for the 1st coordination sphere, if the bonds to the metal ions are weak. The emer-
gence of a continuum of electron density outside a sphere surrounding an atom is a conveni-
ent but simplified description. Because many of the parameters are not independent, the
choice of model may affect the results obtained. Taking the erbium nitrate complexes as an
example, the metal-nitrogen interactions would be dependent on assumptions made about the
HyO-HpO interactions. For the selenate complexes the metal-selenium interactions would be
affected by assumptions made about intermolecular interactions.

Monoatomic ligands

The major part of the investigations of complex formation by diffraction methods, reported
in the literature, involves monoatomic ligands, primarily halide ions. Metal-chloride
distances in an inner-sphere complex will usually appear in a region between the metal-
oxygen bonding distances and the H,0-H,0 distances of the bulk water and will, at least in
part, be resolved in the RDFs. Inner-sphere complex formation with chloride can then be
easily distinguished, the metal chloride bonding distance can be precisely determined, and
the number of metal-chloride bonds per metal ion can be approximately estimated. For the
heavier halide ions, bromide and iodide, the metal-ligand and ligand-ligand distances will
be longer, but the corresponding interactions will be more dominant because of the higher
atomic nurbers, and therefore, more easily distinguished in the distribution functions.

For a determination of the coordination gecmetry of a complex the metal halide distance and
frequency are not sufficient. The ligand-ligand interactions are also needed, but cannot
usually be determined because of overlapping intermolecular interactions. As a further
complication several different complexes are usually present simultaneously in a solution.
An analysis, based on a single diffraction curve, will then give an average over the differ-
ent complexes, and the coordination geometry, which may be different for the different com-
plexes, camnot be determined. Detailed information on the structures can only be cbtained
by measuring diffraction curves over a range of ligand and metal ion concentrations for
solutions in which the concentrations of the individual complexes are known. Only very few
determinations of this kind have been carried out.

In an investigation (ref. 19,20) of the halide complexes of the thallium(III) ion,the
stability constants for the concentrated solutions needed for the diffraction measurements
were determined from NMR measurements of thallium-205 chemical shifts. Solutions with known
concentrations of the different complexes, which have well separated regions of existence,
could then be prepared. From the corresponding diffraction curves the T1-X and the X-X
interactions could be analyzed and a unique structure could be derived for each complex
(Fig. 8). The water positions_within the complexes could not, however, be determined, with
exception for the hydrated 713+ ion, T1 (H20)63+, since the corresponding T1-H,O interactions
could not be separated from other interactions in the diffraction curves. Knowing the posi-
tions of Tl and X, likely positions for the water molecules could be deduced using infor-
mation from related crystal structures. The contribution from the complexes dominates the
scattering curves and the remaining structure in the solution, which cannot be determined,
does not affect the results of the analysis. The hydrated thallium(III) ion is octahedrally
coordinated with six equidistant water molecules. The T1X,* ion is linear, but four HyO are
probably weakly coordinated leading to an approximately oftahedral arrangement. The bonding
of a third X~ ion results in a planar trigonal complex. The fourth X_ ion gives a regular
tetrahedral T1X,- complex. In chloride solutions an octahedral TlCl63' complex is formed at
high C1/T1 ratios. The coordination changes are accompanied by a continous increase in the
T1-X bond length (Fig. 8).

The halide complexes formed by zinc in aqueous solution (ref. 21) are less favorable for a
diffraction investigation since the regions of existence of the different complexes overlap
and solutions containing only one dominant complex cannot be prepared. The relative concen-
trations for the different complexes can, however, be determined from the Raman spectra of
the solutions and with the use of this information the diffraction curves lead to structure
determinations of the different complexes.

TiH, 0"

Fig. 8. Structures derived from
diffraction data for thallium
halide complexes in aqueous

B solution.
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Similar structure derivations have been done for the mercury(II) halide complexes in
aqueous solutions (ref. 22,23) and in non-aqueous solvents (ref. 24-26). In the aprotic
solvent DMSO mercury (IT) forms similar halide complexes as in aqueous solution, all with a
high solubility and with well separated regions of stability. DMSO coordinated to ng+ will
give contributions to the diffraction curve not only from Hg-O but also from Hg-S and Hg-C
interactions. Since these interactions can be identified from the diffraction curves the
orientation of the coordinated DMSO molecule can be determined. The solvated Hg2+ ion in
DMSO is octahedrally coordinated, the bonding being via oxygen with an Hg-O-S angle of 120°
(ref. 27), which does not differ significantly from the value found in the crystalline
solvate. This octahedral coordination changes into an approximately linear coordination in
HgXp. The I-Hg-I angle in HgI, is determined to be 159° and two weakly coordinated DMSO
molecules can be distinguished from the Hg-S interactions. The HgI3~ complex forms a slight-
ly flattened tetrahedron with a DMSO probably occupying the fourth tetrahedral site. The
HgBr3- and the HgClz- complexes are closer to a planar trigonal structure with two coordi-
nated DMSO molecules above and below the plane. The HgX4 ~ camplexes are regular tetrahedra.

Other non-aqueous solvents have similar advantages. The structure of the HgX, complexes have
been investigated also in methanol (ref. 25), pyridine (ref. 28,29) and tetrahydrothiophene
(ref. 30). The X-Hg-X angle has been found to vary with the solvent and the results have
made it possible to correlate the structural changes in the HgX,; complex with the donor
properties of the solvent.

Polyatomic ligands

Only a limited number of diffraction measurements on complexes containing polyatomic ligands
have been reported in the literature. Investigations of zinc sulfate solutions indicate that
the method of refining a complete model for the solution using a single diffraction curve is
too insensitive to prove the presence or non-presence of this type of complex formation (ref.
31-33). For a unique identification of metal-sulfur interactions comparisons between
diffraction curves for solutions of different concentrations are needed.

For erbium selenate solutions the Er-O-Se angle was found to be 140°, which shows the Seo42'
group to be bonded as a monodentate ligand (ref. 12). In cadmium sulfate solutions the
Cd-0-S angle has been found to be 134°, which is similar to values found in crystal struc-
tures (ref. 34-36). Similar M-O-S angles have been reported fOE sulfate complexes of other
metal ions: Cro% (vef. 37), Fe3* (ref. 38), In3* (ref. 39), Ni%* (ref. 40), Mn2* (ref.
40,41).

In nitrate complexes of Agt in aqueous solutions and in molten salts the NO3- ion is mono-
dentate with an Ag-O-N angle of about 115° (ref. 42,43) and the same type of bonding has
been found for ca2* (ref. 44) and Mn2* (ref. 45). Structures of phosphate complexes with
Ni2* and Cd4* (ref 46) and oxalate complexes with Fe3* (ref. 47) have been derived. Tran-
sition metal complexes with several organic ligands have been investigated by Chtaki and
coworkers (ref. 48,49).

Tetrathiocyanate, SCN~, is an ambidentate ligand with three atoms contributing to the
scattering. Its configuration in a metal ion complex can therefore be determined and struc-
tures of complexes with mercury(II), cadmium(II) and zinc(II) ions have been investigated
in aqueous (ref. 50) and DMSO (ref. 51) solutions.

Polynuclear complexes

A group of complexes, which can be profitably studied by diffraction methods, are poly-
nuclear complexes and cluster compounds. In the presence of heavy metal atoms the metal-
metal interactions within the complexes will give distinct contributions to the scattering
curves and the radial distribution functions, and precise parameters for the interactions
can be determined. The metal-metal distances give information on the type of bridging
between the metal atoms in the complexes and the number of interactions per metal atom shows
the degree of condensation. With the compositions of the complexes known from equilibrium
data and with use of information from crystal structures on the bonding characteristics of
the particular metal ion, the structure can often be derived.

Several polynuclear hydrolysis complexes of metal ions have been investigated in this way.
When a hydrated metal ion dissociates its protons the mononuclear hydroxo complexes first
formed are often condensed into larger complexes in which the metal ions are joined by
briging hydroxo or oxo groups. This is not usually a process of a continuous building up of
larger and larger complexes before the ultimate precipitation of hydroxide or oxide. Most
metal ions seem to form a limited number of discrete well-defined complexes, each dominant
within a particular pH interval. The compositions of the complexes and their stability
constants can be determined from equilibrium measurements. From diffraction curves on solu-
tions containing an optimal amount of a particular complex, as estimated from the stability
constants, the metal-metal interactions can be analyzed. Structures have been derived for

hydrolysis complexes of Pb2*t (ref. 52), Bis3* (ref. 53,54), ng+ (ref. 55), sn2* (ref. 56),
Thi* (ref. 57,58), U4* (ref. 59), U0 2% (ref. 60), zr'* and HE4* (ref. 61), In3* (ref. 62).

The radial distribution function for a non-hydrolyzed slightly acid indium nitrate solution
is compared in Fig. 9 with that for a hydrolyzed solution of the same concentration with a
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Fig. 9. Radial distribution functions for a 0 2z 4 6 &8 ©
slightly acid 4.0 M indium nitrate solution Fig. 10. Calculated peak shapes for
(upper curve) and a hydrolyzed solution (lower gome structurally l;:lated ?:opoly—
curve) both normalized to a unit volume con- molybdate ions (solid lines). The
taining one In atom. Dashed lines are theoret separate contributions from Mo-Mo

ical curves for In(Hy0)g3% (upper) and (short dashes), Mo—O (dots) and
Ing (OH) 4 (H,0) 1,8+ (lower) assumed to be present O}'lo (long dashes) interactions are
shown.

in the solutions.

composition corresponding to a removal of 0.75 protons per hydrated indium ion (ref. 62).
The difference between the two curves shows a sharp peak at 3.89 A. In crystal structures
this is the distance found between two In atoms joined by a single hydroxo bridge. The peak
at 2.17 & is the same in both solutions and corresponds to the 1st coordination sphere of
the In3+ ion. It is consistent with an octahedral coordination. The hydrolysis complexes
are thus built up from InOg octahedra sharing corners. An analysis of the peak shape, the
absence of other In-In peaks and results of equilibrium measurements leads to a structure
containing four tetrahedrally arranged In atoms. Calculated structure factors and peak
shapes for this complex are in agreement with the diffraction curve.

The structures of more complex species may not be possible to determine, but diffraction
curves can be used for their identification, if similar complexes are known from crystal
structure determinations. Structural changes in the complexes with changing compositions

of the solutions can then be followed and analyzed with the use of diffraction curves. The
heptamolybdate ion Mo70246‘ is well known from crystal structure determinations. It occurs
as the dominant complex in solutions obtained by acidification of a NapMoO, solution. On
further acidification it changes its structure and is partially converted into another poly-
molybdate ion. This process and the structural changes that take place can be followed by
diffraction measurements.

Calculated contributions from some known isopolymolybdate ions to a radial distribution
curve are shown in Fig. 10. Although they are structurally closely related the calculated
peak shapes are characteristically different. The Mo-Mo interactions give the pronounced
features to the shape of the curve, while oxygen-oxygen contributions, although larger
numerically, give a more diffuse background curve (Fig. 10). For the heptamolybdate the same
features can be recognized in the experimental data for a heptamolybdate solution. On
further acidifying this solution the corresponding distribution functions show characteris-
tic changes which can be used to identify the new complex formed, which is an octamolybdate,
MogOsc4~ (ref. 63).

SUMMARY

X-ray diffraction investigations on solutions can often give a unique structural information
on dissolved complexes, which cannot be directly obtained by other methods. For selected
systems with complexes that dominate the scattering or where separation of interactions can
be made, for example by isomorphic substitution, a complete and precise structure determi-
nation can be made. For other systems the information will be limited because intramolecular
interactions of interest cannot be resolved from other types of interactions. These diffi-
culties are of a principal nature and cannot be overcome by sophisticated data handling
procedures. Diffraction measurements on a series of solutions in which the concentration of
a specific species is systematically varied, is needed in order to get an optimal informa-
tion on the structures.
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