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Methods for deriving structures of complexes in solution from X-ray diffraction data
are reviewed. Some examples of structure determinations are discussed in order to
illustrate how the method can be used and its limitations.

X-Ray diffraction measurements on solutions can lead to
structural information on dissolved complexes which can-
not be directly obtained by other methods. Although the
diffraction effects are weak they can be efficiently analyzed
as a result of improved measuring and data handling tech-
niques, and an increasing number of solution diffraction
investigations are being carried out. Ordinary laboratory
X-ray equipment can be used for the data collection, and
computer programs for handling and analysis of the data
are available.! The information contained in the one-di-
mensional diffraction curve is limited and may not allow a
unique interpretation in terms of complete three-dimen-
sional structures for the complexes; however, significant
structural information can usually be derived. In the fol-
lowing a survey of the method is given and some examples
of structure determinations are discussed to show limita-
tions and potentials of the method.

Experimental data

An cxperimental arrangement for measuring X-ray scatter-
ing from a solution is illustrated in Fig. 1. X-rays, usually
MoKao. radiation with a wavelength A = 0.7107 A, are
scattered from the free surface of the solution in a 6-6

diffractometer using the Bragg-Brentano parafocusing geo-
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metry. The scattered intensity is reflected in a focusing
single-crystal monochromator of lithium fluoride before
reaching the scintillation counter. The intensity is meas-
ured as a function of 6, the total scattering angle being 20,
and different slit widths are used to cover the total 0 range.
In the high-angle region, which is of primary importance
for investigating structures of complexes, the diffraction
effects correspond to variations in the intensity of less than
a few per cent, and in order to obtain sufficient statistical
accuracy in the counting, long measuring times at discrete
intervals of 0 are needed. After corrections for background
radiation and for absorption in the sample, data from dif-
ferent 0 ranges are scaled to a common slit width. The final
data set produced by the computer consists of the observed
intensity values as a function of s = 4nA~! sinf. For MoKa
radiation, s,,, =~ 16 A~!. For AgKa radiation, with A =
0.5608 A, 5., = 21 A~

Theoretical background

The ordered arrangement in a crystal leads to a distinct
three-dimensional diffraction pattern from which a unique
structure can almost always be derived, and precise values
for the limited number of parameters needed to describe
the structure can be determined. A non-ordered substance,

Fig. 1. Experimental arrangement for X-ray
diffraction measurements on solutions with the
use of a 6-0 diffractometer.
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if it is a liquid, a solution or an amorphous solid, gives a
one-dimensional, weak and rather diffuse diffraction pat-
tern, and the description of its structure is not as simple as
that of a crystal.

The structure can be described by correlation functions,
8pq (r), which give the time averaged probability of finding
a particle “q” at a distance r from a particle “p”. If the
particles are atoms, the number of “q” atoms in a spherical

shell of radius r surrounding a “p” atom is then given by the
expression:

dn = n V' 4nrg, (r) dr

where n, is the number of atoms “q” in a unit volume V.
The Fourier transform of the correlation function gives the
partial structure factor S, (s):

Spq () = 1 + 4nNV~' 57 [[g,o(r)—1] - - sin(rs) - dr

Here, N is the number of particles in the volume V and
s = 4m\ ! sind.

When the partial structure factor is known the corre-
sponding correlation function can be calculated by a Fou-
rier transformation:

8oq(r) = 1 + V(21°Nr)™' [(S,(s)—1) - 5 - sin(rs) - ds

For a solution containing n different atomic species, the
total structure factor is obtained as a sum over the n(n+1)/2
different partial structure factors and the total correlation
function is the sum over the corresponding partial cor-
relation functions. The total scattered intensity measured
as a function of s in an X-ray diffraction experiment and
normalized to a unit volume is equal to

I(s) = Zn,f2(s) + Z2n,n fo()fo($)[Sp(s)—1]

where f(s) are the X-ray scattering factors for the atoms.
For large values of s the structure factors, S(s), approach
unity, which can be used for normalization of the observed
intensities to a unit of volume chosen. By subtracting the
independent coherent scattering term, Zn,f,*(s), from the
normalized intensity values the reduced intensity function
i(s), which contains the structural information on the so-
lution, is obtained:

i(s) = I(s) — Znf, (s) = ZEn nyfo(s)f($)[Spq(s)—1]

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 trans-
formation results in a convoluted correlation function. For
X-rays, the scattering factors are roughly proportional to
the number of electrons in an atom. Since the contribution
to i(s) is weighted by the product of the scattering factors,
light atoms will contribute less than heavy atoms and will
be more difficult to locate.
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An electronic radial distribution function, D(r), can be
calculated from the observed i(s) values, and is defined by
the expression:

D(r) = dnr’g, + 2rt!fs-i(s) - M(s) - sin(rs) - ds

where @, = (£n,Z,)/V and Z(n,Z,) is the total number of
electrons in the unit volume. M(s) is a sharpening function
introduced to compensate for the decrease in the scattering
factors with increasing s.

Interpretation of the diffraction data

Diffraction data for a solution can be analyzed either in s
space, from the intensity data, or in r space, from the radial
distribution functions. The procedure will be illustrated for
an aqueous erbium chloride solution, which has been cho-
sen because it offers the possibility of separating interac-
tions by using isomorphic substitution. This allows more
detailed structural information to be derived than is usually
possible.

The observed intensities are corrected for multiple scat-
tering, polarization and incoherently scattered radiation,
which is only partially removed by the monochromator.
After normalization to a unit volume containing one Er**
ion, carried out by comparing observed values in the high-
angle part of the intensity curve with the total independent
coherent scattering, Zn,fZ(s), the reduced intensities, i(s),
are calculated from the normalized I(s) values by sub-
tracting Zn,f(s).' For a 2.4 M ErCl, solution, Fig. 2 shows
the I(s) values, the total independent coherent scattering,
the estimated amount of incoherent scattering reaching the
detector and the reduced intensity values, i(s), which con-
tain the structural information.

The radial distribution function, D(r), calculated with
the use of a sharpening function M(s) = f,(0)%,(s)~2 exp
(—0.01s%), and the reduced RDF, D(r)—4nr?g,, which gives
the variation of D(r) around the average 4wr’g,, are shown
in Fig. 3. Since the experimental intensity data have an
upper cut-off limit, in this case s,,, = 20 A~! since AgKa
radiation was used, the sharpening function has to be cho-
sen such as to give an optimal sharpening without introduc-
ing large cut-off errors in the RDF.

Intramolecular interactions. A peak at 2.34 A in the radial
distribution function indicates Er-H,O bonding distances
(Fig. 3). A similar distance is found for hydrated erbium
ions in crystal structures. The parameter values character-
izing the Er-H,O interactions can be estimated by compari-
son with theoretical peaks. For sharp interactions between
two atoms “p” and “q”, resulting from well-defined in-
tramolecular distances, r,,, the contribution to the intensity
curve can be calculated from the Debye expression:

i(5) = 2ZZf($)fo()(rpgs) ~'sin(r,es) X exp(—"2l5es%)
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Fig. 2. Results of diffraction measurements on a 2.4 M erbium
chloride solution. Observed intensity values, /(s), the total
independent coherent scattering, Zn,f,(s)?, and the fraction of
incoherent scattering reaching the detector are shown in the
upper part. In the lower part of the figure the reduced intensity
values, s-i(s), are compared with theoretical values calculated
by including only Er-H,O interactions from the 1st coordination
sphere (r = 2.34 A, n = 8.0,/ = 0.10 A).

This assumes a Gaussian distribution of each distance
around its average, with a root-mean-square variation of /,,
A. It follows from this expression that sharp interactions
with low /,, values will give more distinct contributions to
the high-angle part of the intensity curve than those inter-
actions which have larger rms variations or have no well-
defined distances to surrounding atoms. This can be used to
separate intra- and intermolecular interactions in the i(s)
curves.

The contribution of a sharp interaction to the D(r) func-
tion can be obtained by a Fourier transformation of the
theoretical i(s) values analogous to that used for the experi-
mental i(s) values. An interaction with a small rms var-
iation will lead to a sharp peak in the RDF, which can
usually be distinguished from the diffuse peaks resulting
from distances between non-bonded atoms.

In Fig. 3, the Er-H,O peak at 2.34 A is partly overlapped
by the neighboring peak at about 3.1 A, which is composed
of H,0—H,O interactions, expected at about 2.9 A, and
Cl-H,0 interactions, expected at about 3.2 A. Without
knowing the contributions from these interactions a deriv-
ation of the parameters characterizing the hydration sphere

SOLUTION DIFFRACTION
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Fig. 3. RDF’s for a 2.4 M ErCl, solution. The upper part shows
the radial distribution function, D(r), the average function,
47nrg,, and a theoretical peak calculated for Er-H,O interactions
of the 1st coordination sphere (r = 2.34 A, n = 8.0, / = 0.10 A).
The lower part gives the reduced radial distribution function
D(r)—4nr?g,. Data are normalized to a unit volume containing
one Er atom.

around Er’*, by comparison with theoretical peaks, will be
uncertain. As illustrated in Fig. 4 for a 1 M ErCl, solution,
this will become more pronounced for more dilute so-
lutions, where the metal-water interactions become less
dominant. From the size of the peaks an approximatc coor-
dination number of about eight can be derived for the 1st
coordination sphere of the erbium ion.

The contributions from these Er-H,O distances to the
reduced intensities for the 2.4 M solution, as calculated
from the Debye expression, are compared in Fig. 2 with the
observed i(s) values. They are the dominant contributions
in the high-angle part of the curve and can, therefore, be
analyzed in terms of a distance, r, a frequency, n, and a rms
variation, /, by a direct comparison of observed and theo-
retical i(s) values using a least-squares procedure, exclud-
ing the low-angle part of the intensity curve, where other
interactions in the solution make large contributions. This
requires, however, that the remaining structure in the so-
lution does not give significant contributions to the in-
tensity curve in the s region used. The strong correlation
between the frequency of a distance, n,,, and its rms var-
iation, /., also requires a sufficiently extended region of
the intensity curve in which the interaction is dominant,
and this is not often available.

A possible 2nd coordination sphere around Er** is in-
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Fig. 4. RDF’s for a 1.0 M ErCl, solution. The D(r) function (solid
line), the 4rr’g, function (dotted line) and a theoretical Er-H,0
peak calculated for r = 2.34 A, n = 8.0 and / = 0.10 A are
shown in the upper part. Data are normalized to a unit volume
containing one Er atom.

dicated at about 4.6 A in the RDF’s, but occurs in a region
where a large number of other interactions will also con-
tribute (Figs. 3 and 4), thus preventing a quantitative analy-
sis of the shape and the size of this peak.

Isomorphic substitution. For a precise analysis of the 1st
and 2nd coordination spheres a separation of the corre-
sponding peaks from overlapping peaks is necessary and
can, in this particular case, be achieved by means of iso-
morphic substitution.? The ErCly solution contains four
different atomic species: the metal ion “M”, the ligand “L”,
oxygen “O” and hydrogen “H”, and the total number of
partial distribution functions is ten, each of which contrib-
utes to the i(s) function. If a substituent ion M’ can be
found, which has a scattering power differing from that of
M, but which does not change the structure of the solution
when replacing M, the i(s) function for the “M’” solution
will be the same as for the “M” solution, except for terms
involving the metal ions. If the number of atoms of each
type in the unit volume is given by ny, n;, ng and ny,
respectively, we can write the following equation for the
difference, Ai(s), between observed intensities for two so-
lutions of the same compositions, one containing M and the
other M":

Ai(s) = 2nynofo BfulSmo(s)—1]

+ 2nynify, AfulSw—1] + 2nynfu AfulSwu(s)—1]

+ ny(fa—fu)[Swm(s)—1]
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where Afy, = fy — fuw and terms not involving the metal
ions are eliminated. Normally, the first two terms will be
much larger than those involving MH and MM interac-
tions. A deconvolution of these terms in the difference
function is obtained by the Fourier transformation:

DM(r) = 4nrgM
+ 2rn” s - Ai(s) - sin(rs) - M(s) - f(Afy) ! - ds

where oM = (2n,Z,)%V includes only terms involving the
metal ion.

The trivalent erbium ion has the outer electron config-
uration 4s’p®d'°f!!5s’p® and is chemically closely related to
the trivalent yttrium ion with the configuration
35?p°d"4s’p®. As a result of the lanthanide contraction, the
ionic radius for the Y** ion is about the same as that found
for the elements close to Er** in the lanthanide series. A
solution of an erbium salt can, therefore, be expected not
to change its structure if Er** is replaced by Y**. This is
confirmed by diffraction measurements, and can be used to
separate interactions involving the erbium ion from other
interactions by using the difference between the scattering
curves for two solutions of the same composition, one
containing Er’* and the other Y**.

The results for the ErCl, solutions are shown in Figs. 5
and 6. In the separated RDF’s, the 2.4 A peak and the 4.6
A peak from the RDF’s in Figs. 3 and 4 now appear among
the Er interactions, and the 3.1 A peak among the non-Er
interactions (Figs. 5 and 6). The 2.4 A peak is fully sep-
arated in both solutions, and is closely reproduced by a
calculated Gaussian peak corresponding to 8.0 Er-H,O
interactions at 2.34 A with an rms variation l,q = 0.10 A.
The same parameter values are found to be valid for both
the 1 M and the 2.4 M solution (Figs. 5 and 6). The 1st
coordination sphere thus does not seem to be significantly
affected by the difference in concentration and there are no
indications of CI~ ions bonded within the 1st coordination
sphere. The peak, therefore, represents only metal-water
bonding distances within the hydrated metal ion.

The presence of the 4.6 A peak among the Er interac-
tions in Figs. 5 and 6 proves that it results from a 2nd
coordination sphere around the Er’* ion. Although appar-
ently not a Gaussian peak, it can be approximately repro-
duced for the 1M solution by a theoretical Er-H,O peak
calculated for r = 4.62 A, n = 15.0 and [ = 0.28 A. In the
concentrated solution its shape has broadened and it ap-
pears as a double peak, presumably because Cl™ ions are
now incorporated into the 2nd coordination sphere, form-
ing outer-sphere complexes.

The peak at about 3.1 A (Figs. 3 and 4) appears among
the non-erbium interactions (Figs. 5 and 6), which proves
that it results from water-water interactions involving
bonded as well as non-bonded water molecules and ex-
pected at about 2.9 A, and chloride-water interactions,
which are expected at about 3.2 A. The different interac-
tions are not resolved and the peaks cannot be reproduced
by Gaussian peaks.
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Fig. 5. Separated RDF'’s for a 1.0 M ErCl; solution. The upper
part shows the D(r) function (solid line), which includes only
interactions involving erbium. Two theoretical Er-H,O peaks
(dotted lines) are calculated for r = 2.34 A n=801=010A
and for r = 4.62 A, n = 15.0, / = 0.28 A. The lower part shows
the reduced RDF after subtracting contributions from
interactions involving erbium. Data are normalized to one Er
atom.

The number of available “isomorphic” pairs of atoms is
limited and this method of separation of interactions can-
not often be used. The results derived for the ErCl; so-
lutions can, however, be taken as representative for other
solutions. Strong interactions, corresponding to well-de-
fined intramolecular distances, can be closely reproduced
by theoretical peaks, assuming a Gaussian distribution of
the distances. These specific characteristics of the intramo-
lecular interactions make their separation from other types
of interactions in solution possible, and they can be ana-
lyzed, at least approximately, in terms of distance and
frequency even if a separation of interactions cannot be
made. Other types of interactions cannot be described by
Gaussian peaks and they are not usually resolved into
single peaks. Although it will probably be possible to re-
solve an RDF into a number of Gaussian peaks, this may
not necessarily have any physical significance.

For a complex chemical system, the significant informa-
tion that can be extracted from a single diffraction curve is
therefore limited to the parameters characterizing the
sharp interactions resulting from intramolecular distances.
The remaining structure in the solution cannot usually be
determined. Interactions involving strongly scattering
atoms will be more dominant and more favorable for an
analysis than light atoms. By using a suitable sharpening

SOLUTION DIFFRACTION
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Fig. 6. Separated RDF’s for a 2.4 M ErCl, solution. The upper
part shows DM(r) (solid line) and a theoretical Er-H,0 peak
calculated for r = 2.34 A, n = 8.0 and / = 0.10 A. The lower
part gives the reduced RDF after eliminating interactions
involving erbium. Data are referred to one Er atom.

function for the Fourier transformation the resolution of a
peak in the RDF from the background can be optimized.
Cut-off errors caused by the non-infinite value for the
upper integration limit will not seriously affect this analysis,
since corresponding effects will appear in the theoretical
curve.

The sharp interactions will also be the dominant con-
tributors to the high-angle part of an intensity curve, and
may also be analyzed by a direct comparison of observed
and calculated intensity values in that region of the curve.
The strong correlation between the frequency of a distance
and its rms variation may, however, easily lead to system-
atic errors in the parameter values.

Hydration numbers

A large number of diffraction measurements have been
carried out for electrolyte solutions, primarily in order to
determine the structures of hydrated metal ions. In a lim-
ited number of systems this can be done by separating the
partial distribution functions. In neutron diffraction, when
combined with isotopic substitutions, difference methods
have been used for this purpose. This latter technique is the
equivalent of isomorphic substitution in X-ray diffraction,
but has the advantage of being less likely to effect the
structure of the solution.>* Ions investigated include Li*,
K*, Ca?*, Cu?*, Ni**, Nd**, Dy**, Ag* and CI~.° For most
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systems, however, this technique cannot be used and an
analysis has to be based on a single diffraction curve for a
concentrated solution of the metal salt.

An often used method for analyzing the data is the
so-called “first neighbor model”® in which discrete interac-
tions, each described by a distance, T its frequency, n,,
and its rms variation, /,,, are introduced for cation-water
and anion-water contacts in the solution, while other inter-
actions are approximated by an evenly distributed electron
density surrounding each atom outside a sphere of radius
R. The water structure is assumed to be the same as in pure
water and is included in the model by taking into account
the mole fraction of water in the solution. The coordination
polyhedra are assumed to have the same high symmetry
that is found in crystal structures, usually octahedral or
tetrahedral, and the coordination numbers are assumed to
be integers. The parameters of the model are then refined
by a least-squares procedure comparing calculated intensi-
ties for the model with experimental values.

In a development of this approach some of the con-
straints in the original model have been lifted, leading to
better final agreement between observed and calculated
data, but also to a larger number of parameters to be
refined.” The water structure is included in the refinement
by introducing water-water interactions. A 2nd coordina-
tion sphere is introduced for the cations and the symmetry
requirements for the coordination polyhedra are dropped,
allowing non-integral values for the coordination numbers.

The final agreement between observed and calculated i(s)

values is usually excellent over the whole s range and
coordination numbers derived are reasonable, when com-
pared to values found in crystals. It is difficult, however, to
assess the accuracy of the derived parameter values consid-
ering the large number of parameters in relation to the
limited one-dimensional data set, the strong correlation
between the frequency of an interaction and its rms var-
iation, the assumption of a gaussian distribution of dis-
tances even for the water-water interactions and for the
assumed 2nd coordination sphere, and the obvious approx-
imations inherent in the assumptions about the emergence
of the continuum around the atoms. The possibility of
complex formation in the system will further complicate
attempts to construct a realistic, non-biased model for the
solution.

Lists of hydration numbers derived from diffraction
measurements have been given in several review arti-
cles.*™

Complex formation

Most investigations of structures of complexes in solution
have involved halide complexes of metal ions. For chloro
complexes, the metal-chloride bonding distances usually
fall between metal-water bonding distances and water—
water contact distances. They will often appear in an RDF
as a partially resolved peak, which can be analyzed in terms
of distance and frequency. For bromo and iodo complexes,
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the heavier ligand atoms will give stronger contributions to
the scattering curves. The metal halide and halide-halide
peaks will stand out above the background and can be
analyzed, although they appear at longer distances where
they are overlapped by contributions from other types of
interactions. Results of structure determinations reported
in the literature are listed in Table 1.

Gold(III) is an example of a metal ion forming only one
dominant halide complex, AuX;, the structure of which
can be uniquely and accurately determined from solution
diffraction data alone.!’ Diffraction curves for 3M HAuBr,
and HAuCl, solutions are shown in Fig. 7, and the corre-
sponding radial distribution curves in Fig. 9. The intramo-
lecular interactions can be easily identified by the peaks at
2.42A,3.4 A, and 4.9 A for the bromide solution and 2.29
A, 3.2 A, and 4.6 A for the chloride solution. The 2.42 A
and the 2.29 A peaks correspond to values found in crystal
structures for Au-Br and Au-Cl bonding distances, respec-
tively. The size of these peaks, as estimated from a compar-
ison with calculated peaks, correspond to 4 X~ bonded to
each Au**. The ratios between the distances are for each
solution 1 : V2 : 2, which is consistent only with a square-
planar AuX; complex. A least-squares refinement compar-
ing observed intensities with calculated values, including
only the intramolecular interactions of the AuX; com-
plexes, leads to the parameter values given in Table 1.
The agreement between observed and calculated values
(Fig. 7) shows the intramolecular interactions to be totally

0 1 2 3 4 5 6 7 8 9 10 11 12 13 % 15

rTryryrrrrrryrrv1rrrr Ty T T T T T T T T I

Fs-i(s)-1073

-~

1
w
T T T T

s/A

IS U T W T S Y TS (WU N VO A U T N N T W O W W Y

01 2 3 4 5 6 7 8 9 10 1M 122 13 % 15

Fig. 7. Experimental s -i(s) values (dots) for 3 M solutions of
HAuBEr, (upper curve) and HAuCl, (lower curve) compared with
theoretical values (solid lines) calculated by including only
intramolecular interactions.
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Table 1. Structure of halide complexes derived from solution diffraction data. The metal ion, M, the ligand, L, and the solvent used,
are given. The derived composition of the complex and its suggested symmetry, or the average number, n, of ligands bonded to each
metal ion, are included. The metal-ligand distance, d, and the rms variation, /, are also listed.

M L Solv. [Mymol I (LM Complex d/A 7. Ref.
Ag(l) I- Ag? <37 2.9-6.3 Agl®™ 29 37
I- Melt 0.07-0.61 Agl2 p.n. 2.82 0.17 23
I Aq 9.0-11.0 0.09-0.11 Ag, B+ 2.82(1) 0.14 22
I- Tht? 1.77 1.0 (AgISCHg), 2.824(4) 0.36(10) 39
I- DMSO  0.5-1.0 1.5-4.0 Agl2 p.n. 2.78-2.86 0.14 38
Br- Tht 1.45 1.0 (AgBrSCHs), 2.592(3) 0.06(3) 39
Au(Ill) Br- Aq 2.77 46 AuBr,~ sq.pl. 2.432(3) 0.05(4) 10
CI- Aq 3.13 4.4 AuCl,” sq.pl. 2.291(2) 0.07(4) 10
Cd(i) I- Aq 2.25 5.1 Cdi 2" T 2.79 0.089 40
I- Aq 1.27 0.72 Cdi(H,0)s* O 2.80(5) 0.081 41
I- DMSO?  1.33 3.8 cdi2 T 2.790(3) 0.08(4) 42
1.70 3.0 Cdly~ P 2.773(3) 0.08(4) 42
cr Aq 0.9-1.3 2.0 n=2 2.569(4) 0.15(3) 43
ClI- Aq 1.3m 2.0 n = 1.75(8) 2.576(2) 0.080(6) 83
Co(ll) Br- Aq 2.8-4.3 2.0 n=0.3-06 2.58 0.12 44
cI- Aq 2.97 2.0 CoCI(H,0)s* 2.47(1) 0.10 45
cI- Aq 0.6 22 CoCl2" T 2.29 46
2.13 3.4 CoCl(H,0)s* 2.35 46
(o Aq 21m 4.2 n = 0.96(9) 2.437(5) 0.14(1) 47
cI- Aq 0.98 6.1-7.2 n=0.22-113 2.36-2.37 0.18-0.14 48
cr(ll) cl- Aq 1928 3.04.9 n=065-15 2.31(2) 0.09 49
Cu(ll) Br- Aq 1.0-4.4 2.0-6.7 n = 0.33-3.85 2.42-2.46 50
cr Aq 37 25 n=40 227,26 51
cr- Aq 2.95 2.0 n=12 2.250(2) 0.10(2) 45
Fe(ll) Br- Aq 2.7-45 2.0 n = 0.33-0.75 2.61-2.62 0.12 44
Fe(lll) cI- Aq 1.5-5.0 3.0 FeCls®", Fe,Cl; 2.3 52
cr- Aq 5.0 FeCl,(H,0), 23 53
cr- Aq 2.2-5.9 3.0-4.7 FeCl,(H;0)s. 2.24-2.37 0.05-0.3 54
FeCl,~
cl- Aq 49-57 3.0 n= 3540 2.28 55
cr- Aq 2.2 5.2 FeCl," 2.26 56
cl- Aq 3.6-5.9 3.04.0 n=32-34 2.21-2.36 0.05-0.1 57
cr Meth? 6.0-11m 3.0 Fe,Clg 2.25 58
Ha(ll) I Aq 4 Hgl2" T 278 59
cI- Aq >4 HgCl.2 2.51 59
I- DMSO  0.9-25 2.0-4.0 Hgl,2 T 2.80 0.09(4) 12
DMF? 1.0-2.0 3.0-4.0 Hgl,~ P 2.73 0.11(4)
Hgl, £(165°) 2.60 0.07(4)
I- Aq 2.7-35 3.5-4.5 Hgl,2~ T 2.785(3) 0.10(4) 60
Hgl,™ P 276 0.10(4)
Br- Aq 1.6-3.6 3.4-45 HgBr,2 T 2.610(5) 0.11(7) 60
HgBry~ P 2.58 0.11(7)
cr- Aq 1.0-5.0 2858 HgCl,2~ Tp.n. 2.47(1) 0.11(4) 60
I- DMSO  1.3-4.4 1-2 Hal, £ (159°) 2.625(2) 0.07-0.09 14
Br- DMSO  0.6-3.2 14 HgBr,2" T 2.636(4) 0.07-0.11 14
HgBr,~ P 2.548(4)

dominant over the whole angular range, except for the
lowest s values. The individual contributions from the
Au-X and the X-X interactions to the intensity curves are
drawn separately in Fig. 8, and show a large dominance for
the former, which is reflected in the accuracy with which
the corresponding parameter values can be determined.
The CI-Cl contributions are too weak to allow a separate
refinement of their parameters. Despite this the CI-Cl
peaks are clearly indicated in the RDF (Fig. 9).

contd

After subtraction of the corresponding theoretical peaks
from the RDF’s only a diffuse background remains without
any significant structural features (Fig. 9). In this particular
case, with a single dominant complex containing strongly
scattering atoms, the diffraction data are sufficient for a
complete structure determination and lead to parameter
values for the metal-ligand interactions of an accuracy com-
parable to that obtained in a crystal structure determina-
tion. The remaining structure in the solution is too weak to
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Table 1. (contd)

M L Solv. [Mymol I-'  [L)/[M] Complex dA A Ref.
HgBr, £ (165°) 2.455(3)
cr DMSO 1-15 1-3 HgCl,™ pl 2.434(4) 0-0.09 14
HgCl, 2.350(4)
cr- Meth 15 2 HgCl, 2.308(3) 14
Br- DMSO 04 45 HgBr,2" T 2.628(2) 0.12(2) 61
cr- DMSO 0.4 45 HgCl 2 2.532(2) 0.05(3) 61
I- Py? 07 2.0 Hglx(py), 2.665(2) 0.070(6) 62
Br- Py 0.7 2.0 HgBr,(py). 2.497(2) 0.067(3) 62
ci- Py 0.9 2.0 HgCly(py), 2.375(10) 0.071(6) 62
I- Py 1.20 1 CH,Hgl 2.649(3) 0.06 63
Br- Py 1.43 1 CH,HgBr 2.480(3) 0.08(3) 63
CI- Py 1.21 1 CH,HgCl 2.325(8) 0.06 63
I Tht 0.72-0.83 2 Hagl,(tht), 2.670(4) 0.070(4) 64
Br- Tht 0.72 2 HgBr(tht), 2.535(6) 0.086(6) 64
Gd(lln) CI- Aq 1.55m 6.0 GdClx(H,0)s* 28 65
La(llt) CI- Meth 1.95m 3.0 n=3 2.95 66
cI- Meth 2m 3.0 n=0-4 295 67
Nd(ll) cI- Ag, meth 1.5-1.9m 6.0-3.0 n=1-2 2.78 77
Mn2+ Br- Aq 2.1-5.7 2.1-3.3 n=11-12 2.60-2.64 84
cI- Aq 2.7-4.7 2.0-3.4 n=1315 2.49 84
Ni(lly Br- Aq 2.0 2.0 n=0.15 2.62(1) 0.09(1) 68
Br- Aq 2.1-4.1 2.0 n = 0.29-0.44 2.61(1) 0.13(1) 69
Br- Aq 2.0-4.8 20 n = 0.18-0.68 2.52-2.58 0.12 70
cI- Aq 2,95 2.0 Ni(H,0):CI* 2.44(1) 0.10 45
ClI- Aq 1.98 4.0-5.0 n=0.92-1.43 2.44-2 47 0.14 71
Pt(IV) Br- Aq 2.74 6.25 PtBrs2- (o} 2.47 0.077 11
CI- Aq 2.88 6.44 PtCl2 (o} 2.33 0.063 11
Rh(lll) cI- Aq 0.39 4.86 Rh(H,0),Cl, 2.33(1) 0.05(1) 72
TN I- CHCl, 0.77 4.0 Til,~ T 2.771(3) 0.12(3) 73
Br- Aq 1.0-2.7 2.0-12.3 TIBry(H,0),* 2.481(2) 0.06(3) 15
TIBra(H,0), 2.512(2) 0.06(3)
TIBr, T 2.564(1) 0.07(2)
cI- Aq 0.92-2.65 4.1-13.4 TICI,~ T 2.43(1) 0.10(3) 74
TICI- (o} 2.59(1) 0.09(4)
Zn(ll) Br- Aq 3.5-23m 2.0-4.3 n=2-4 2.40 75
Br- Acet? 4.2m 2.0 n=2 2.40 75
Br- Aq 1.64 3.1 n=226 2.42 0.12 76
Br- Aq 1.0-7.6 0-5.0 ZnBr2- T 2.406(4) 0.08 16
ZnBr,~ 2.386 0.08
2ZnBr, 2.386 0.08
cI- Aq 50-275m 20 ZnCl,(H,0,., 2.28 78
Ci- Aq 22-26 6.1-6.5 ZnCl 2" T 2.30(1) 79
cI- Aq 22-23 2-6 n=2-4 2.30 80
CI- Aq 2,68 2.0 ZnCI(NH,),* 2.30(3) 81
Cl- Aq 2.2 2.0 Zn(tren)CI* 2.37(3) 82
cI- Aq 1.0m 2.0 n = 1.06(4) 2.240(5) 0.111(5) 83

2Aq = water, Tht = tetrahydrothiophene, DMSO = dimethyl sulfoxide, Meth = methanol, DMF = dimethylformamide, Py = pyridine,

Acet = acetone.

influence the results. Comparable results have been ob-
tained for other similar complexes: PtCI2~ and PtBr~,!
Hgl?~ and HgBr3~,'*! TIBr;," ZnBr;~ ' (Table 1).

Metal ions usually form a series of complexes with a
specific ligand, with the different complexes having over-
lapping regions of existence. For some metal ions (Hg**,
TI**, Zn**) it has been possible to derive from diffraction
curves the coordination changes occurring during all the
stages of the stepwise building up of halide complexes, i.e.
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from the solvated metal ion to the highest complex in which
all solvent molecules are replaced by halide ligands. For
such an analysis of the diffraction curves the concentrations
of the different complexes in each solution must be known.
Since concentrated solutions are needed for the diffraction
measurements, stability constants, which are usually deter-
mined for dilute solutions, have to be used with care.
The structure of complexes formed between zinc and
iodide in aqueous solution have been derived by a combi-
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Fig. 8. Theoretical s-i(s) values calculated for Au-X (solid lines)
and X-X (dotted lines) intramolecular interactions for a HAuBr,
(upper part) and a HAuCl, (lower part) solution.

nation of X-ray diffraction and Raman spectroscopic meas-
urements.!” Fig. 10 shows the reduced RDF’s for a series of
solutions, all about 8 M in iodide concentration but with
different concentrations of Zn?*, with a Zn?*/J~ ratio rang-
ing from zero in a pure lithium iodide solution (Fig. 10a) to
0.5 in a pure Znl, solution (Fig. 10d). Still higher values are
obtained by replacing I~ by CIO; (Figs. 10e and f). The
complex formation results in sharp peaks in the RDF’s
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Fig. 9. Reduced radial distribution functions (solid lines) for a 3

M HAuBr, (upper curve) and a 3 M HAuClI, solution (lower

curve) compared with theoretical peaks calculated for

intramolecular AuX; interactions. Differences between observed

and calculated values are also given.
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corresponding to zinc-iodide bonding distances at 2.60 A
and intramolecular iodide—iodide contact distances at 4.30
A, which are consistent with a tetrahedral I-Zn-I angle.
These interactions dominate the RDF’s for the zinc iodide
solutions, but minor peaks are also indicated. Iodide-water
contact distances at 3.6 A, which give the only distinct peak
in pure lithium iodide (Fig. 10a), are present in all iodide-
containing solutions. Zinc~water bonding distances at 2.1
A are indicated in Figs. 10c—f, and water-water distances
give a separate peak at 2.9 A. The perchlorate-containing
solutions also show peaks corresponding to the intramolec-
ular distances in the perchlorate ion at 1.45 & (CI-O) and
2.4 A (0-0).

The symmetric stretching vibrations of the Zn-I bonds
appear at separate frequencies in the Raman spectra
(Fig. 10): for Znl?~ at 121.6 cm™}, for Znl; at 138.3cm ' and
for Znl, at 164.4 cm™'. At low Zn/I ratios (Fig. 10b) only
Znl3~ complexes are formed, as shown by the single peak
in the Raman spectrum in Fig. 10b, and an analysis of the
corresponding diffraction curve or RDF gives the structural
parameters for the tetrahedral ZnI}~ complex. In the re-
maining solutions a mixture of complexes is present. An
analysis of the peaks in the Raman spectra gives the rela-
tive concentrations of the complexes, and their structures
can then be derived from the diffraction curves. In the
zinc perchlorate solution, with no iodide present, the zinc—
water interactions at 2.1 A are consistent with a coor-
dination number of six. In the zinc iodide solutions corre-
sponding zinc-water peaks are present, probably contain-
ing contributions from Zn-H,O distances in hydrated Zn**
as well as in the intermediate complexes Znl; and Znl,.
Intramolecular I-H,O distances in the complexes would be
expected to be about the same as I-H,O intermolecular
contact distances. The presence of water molecules in the
complexes cannot therefore be determined with any cer-
tainty from the diffraction curves, since the intramolecular
Zn-H,0 and I-H,O interactions cannot be separated.

The I-Zn-I angles in all the different complexes is close
to tetrahedral, which makes it likely that water molecules
occupy the empty tetrahedral sites in Znl; and Znl,. A
slight decrease in the Zn-I bond lengths and a slight in-
crease in the I-Zn-I angle is observed for the lower com-
plexes. According to the diffraction data the maximum
number of Zn-I interactions per Zn is four and the number
of Zn-I interactions per J does not exceed one, which shows
that I~ does not form bridges between the Zn atoms. Poly-
nuclear complexes are not formed even in these concen-
trated solutions.

Several coordination changes can occur during the step-
wise formation of the complexes. For thallium(III), the
structures of the halide complexes formed in aqueous so-
lution have been derived by combining diffraction meas-
urements with NMR measurements of the T1-205 chemical
shifts.”® The hydrated TE* ion is octahedral. TIBr, is planar
triangular, TIBr; is tetrahedral and the TICI}~ complex is
octahedral (Table 1). Hg?* changes from an octahedral
arrangement in the hydrated ion, to an approximately
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linear HgX,, a flattened pyramid in HgX; and a tetra-
hedron for HgX3?™ (Table 1).12°14

Non-aqueous solutions are often better suited to diffrac-
tion analysis than aqueous solutions. In DMSO, solvated
metal ions result in M-O as well as M-S and M-C interac-
tions. These can be identified in the RDF’s, and can be
used for determining not only the solvation number but
also the orientation of the bonded solvent molecule, which
is not possible for a hydrated ion because of the low scatter-
ing power of hydrogen for X-rays. This also makes it pos-
sible to identify remaining solvent molecules in intermedi-
ate halide complexes of a metal ion. Diffraction nieasure-
ments on DMSO solutions of mercury(IT) and cadmium(II)
perchlorate have shown the metal ions to form octahedral
hexasolvates, with DMSO bonded through oxygen with the
bond angles Hg-O-S 120.2(10)° and Cd-O-S 125.7(10)°."

Only few complexes with polyatomic ligands have been
investigated in solution by diffraction methods. For some
common inorganic ligands, viz. NOj, SO?~, PO}, difficul-
ties are encountered in identifying the metal-ligand interac-
tions since the central ions of the ligands are light atoms
and the corresponding distances fall in regions with dom-
inant intermolecular contributions.

In sulfate complexes of Cd** % and Er** % in aqueous
solution, the sulfate group has been found to be bonded to
the metal ion as a monodentate ligand with an orientation
corresponding to an M-O-S angle of about 130°, which is a
magnitude also found for sulfate complexes in crystal struc-
tures.

Nitrate complexes of Ag* have been investigated in con-
centrated aqueous silver nitrate solutions” as well as in
molten silver nitrate.”® The same bonding of the nitrate
group occurs in both media, with NOJ acting as a mono-
dentate ligand with an Ag-N distance of about 3.1 A.

Other ligands such as SCN™ are more favourable, and
the structures of some thiocyanate complexes have been
investigated in aqueous® and in DMSO? solutions. The
results give information on the bonding of the ambidentate
SCN~ ligand and its orientation relative to the metal ion.

The occurrence of complex formation in these and simi-
lar systems can be established only by uniquely identifying
metal-ligand interactions in the distribution curves. When
these are comparatively weak and lead to peaks in regions
of the RDF’s where they are overlapped by other types of
interactions, a unique identification requires diffraction
measurements on a series of solutions in which the concen-
trations of specific species are systematically varied.

3+ 21

Polynuclear complexes

Cluster compounds and polynuclear complexes constitute a
group of complexes well suited for structure determinations
in solution, in particular those complexes containing heavy
atoms. The intramolecular metal-metal interactions give
dominant contributions to the scattering data, and can
be accurately analyzed in terms of distance, frequency and
rms variation. With the compositions of the complexes and

SOLUTION DIFFRACTION

their stability constants known from other measurements
and with the use of information on related crystal struc-
tures, the structures can often be derived.

As shown by Sillén and coworkers on the basis of exten-
sive analyses of equilibrium data obtained by emf methods,
the hydrolysis reactions of metal ions often lead to the
formation of polynuclear complexes in which the metal ions
are linked by hydroxo or oxo bridges. The removal of
protons from a hydrated metal ion leads to reactions which
can be written.

g M** + p H,0 > M,(OH),@* + p H*

where H,O molecules, which cannot be determined by this
method, have been left out of the formulae for the metal
ion complexes.

The effect on the distribution curve of the removal of
protons from a slightly acidic thorium perchlorate solution
is illustrated in Fig. 11.% It leads to the appearance of a
sharp peak at 3.94 A in the RDF, which increases with
increasing hydrolysis. In crystal structures of basic thorium
salts the same distance is found when two Th** ions are
linked by a double hydroxo bridge, which leads to the
conclusion that the same type of bridging occurs in the
polynuclear hydrolysis complexes formed in solution. The
average number of Th atoms bonded to each Th can be
determined from the diffraction data. The absence of in-
dications of longer Th-Th distances, as well as results from
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Fig. 11. Reduced distribution functions for a series of 2 M
thorium perchlorate solutions of different degrees of hydrolysis,
as indicated by the value of ng, which gives the average
number of protons removed from each hydrated Th** ion.
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equilibrium measurements, indicate the formation of di-
nuclear complexes, which have also been found in discrete
form in crystal structures, and of complexes with a tetra-
hedral arrangement of the Th atoms. On further hydrolysis
other Th atoms are joined to these tetrahedral groups
leading to larger complexes with longer Th-Th distances.”’
The 1st coordination sphere around Th**, represented by
the peak at 2.5 A in the RDF, is largely unaffected by the
hydrolysis process.

For lead(II) perchlorate solutions, emf measurements of
the free hydrogen ion and the free metal ion concentrations
as functions of the analytical hydrogen ion excess have
established the occurrence of two dominant complexes, viz.
Pb,(OH)}* and Pb,(OH)3*. The radial distribution func-
tions for two solutions, in each of which only one of the
complexes is dominant, are compared in Fig. 12 with that
of a weakly acidic lead perchlorate solution.” For the hy-
drolyzed solutions the distribution functions are dominated
by the Pb-Pb distances within the complexes (Fig. 12). For
the Pb,(OH)}* solution only a single Pb-Pb distance is
indicated, and an analysis of the peak shows three nearest
Pb neighbors around each Pb. This is possible only for a
tetrahedral arrangement of the Pb atoms within the com-
plex. The contribution of the bridging OH groups to the
scattering are too small for these groups to be located, but
information from crystal structures makes it likely that they
are positioned above the center of each tetrahedral face.

For the Pby(OH)3* solution, additional Pb-Pb distances
are present (Fig. 12). They exclude the possibility of an

10 |-
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octahedral arrangement of the Pb atoms in the complex,
which had been suggested previously on the basis of Raman
spectra, but are not sufficient for a unique derivation of the
structure. The complex can, however, be isolated in crys-
talline form, where it appears as PbO(OH)¢*, which con-
sists of three face-sharing tetrahedra. Theoretical peaks,
based on this structure, closely reproduce the peaks in the
RDF and provide strong evidence that the structures of the
complexes are the same in solution and in crystals (Fig. 12).

Although the oxygen positions in these complexes can-
not usually be derived from the scattering data, their con-
tributions to the scattering curves are in some cases suffi-
cient for determination of their positions. In an analysis of
the diffraction data for a hydrolyzed bismuth(III) perchlo-
rate solution the presence of two different types of bridging
oxygens could be established in the hydrolysis complex,
which contains six octahedrally arranged Bi atoms with
Bi-Bi distances of 3.69, A. The bridging oxygens are situ-
ated above the tetrahedral faces of the Bi; complex, one
group of four oxygens having Bi-O distances of 2.19 A and
the other group 2.37 A. The formula of the complex can be
written as BisO,(OH)$*.*

Solution diffraction measurements on several other hy-
drolyzed metal salt solutions have lead to similar re-
sults. 313

More complex structures cannot be derived on the basis
of solution diffraction data alone. For known structures the
contributions to a scattering curve can be calculated ac-
cording to the Debye formula, and the resulting peaks in a
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Fig. 12. Reduced distribution functions (solid
lines) for 1.8 M lead(ll) perchlorate solutions.
The upper curve is for a slightly acidic
solution (ny, = 0) and the two lower curves
for hydrolyzed solutions (noy = 0.97 and
1.33), where ngy is the average number of
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protons removed from each Pb?* ion. 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)
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| are given for comparison with the observed
RDF'’s.



Fig. 13. Calculated shape functions for some
molybdate ions. Contributions from Mo-Mo (dashed
lines), Mo-O (dashed-dotted lines) and O-O (dotted
lines) are shown separately.
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radial distribution function can be derived by means of a
Fourier transformation. The resulting function has a shape
characteristic for that particular complex and can be used
for identification of a complex in a solution by comparing it
with the observed RDF. Structural similarities or differ-
ences can be established and changes in the structure re-
sulting from changes in the composition of the solution can
be followed.

The Fourier transforms of the calculated intensity contri-
butions from three different molybdates are compared in
Fig. 12, including the simple tetrahedral MoO}~ ion, exist-
ing in alkaline solutions, the isopolymolybdate Mo,0,,*
and the heteropolymolybdate MosP,0,,5".* The calcula-
tions are based on parameter values obtained in structure
determinations of crystals in which the complexes occur as
discrete units. Each of the polymolybdates has a shape in
which the characteristic features are primarily determined
by the Mo-Mo interactions. The much larger number of
0-O interactions result only in a diffuse background curve
with no distinct features, while the Mo-O interactions have
more distinct contributions. Despite the ordered structure
of the complexes it is primarily the metal-metal interac-
tions that can be recognized in the shape function and
consequently those that can be distinguished in the distri-
bution function for a solution containing the complex. This
method has been used to identify several iso- and hetero-
polymolybdate ions in solution, and to follow structural
changes in the complexes caused by changes in the compo-
sitions of the solutions.*

Conclusions

For complex chemical systems, solution diffraction data are
not sufficient for the derivation of a complete model for the
structure. Structural information on molecular species in
the solution can, however, be derived as a result of the

specific characteristics of intramolecular interactions. In
some cases a separation of interactions can be made by
using isomorphic substitution, which allows more detailed
information to be extracted from the diffraction curves.

The structure of a heavy atom complex occurring as the
dominant species in a concentrated solution can usually be
uniquely and accurately determined on the basis of solution
diffraction data alone. When mixtures of complexes are
present and light atoms are involved, the structure deriv-
ation is less unambiguous. By comparing diffraction curves
for a series of solutions in which the concentrations of
specific species are systematically varied, interactions of
importance for the structure determination can often be
singled out and studied.

In order to obtain significant diffraction effects from a
dissolved complex, relatively concentrated solutions are
needed, i.e. roughly = 0.5 M for the main atomic species in
the complex, depending on its atomic number. In less
concentrated solutions complexes are separated by layers
of solvent molecules and simpler models for the inter-
molecular interactions can be used, which facilitates a
structure derivation for the dissolved complexes. In very
concentrated solutions the ordering will become more
pronounced, and intermolecular interactions will lead to
prominent features in the radial distribution functions. This
is illustrated to some extent in Fig. 6; in this case, Cl~ ions
in the concentrated solution, begin to appear in the 2nd
coordination sphere of the metal ion. At still higher con-
ccatration, orientation effects similar to those in a crystal
structure can be expected. A starting model for the solution
can then be derived on the basis of a known crystal struc-
ture. A molten hydrate can be considered as a link between
the crystal structure of the hydrate and the very concen-
trated solution. Comparing results from diffraction meas-
urements on a molten hydrate with a model based on its
crystal structure will give information on the restraints on
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the structure that are removed in the melting process. The
change in the diffraction curve when the solution is diluted
can then be used in interpreting scattering data for very
concentrated electrolyte solutions, the structures of which
are not yet well known.
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