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A single-crystal X-ray structural analysis of the material previ-
ously known as “Ag,HIO;” has shown it to be Ag,H,1,0, M, =
847.29, monoclinic, P2,/n, a = 6.243(3), b = 7.247(3), ¢ =
10.196(4) A, B = 98.00(3)°, V = 456.8(3) A3, Z =2, D, = 6.160 g
cm™?, A(MoK ) = 0.71069 A, pe = 151. Lem™!, F(000) = 744, T =
90K, R = 0.0570, wR = 0.0547, § = 1.85 for 898 unique observed
reflections and 73 parameters. The dark-red crystal is composed
of centrosymmetric HyI;0}; ions built up of two edpe-sharing
104(OH) units. The Ag* ions equally surrounding the anion dis-
play the coordination numbers 5 and 7. The shortest Ag—Ag dis-
tance is 3.321(2) A, revealing the absence of any attractive Ag—Ag
interaction. The geometrical parameters obtained for the H,1,0%
ion are in close accordance with those reported for the same anion
in the colorless alkaline metal salts. The color-induction phenom-
enon is due to considerable covalent Ag-O interaction causing a
red shift of electronic transitions in the “cation-anion com-
plex”.  © 199 Academic Press, Inc.

INTRODUCTION

Our interest in colored silver salts (I, 2) recently led us
10 a study of slightly soluble silver (1) periodates precipi-
tated under various conditions in the system AgNQ;—
H;10,~H,0 (3).

We expected that AgsH,I,0 5 might be a new candidate
for investigations dealing with the color-induction phe-
nomenon in heavy B metal salts (4—7). In order to obtain
more information about the validity and the scope of
known modeis providing an explanation for this phenom-
enon, the structural features of the red-colored title com-
pound and those reported for the related colorless alka-
line metal periodates are compared.

We have performed a single-crystal structure analysis
of the ruby-red material previously known as ** Ag;HIOs”
to elucidate the correct empirical formula for the com-
pound, which remained questionable from carlier studies
(8, 9).

! To whom correspondence should be addressed.

EXPERIMENTAL

Ruby-red crystals were obtained by dissolving 2.00 g
NalQ, (Fluka) in 200 ml H;O at 70°C and slowly adding
2.20 g AgNO; (Fluka) dissolved in 40 ml H;O (optimum
pH value: 4.0 to 4.5),

Data were collected from a single crystal (0.10 x
0.12 x 0.20 mm) at 90 K with a modified Stoe 4-circle
diffractometer using graphite-monochromatized MoK,
radiation with Nonius low-temperature equipement. Cell
parameters were obtained from a least-squares fitting of
58 well-refined reflections, 3045 reflections measured us-
ing w-scans (scan range 3.5 for 20 from 3° to 60° (& —8
to 8, k0to 10,/ 0 to 14), 1797 reflections with I > 3a (1),
906 unique reflections, internal consistency factor Ry =
0.073 due to the moderate crystal quality and to the high
absorption, with LP correction, empirical absorption cor-
rection with DIFABS (10), omission of 8 low-order re-
flections probably suffering from extinction. A structural
solution was obtained by direct methods using
SHELXS-86 (11) with no localization of the hydrogen
atom.

Refinement with anisotropic thermal parameters for all
atoms until no parameter shifts occurred gave R =
0.0570, wR = 0.0547 [w = V/o¥F), 898 reflections, 73
parameters]. The strongest peaks in the final difference-
Fourier map of up to 2.89 A3 lay near (0.73-0.99 A) the
iodine and silver atoms. Scattering factors and anoma-
lous dispersion corrections were from ‘“The International
Tables for X-ray Crystallography’ {12). Analysis was
performed on a VAX6000 computer with SHELX-76
(13), PLATON (14), and ORTEP (15).

UV-VIS diffuse reflectance data were collected on a
Varian CARY 05E UV-VIS-NIR spectrophotometer us-
ing a praying mantis accessory (Harrick Scientific Corp.,
New York} (16, 17}.

RESULTS AND DISCUSSION

Single-crystal X-ray diffraction. The final atomic po-
sitions and thermal parameters are listed in Table 1, and
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TABLE 1

Fractional Atomic Coordinates (X 10%) and Thermal Parameters (in A2, x10%) with Standard Deviations in Parentheses
Atom xla yib zlc Uy Un Us Un Ui Uy
Ag(l) 9169(2) 3500(2) 1588(2) 177N 208(T) 161(7) IHS B(5) —15(5)
Ag(2) 508(2) 8834(2) 3394(1) 165(6) - 242(7) 155(7) 8(5) 15(5) 12(6})
I{1) 5790(2) 6920(2) 4541(1) 144(5) 116(5) 119(5) 3(4) 25(4) 1M{4)
o 4681(19) 7782(16) §142(13) 205(5T) 43(49) 215(67) —-10{45) 15(51) 17(4T)
02) 4259(18) 8670(19) 3554(13) 110{53) 263(66) 150(63) 65(49) 42(48) 9(52)
o) 8312(17) 8130(18) 5045(13) 67(49) 238(635) 206(66) —B83(48) ~—18(46) 106(57)
4 &T48(19) $932(1N 3075(13) 202(5T) 103(51) 182(65) 26(50) 15(50) ~23(50}
Q(5) 6818(19) 4752(15) 5640(13) 183(57) 36(47) 194(64) —52(43) —38(48) 24(47)

Note. The form of the temperature factor used is T = exp[—2m¥(hla*? Uy + -+ + 2hka*5*Un + - 7).

the bond lengths and angles are given in Table 2. The
thermal ellipsoid plot of an anion, together with the sur-
rounding Ag* cations and the atom numbering, is shown
in Fig. 1. The packing of the compound in the unit cell is
shown in Fig. 2.

The structure contains binuclear H;1,05g' anions lying
around centers of symmetry. Each anion is built up of
two octahedral edge-sharing 10Qs(OH) units as was ob-
served in K4H2120|0 - 8 H20 (18—20) and in N%HQIQO]U '

NaOH - 14 H,0 (21). As shown by Tobias and Jansen
(21), the three structure determinations of K,H,I,O,-
8 H,0 are inconsistent. The geometrical parameters
and length and bond angles) of the anion in Na,H,l,
Oy,-NaOH ‘- H,0 as well as of the anion in K,H,1,0,,-
3 H,O (18} reveal no significant difference from those in
AgH,1,04.

The positions of the hydrogen atoms could not be deter-
mined, but the substantially longer 1{1)-O(1) distance

TABLE 2

Bond Distances (A) and Bond Angles (°) in the Periodate Anion and in the Coordination Polyhedra of the Silver Atoms

Hz[zo ]—od-Al'liOﬂ

(4] 0d1) 02) 0(3) 04) O5) o)
o) 1.96(1) 2.69(2) 2.68(2) — 2.66(2) 2.66(2)
02) 91.1(5) 1.81(1) 2.79(2) 2.61(2) — 2.73(2)
o3 90.2(5) 100.9(6) L.81(1) 2.64(2) 2.72(2) —
04) 175.4(5) 91.5(6) 92.9(6) 1.83(1) 2.75(2) 2.78(2)
o(5) 84.6(5) 167.0(5) 91.4(5) 92.0(5) 2.02(1) 2.48(2)
o) 83.9¢5) 90.7(5) 167.1(6) 92.4(5) 76.7(5) 1.98(1)
I -+ K1) 3.138(2)
Ag(1)O,-Polyhedron
Ag(l) 0(3) O(4a) o) o4 o) o) 05)
03) 2.28(1) — — — — — -~
O(4a) 153.0(5) 2.33(1) — — — — -
o(2) 103.7(5) 95.0(5) 2.52(1) — — - —
0(4) 95.8(5) 109.1(5) 62.2(5) 2.53(1) -— — —
ol 108.4(5) T1.6(5) 125.5(5) 71605 2.63(1) - —
o) 63.4(5) 104.2(5) 77.4(5) 128.9(5) 156.9(5) 2.82(1) —
O(5a) 95.6(5) 62.8(5) 156.7(5) 129.1¢5) 57.8(5) 100.3(5) 2.86(1)
Ag(2)Os-Polyhedron
Ag(2) 0(2) a(3) o) 0O1) 0O3a)
o(2) 2.33(1) — — — —
o) 128.0(5) 2.3 — — —
0(4) 124.3(5) 103.2(5) 2.44(1) — -
o) 96.6(5) 118.3(5) 73.0(5) 2.57(1) —
0(3a) 79.3(5) 84.0(5) 86.7(5) 152.4(5) 2.75(1)
Ag(D) -+ Ag(2¥D) 3.321(2)
Note. The symmetry codes are given in Fig. 1.
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FIG. 1.

Plot of the H;1,01; anion together with its nearest Ag* cations. The thermal ellipsoids ave drawn at the 50% probability level. S_ nmetry

codes: ] —x, 1=y, 1 —z(iDd+x, -y i+ 0 -y bty d—z(M2-x1-y1~2(0]1 txy ;3] —-x2-y, 1 -z i} —x,

1

y-ohi-niDr-Li-y b+t X x- Ly, zix—x, 1 -y, 1 —zi(xiyx,y - L,z

[1.962(13) A] compared with the distances between I(1)
and O(2)/0(3)/0(4) [1.808(13)-1.832(13) A] has led us to
suggest that the hydrogen atoms are attached to O(1).
The only short intermoiecular O --- O distance below
3.00 A [O(1) -+ O(2¥): 2.66(2) A) therefore implies the
existence of a strong hydrogen bond.

In the main plane of the anion [I(1), 0(2), 0(3), O0),
O(5'y; maximum deviation: K1)} 0.06(3) A] the O(5)-I(1)-
O(5") angle is less than 90° [76.7(5)°] whereas the opposite
angle O(2)-I(1)-0(3} [100.9(6)°] is considerably larger
than the 90° value in the regular octahedron.

The Ag' ions are situated equally around the anions

with Ag—Q distances ranging from 2.281(12} to 2.865(12)
A [next distance 3.135(12) A). The two crystallographi-

cally independent Ag* ions have the coordination num-
bers 7 (distorted pentagonal bipyramid: OfterQgedumplons)
and 5 (distorted trigonal bipyramid: OF"Of=™"™),

The shortest Ag—Ag distance [3.321(2} A] comes close
to the sum of two van der Waals contact radii for Ag[3.40
A7 (22). Consequently, no attractive Ag—Ag interaction
has to be accounted for.

Each O atom in AgH,I,0, displays the coordination
number 4 [distorted tetrahedron; O(1) and O(2); Ag.HI;
O3} and O(4): Agsl; O(5) Ag:l;] (see Fig. 1}.

Color phenomenon. In order to discuss the color-in-
duction phenomenon of the ruby-red Ag,H,I,0, consid-
cration has to be given to the following facts:

FIG, 2. ORTEP plot showing the packing of the ions in the unit cell. The aloms are drawn with arbitrary radii. The Ag - - - O distances below
3.1 A are drawn with dashed lines; the shortest Ag --- Ag contacts of 3.321{2) A are drawn with dotted lines.
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TABLE

3

Apg-0 Distances and O-Ag—0 Angles in Varicolored Silver—Oxygen Compounds

with Twice-Coordinated Ag Atoms

Compound Color Ag-0 Distance (A) 0-Ag-0 angle (%) Reference

KApgCO, Coloriess 2% 2.09 170.0 (26)

Naz;AgO, Colorless 2 x 2.08 180.0 (27)

KA2O Slight-yellow 2 % 1.058(8) 179.5 28

NaAgO Slight-yellow 2 x 2.066(3) 178.2 (28)

AgAlO, Yellow 2 % 2.101(5) 180.0 29)

AglnO, Yellow 2 x 2.076(8) 180.0 (30

Ag,PbO; Yellow 2 x 2.096(4) 180.0 a3
2 x 21114 180.0

AgFeQ, Red 2 x 2.067(8) 180.0 (32}

LiAg;O, Red 2 x2.15 180.0 3%
2 x 217 180.0

NaAg;O, Red 2 x 2.10 180.0 {34)
2 X212 180.0

Ag,O Black 2 X 2,051 180.0 35

(i) Several studies dealing with the color-induction phe-
nomenon of heavy B-metal salts have been reported re-
cently (4-7). In one of those studies (4) this phenomenon
has been related to a cation-induced geometrical distor-
tion of the anion. In contrast to the obviously cation-
induced electronic perturbation of the H,I,0j3 anion, any
geometrical distortion induced by the Ag* cation has to
be discounted on the basis of our results and those ob-
served in the related alkaline-metal salts.

(ii) Due to the long Ag-Ag distances observed in the
crystal there is no evidence of a special type of Ag—Ag
bonding in the title compound. This means that the for-
mation of cluster-like silver aggregates within the crystal
structure that might be responsible for the color enhance-
ment phenomenon (6, 7) is not observed, either.

(tif) A correlation between the color of silver salts of
oxyacids and the observed Ag—0 distances has been pos-
tulated by several groups (23-25). However, the compar-
ison between relevant data (Ag-O distances and colors)
for known Ag-0O compounds, such as those with bicoor-
dinate Ag atoms, provides no support for this hypothesis
(see Table 3).

TABLE 4
UV-VIS Data Obtained by Diffuse Reflectance Spectroscopy

Midpoint of Relative shift of
absorbtion edge absorbtion edge
Compound {nm) (kJ/Mol)
K4H2[20m - 8 Hzo 348 0
Na4H2120|g - NaOH - 14 Hzo 373 ~-19
A&Hzlzoin 646 —-159

In conclusion, it is felt that the color-induction phe-
nomenon in AgyH,IL,Oyp can only be the result of consid-
erable covalent parts in the Ag—-O interactions with a
concomitant red shift of electronic transitions in the “*cat-
ion-anion complex’’ (see Table 4). This view is consis-
tent with the results of XANES (X-ray absorption near
edge structure) studies on oxidic Ag(l) compounds, by
which the covalent part of the Ag-0 bond is revealed by
the intensity of the Agl, edge feature signalling unoccu-
pied 4d states (36).

Furthermore, theoretical calculations on the ab initio
pseudopotential level of the electronic structures, excita-
tion energies, and oscillator strength in the molecular
model systems NalO4 and AglO, reveal a significant red
shift of the vertical electronic excitation energies in ac-
cordance with experimental results (37).
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