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Acetonitrile solutions of silver(I) perchlorate and sodium diiodoargentate(I) have
been investigated by means of the large-angle X-ray scattering technique. The sil-
ver(I) ion is tetrahedrally solvated by four acetonitrile molecules; the Ag-N bond
distance is 2.25(1) A. Diiodoargentate(I) polymerizes to chains in concentrated
solution, but it has not been possible in this study to determine the length of these
chains; silver is tetrahedrally surrounded by four iodides at a distance of 2.811(2)

, and the silversilver distance is 3.02(2) A. The silver-iodide tetrahedra com-

prising the chain share edges.

The structural investigations of the silver(I) and
diiodoargentate(I) ions in acetonitrile form part
of a research programme dealing with solvation
and complex formation of copper(I), silver(I)
and gold(I) in nitrogen-donor solvents.'* Aceto-
nitrile and pyridine have been used to elucidate
the influence of the solvent on complex forma-
tion, since both these solvents are nitrogen do-
nors but with different solvating properties. Of
the two, pyridine is the more strongly solvating
solvent for soft and semi-soft acceptors.>

The crystal structure of the solid solvate pre-
cipitated from a solution of silver(I) perchlorate
in acetonitrile has been reported previously.* Sil-
ver(I) is tetrahedrally coordinated by four aceto-
nitrile molecules as discrete ions, Ag(CH,CN),*.
Analogous Ag(CsH¢N),* ions occur in the com-
plex crystallizing from a pyridine solution of sil-
ver(I) perchlorate.> Among the group Ib metal
perchlorates, only silver(I) perchlorate is soluble
enough in acetonitrile and in pyridine to permit
LAXS (Large Angle X-Ray Scattering) studies.
The solvate structures of copper(I) and gold(I) in
acetonitrile and in pyridine solution had to be
studied by the EXAFS (Extended X-Ray Ab-
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sorption Fine Structure) technique. Copper(I)
has been found to be tetrahedrally coordinated in
both acetonitrile and pyridine solutions,’ just as
in the solid state;”>’ the solvates are isostructural
with the silver(I) solvates. Gold(I) is also tetra-
hedrally coordinated by four solvate molecules in
acetonitrile and in pyridine solutions,’ but the
solid gold(I) acetonitrile complex is a disolvate.?

The neutral silver halides are insoluble in ace-
tonitrile. However, they become soluble in so-
lutions containing silver(I) or halide in large ex-
cess, since complex cations or anions are then
formed. The following iodide complexes have
been shown to occur in acetonitrile solutions:
Agl*, Agl**, Agl,™, Ag,1;™ and Agly™ " Ow-
ing to the stronger solvating properties of pyri-
dine, the neutral silver halides are soluble in this
solvent. In dilute solution, monomeric complexes
of the type AgL, '™ (n = 1-3) and a dimeric com-
plex Ag,L* are formed.?

The structures of the complexes ML,” (M = Cu
or Ag and L=Cl, Br or I) in various solvents
have been studied by a variety of methods. Vi-
brational spectra of these complexes in tributyl
phosphate solution have indicated linear coordi-
nation.! In an early X-ray scattering investiga-
tion of KAgl, in a water—acetone mixture, nearly
tetrahedral coordination around silver was
found."
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Table 1. Composition (mol dm™~3), linear absorption coefficient, u(MoKa) (cm~"') and density, D (g cm™2), for the

investigated solutions.

Ag | Na clo, CH,CN u D
AgCIO, 0.97 0.97 18.6 3.71 0.97
NaAgl, 1.22 2,51 1.29 183 15.8 1.23

In the present investigation the structures of
the species present in 0.97 M AgClO, and 1.2 M
NaAgl, solutions in acetonitrile have been
studied by LAXS. Raman spectra have also been
recorded for these solutions, as well as for a
0.6 M solution of Nal in acetonitrile.

Experimental

Preparation of solutions. A silver(I) solution was
obtained by dissolving AgClO, in acetonitrile
which had been purified as described previously.!
For the preparation of a concentrated Agl,™ ace-
tonitrile solution, the highest concentration was
obtained using sodium as the cation. Agl was dis-
solved together with Nal in a molar ratio of 1:1.
Data for the solutions studied by LAXS are given
in Table 1.

X-ray scattering experiments. The X-ray scatter-
ing from the free surface of the solutions was
measured in a large-angle theta-theta diffracto-
meter of the Seifert GDS type." The solutions

L si(s)x1073/e.u. A"

were enclosed in a cylindrical thin-walled glass
container in order to avoid evaporation. The ab-
sorption of the glass container and its angle de-
pendence have been determined previously."
MoKa (A=0.7107 A) radiation was used. The
scattered intensities were determined at discrete
points in the interval 4° <0 < 65°, separated by
0.0335 in s, where s = 4\ ™! sin6 and the scatter-
ing angle is 26. An extrapolation of the intensity
data for 6 <4° was necessary owing to concave
curvature of the meniscus in the glass container.
A counting error of 0.35% was achieved by
measuring 40000 counts twice at each sampling
point. The fraction of incoherent scattering con-
tributing to the intensity determinations was esti-
mated in the usual manner.'s

Data treatment. The data reduction procedure
and corrections applied were as described previ-
ously.'® The experimental intensities were nor-
malized to a stoichiometric unit of volume con-
taining one silver atom. The scattering factors,
corrections for anomalous dispersion and values

Fig. 1. Experimental si(s)
values (dotted) and values
calculated from the model for
silver(l) perchlorate (solid line)
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Fig. 2. Experimental radial
distribution function,

D(r) — 4nr?g,, for silver(l)
perchlorate in acetonitrile
solution, the model function
with parameters from Table
2 and the difference
between them.

EXP

(o] 2 4 6

for incoherent scattering were the same as used
before." For the silver(I) perchlorate solution,
correction was also made for multiple scattering.
The reduced intensity curves, iy, (s), multiplied
by the scattering variable, s, are shown in Figs. 1
and 3. The corresponding electronic radial distri-
bution functions (RDF), D(r) — 4nr?g,, were ob-
tained by Fourier transformation (Figs. 2 and 4).
The same modification as described previously
was used.'® Spurious peaks below 1.5 A which
could not be related to interatomic distances
within the acetonitrile molecule or the perchlo-

rate ion were eliminated by a Fourier transforma-
tion procedure.

All calculations were carried out using the
computer programs KURVLR" and STEPLR."

Raman measurements. Raman spectra were re-
corded using d.c. amplification with a D.I.
L.O.R. RTI 30 triple monochromator with 3.2
cm™! spectral bandwidth. The light employed was
the 514.5 nm line of a Coherent Radiation Labo-
ratories Innova 90-5 Ar-ion laser.

si(s)«1073/e.u.A™
10 N
8
4
(o] = =
-4l
Fig. 3. Experimenta! si(s) -8l %,A::‘
values (dotted) and values
calculated from the model ' . L9
for sodium -10 ~ s/A
diiodoargentate(l) (solid line) L L . L ) 1 . ) ) L L )
in acetonitrile solution. 0 5 10
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i Fig. 4. Experimental radial
e?A’x10* EXp distribution function,
M THEOR D(r) - 4nr?g,, for sodium
DIFF  —=---m- diiodoargentate(l) in
acetonitrile solution, the
2! model function with
parameters from Table 3
and the difference between
them.
0 e S \ o
r RN
-2} -
-4} r/A
0 2 ' 4 6 8
Results refinement of the Ag-Ag distance together with

Scattering measurements. For the AgClO, so-
lution, peaks corresponding to Ag-N, Ag-C(1)
and Ag-C(2) of the coordinated C(2)H,C(1)N
molecules were found at 2.2, 3.4 and 4.8 A, re-
spectively, in the RDF (Fig. 2). The distances to
silver and the N-N distance, together with tem-
perature factor coefficients, were refined in the
range 4.5<s5=<13.0 A~! (Table 2). The frequen-
cies of the distances were kept fixed. Fixed values
were also introduced for the interatomic dis-
tances within the free acetonitrile molecule and
the perchlorate ion.

The RDF for the NaAgl, solution shows two
distinct peaks at 2.8 and 4.8 A (Fig. 4). The first
peak corresponds well to the Ag-I distance found
in the zinc blende structure of solid Agl, viz.
2.812 A." The size of the peak indicates four
Ag-1 distances; tetrahedral coordination would
then be preferred by Ag(I). The second peak
must be attributed to the I-I distances. Least-
squares refinements were performed in the range
4.5<5=12.0 A~ for the Ag-I and I-I distances
as well as the temperature coefficients (Table 3).
The frequencies of the distances were refined
separately. The rather low number of I-I dis-
tances indicates that the iodine atoms are shared
between the silver atoms. A polynuclear struc-
ture consisting of Agl, tetrahedra is therefore
most probable, which in turn implies that rather
short Ag—Ag distances should occur. A separate
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the temperature coefficient and frequency of the
distance was carried out and the Ag-Ag distance
of 3.0 A found implies that the tetrahedra must
indeed share edges.

Sodium is weakly solvated in acetonitrile (see
below). In all refinements for the NaAgl, so-
lution, fixed values were used for the species
Na(CH;CN),*. The Na-N distance was assumed
to be 2.5 A, and the coordination around sodium
was assumed to be octahedral. Fixed values were
also introduced for the interatomic distances
within acetonitrile, and the Ag-N distance for the
acetonitrile molecules coordinated at the ends of
the chain was taken to be 2.3 A.

Table 2. Interatomic distances, d(A), temperature
factor coefficients for the distances, b(A?), and
frequency of the distances relative to one silver atom,
n, for AgCIO, in acetonitrile solution. The refined
parameters are those with e.s.d.’s in parentheses.

Distance d b n

Ag-N 2.25(1) 0.004(1) 4.0
Ag—C(1) 3.37(2) 0.006(2) 4.0
Ag-C(2) 4.83(4) 0.012(5) 4.0
N-N 3.65(9) 0.01 6.0
CI-O0 1.44 0.005 4.0
00 2.35 0.01 6.0
N-C(1) (solvent) 1.14 -0.0015 1.0
N-C(2) (solvent) 2.63 0.0015 1.0




Table 3. Interatomic distances, d(A), temperature
factor coefficients for the distances, b (A?), and
frequency of the distances relative to one silver atom,
n, for NaAgl, in acetonitrile solution. The refined
parameters are those with e.s.d.’s in parentheses.

Distance d b n

Ag-| 2.811(2) 0.0049(3) 3.99(6)
Ag-Ag 3.02(2) 0.007(5) 0.7(2)
-l 4.76(1) 0.024(2) 3.3(2)
Ag-N 23 0.005 0.1
Na-N 25 0.005 6.0
Na-C(1) 3.6 0.010 6.0
Na-C(2) 5.0 0.015 6.0
N-N 3.5 0.010 12.0
N-N 5.0 0.010 3.0
N-C(1) (solvent)  1.14 0.0015 1.0
N-C(2) (solvent)  2.63 0.0015 1.0

There remain peaks at 2.6 A for both solutions
after subtraction of the theoretical RDF; these
peaks probably originate from the bulk structure.
It has been proposed that acetonitrile molecules
form dimers,? and the peaks at 2.6 A would then
refer to the distance between the two acetonitrile
units within these dimers.

Raman measurements. Raman spectra of the
AgClO,, NaAgl, and Nal solutions in acetonitrile
were recorded in the C-N stretching frequency
region 2220 to 2320 cm™!. Coordination of aceto-
nitrile molecules to an acceptor causes v(CN) to
shift to a higher frequency in most cases.?’? In
pure acetonitrile, v(CN) was observed at 2253
cm™!. In AgClO, solution a new band appeared
at 2272 cm™' which has been assigned to the
v(CN) stretch for acetonitrile molecules coordi-
nated to Ag*. For the NaAgl, and NaCul, so-
lutions a shoulder was observed on the band at
2253 cm™!. By subtracting the spectrum of pure
acetonitrile from the spectrum in question, a
band at 2267 cm™' was found for the NaAg], so-

Fig. 5. Structural model for the [Agl,"],, complex in
acetonitrile.

SILVER(l) COMPLEXES IN ACETONITRILE SOLUTION

lution. A similar shoulder is observed in the spec-
trum of the Nal solution. After subtraction, a
band at 2265 cm™! is observed which must be as-
signed to the acetonitrile molecules coordinated
to Na*. The 2267 cm™! band observed for the
NaAgl, solution most probably arises from solv-
ated sodium ions, while no band is observed for
acetonitrile molecules coordinated to the diiodo-
argentate complex present in the solution.

Raman spectra of the NaAgl, solution show a
band at 109 cm™ in the lower frequency region
which must be assigned to the symmetric Ag-I
stretching mode. For an apparently linear Agl,”
complex occurring in tributyl phosphate, the cor-
responding frequency is 132 cm™'."! The lower
frequency in acetonitrile must originate from a
higher coordination number, which is consistent
with the formation of Agl, tetrahedra. The inten-
sity of this symmetric stretching frequency is
rather low, and consequently the weaker asym-
metric stretching frequency could not be detected
at all. Dilution of the NaAgl, solution resulted in
decreased intensity of the band at 109 cm™!, as
expected. The integrated intensity, however, did
not decrease proportionally with concentration.
Below ~0.1 M, tetrahedral coordination of
iodide to silver no longer occurs. No bands in the
range 120-200 cm™! were observed which could
be assigned to v(Ag-I) originating from a mono-
meric Agl,” complex.

Discussion

The structure of the silver(I) acetonitrile solvate
in solution differs only slightly from the structure
in the solid state. The crystal structure consists of
discrete Ag(CH,CN),* and CIO," ions. The four
almost linear acetonitrile molecules are tetrahe-
drally coordinated to the silver ion. In the solid
state, the Ag~N distance varies between 2.18 and
2.33 A, with an average of 2.26 A. The Ag-N
distance found in solution, 2.25 A, is in the mid-
dle of this range. The N-C(1) distance, 1.12 A,
does not differ much from that in the solid state.
The angle NC(1)C(2) seems to deviate slightly
more from linearity in solution than in the solid
state, although the difference is hardly signifi-
cant.

The atomic arrangement in the solid is a conse-
quence of a compromise between intramolecular
and intermolecular forces leading to the lowest
state of energy. The large range of Ag—-N dis-
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tances observed in the solid state is due to the fact
that the silver-acetonitrile interaction is rather
weak, so that packing forces then have greater in-
fluence.* A more ideal value for the Ag-N dis-
tance is found in solution, since the intermolecu-
lar forces in this case are much weaker than in the
solid state.

The structural model proposed for the diiodo-
argentate complex is shown in Fig. 5. A chain of
Agl, tetrahedra sharing edges is formed. Ace-
tonitrile molecules are probably coordinated at
the ends of the chain, yielding a stoichiometric
ratio of 1:2 for silver:iodide. The length of the
chain, however, is presumably not the same in all
complexes. The structure may vary from di- to
polynuclear. The refined frequency factors for
Ag-Ag and I-T indicate a trinuclear structure, but
the frequency of Ag-I is representative of a
longer chain. No band for acetonitrile molecules
coordinated to silver was observed in the Raman
spectrum. Consequently, few chain ends are
available for coordination of solvent molecules
and the chains may therefore be rather long.

The I-I distance found disagrees with that cal-
culated for a regular tetrahedron with an Ag-I
distance of 2.81 %\, which should be 4.59 A. Con-
sequently the Agl, tetrahedra must be distorted.
The value of 4.76 A is valid for the iodine atoms
bridging silver atoms separated by a distance of
3.0 A. The former distance should by the most ri-
gid I-I distance and consequently that with the
lowest temperature coefficient. Both shorter and
longer I-I distances must occur, but their higher
temperature coefficients make it impossible to
separate them from each other. There are no
peaks in the RDF between 5 and 7 A which can
be assigned to large Ag-Ag, Ag-I or I-I distances
(Fig. 4). This is probably a consequence of very
large temperature coefficients for the longer dis-
tances, since the flexibility within the chain is
large.

The crystal structures of several compounds
with a silver:iodide ratio of 1:2 consist of discrete
infinite chains of Agl, tetrahedra with shared
edges, e.g. [N(CH,),]J[Agl]® and [(CH,);N
(CH,),N(CH,),][(Agl,),).** 1t is therefore plau-
sible that chains of the same kind are also formed
in solution, although the length of the chain is
smaller. The Ag-I distance varies between 2.76
and 2.86 A in these solid compounds. As men-
tioned before, more ideal interatomic distances
are obtained in solution and consequently the dis-
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tance 2.81 A for Ag-I is the most favourable.
The same distance is also found in solid Agl (zinc
blende form),'® in which ideal tetrahedral coordi-
nation is achieved.

As is evident from thermodynamic measure-
ments, these polynuclear chain complexes are not
formed in dilute acetonitrile solutions.’ In such
solutions, complexes with a silver:iodide ratio of
1:2 are mononuclear. The formation of polynu-
clear complexes probably starts at ~0.1 M, with
the chains increasing in length as the concen-
tration is raised.
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