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The transition metal iodates provide a group of compounds with centric and acentric structures and
magnetic alignment at low temperature, optical absorption and emission, as well as piezoelectric, ferro-
electric, and related properties, and possibilities of cross-interactions.

Many inconsistent reports on these iodates and their hydrates exist, mainly due to lack of characteriza-
tion. We report the occurrence of 13 compounds: Cr(105)s; Mn(103),; Fe(105)3; Co(I03); and its 2 and
4 hydrates; Ni(IO3), in « and B forms, its dihydrate, and « and B tetrahydrates; Cu(IOs), and
3Cu(I0);-2H,0 (bellingerite). Some of these compounds are unstable in the presence of water but
form metastably from solution. All but four of these compounds have now been prepared as single
crystals and all have been characterized by differential thermal and thermogravimetric analyses, optical
absorption from 35 to 33,000 cm™, and in terms of refractive indexes and related optic parameters. In
Part II structural, magnetic, and some nonlinear optical properties are reported.

1. Imtroduction

The alkali metal iodates, a-iodic acid, and
ammoniumiodate tend to have acentric structures
and interesting nonlinear optical properties
(1, 2). Contributing to these characteristics are
the unbonded pair of electrons on the iodine
and the high refractive indexes. Most of these
compounds show pyroelectric and piezoelectric
properties, and some are ferroelectric and pos-
sibly ferroelastic. With transition metal iodates
the additional occurrence of magnetic align-
ments at low temperatures and optical absorp-
tions provides the possibility of a variety of
interesting cross-interactions. The possible cross-
interactions between ferroelasticity and other
cooperative phenomenon, for example, have been
discussed by Abrahams (3).

Systematic work in this century has been done
on the Co and Ni iodates by Meusser in 1901 (4),
on the Cu iodates by Granger and De Schulten
in 1904 (5, 6), and Spencer in 1913 (7), and on
Ni and Cu iodates by Martinez-Cros and Le
Boucher in 1935 (8). Some other isolated reports
have also appeared, but the state of confuson
can be indicated by the relatively simple cobalt
iodate-water system, where out of a total of
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seven compounds proposed at various times
0, 1 or 14, 2, 3,4, 5, and 6 hydrates) we find that
only three exist (0, 2, and 4).

One of the factors which has produced much
confusion is the existence of metastable forms:
e.g., in the cobalt system the tetrahydrate forms
first and then converts to the dihydrate in the
presence of water. Since essentially all of the work
in these systems was performed before rapid and
precise characterization of phases by X-ray
diffraction and thermal analysis was available,
the misinterpretations of that period have
generally survived. Accordingly, the relatively
few physical measurements reported on these
compounds have frequently been attributed to
an incorrect formula in the absence of adequate
characterization. In most instances our results
indicate which compound was in fact examined,
and these identifications are cited in the appropri-
ate places.

In this report we describe the preparation of
the iodates of Cr, Mn, Fe, Co, Ni, and Cu and
their hydrates. Simple iodates do not appear to
be formed by V or Ti. Properties reported include
stability regions as determined by differential
thermal and thermogravimetric analysis, optical
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absorptions from 35 to 33000 cm™!, and re-
fractive indexes and related optic parameters.
In another report (9) (hereafter referred to as II)
the structural, magnetic, and some nonlinear
optical properties are described.

The compounds covered in this work are:
Cr(103)3; Mn(10;),; Fe(I10,);; Co(I10;), and
its 2 and 4 hydrates; Ni(IO,), in « and § forms,
its 2 hydrate, and « and B 4 hydrates; and
Cu(10,), and 3Cu(l10,), - 2H,0 (bellingerite). A
number of these are unstable in the presence of
water but form metastably from solutions. All
but four of these compounds have now been
prepared in single crystal form.

2. Experimental Methods

Precipitations were generally performed at
0°C, room temperature, and from boiling solu-
tion using HIO;, HIO; neutralized with KOH
or LiOH, and Cr(NO;);-9H,0, MnSO,-H,0,
Fe(NO,); 9H,0, CoS0,-7H,0, Ni(NO,),-6-
H,O or NiCl,-6H,0, and CuSO, or Cu-
(NO,), - 3H,0, all reagent grade.

Chemical analyses were performed by Gal-
braith Laboratories, Inc., Knoxville, TN, and
Schwarzkopf  Microanalytical  Laboratory,
Woodside, NY.

Crystallizations from the boiling water or
concentrated nitric acid solutions were performed
in a 2 liter apparatus as described elsewhere (10);
spontaneously nucleated crystals were used as
seeds in some subsequent runs to obtain larger
crystals.

Differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) were per-
formed on a Dupont 900 thermal analyzer.
Nitrogen was used as the atmosphere and
heating rates were 20°C/min for survey work and
5°C/min for accurate determinations. Transition
temperatures can be determined in this way to
45°C, although the water loss and decomposi-
tions are gradual and cannot be located as
precisely. Some thermal analyses were conducted
under vacuum and the gaseous decomposition
products examined in a Veeco SPI-10 mass
spectrometer to ensure that only H,O was lost in
the low temperature dehydrations.

Optical absorption spectra were run on a
Perkin-Elmer Model 421 spectrophotometer in
the 4000 to 550 ¢cm™! (2.5 to 18.2 um) region,
using fluorolube mulls between NaCl disks
down to 1500 cm™!, and KBr pellets below this.
In the region from 550 to 35 cm™* (18.2 to
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286 um) a Beckman IR-11 spectrophotometer
was used with Nujol mulls between polyethylene
plates with a blank mull in the reference beam.
In the visible and adjacent region, 33 000 to
5300 cm™ (0.3 to 1.9 um), fine powders were
packed on adhesive tape for diffuse reflectance
measurements in a Cary 14 spectrophotometer;
BaSO, was used as the reflectance reference. At
the lowest wavelengths in this region the instru-
ment slits were open wide and the results are
shown as broken lines in the figures. In all these
regions absorptions show as valleys.

Optic constants, namely the refractive indexes,
pleochroic colors, optic character, sign, and
angle, were determined in a petrological micro-
scope by the immersion technique. The optic
angles were estimated by comparison with
known materials.

X-Ray powder diffraction photographs were
taken on 114.6 mm diameter Straumanis type
Norelco camera using V filtered CrKa radiation.
These patterns were used for identification and
classification, and structural aspects are reported
in I1,

3. Results

The compounds prepared and examined are
shown in Fig. 1 so as to demonstrate several
types of relationships:

a. the transformations with temperature in the
absence of water (solid lines);

b. the metastable transformations in the
presence of water at room temperature (dotted
lines);

c. the precipitation—crystallization conditions
from water or concentrated nitric acid (broken
lines); and '

d. two groupings of isostructural compounds
(marked* and 1).

Elemental analyses (iodine and metal) were
usually performed only for the anhydrous
compounds. The water content of hydrates was
determined from TGA analysis; mass spectro-
scopy confirmed that water only was being lost.
An additional check used was to determine the
molecular weight of the residual oxide remaining
after complete decomposition at 600 to 700°C,
calculated from the assumed formula of the
anhydrous metal icdate. In all instances this
accurately indicated the correct oxide as deter-
mined by X-ray powder diffraction on the
residue.
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FiG. 1. Relationships among the transition metal iodates of Cr, Mn, Fe, Co, Ni, and Cu and their hydrates.

The optic parameters were in all cases consist-
ent with the point group as determined by X-ray
diffraction in II. As expected, the anhydrous
compounds had the highest refractive indexes,
with values decreasing as the water content
increases.

In the balance of this section the preparation
conditions, analytical results, and the character-
ization by DTA, TGA, and optic parameters are
discussed. The optical absorption data are
presented in Sect. 4. The structural, magnetic, and
some nonlinear optical properties are reported in
IL

The order of discussion is the most complicated
Ni system first, followed by Co, Mn, Cr, and Fe;
the less closely related Cu compounds are treated
next; V and Ti do not appear to form simple
iodates and are discussed last.

A. The Nickel Iodates and Their Hydrates

i. Historical

After much early confusion, including the
reporting of 1, 2, 3, 4, and 6 hydrates in addition
to anhydrous Ni(I0;),, Meusser in 1901 (4)

reported the existence of one anhydride, « and
dihydrates, and a tetrahydrate. He determined
solubilities and deduced that «-Ni(10,),-2H,0
was stable below ~75°C, the § dihydrate above
75°C, and Ni(I0;),-4H,0O was unstable at all
temperatures, all in the presence of water. Based
on our findings described below, some of these
conclusions are incorrect. We find his o dihydrate
to be a second tetrahydrate, and his solubility
data to be unreliable because of the meta-
stability. We have also found a second, green,
low temperature « form of the anhydride,
Meusser’s yellow compound being accordingly
designated B-Ni(I0,),. Martinez-Cros and Le
Boucher (8) did note both green (produced by
heating) and yellow (produced from nitric acid
solution) anyhydrides but gave no further
characterizations.

Weigel, Imelik, and Prettre (1I) observed
7.45, 4.0, and 1.775 hydrates and concluded that
the latter, corresponding to a dihydrate, was the
only stable compound. The indefinite water
ratios of their 7.45 and 1.775 hydrates weaken
their conclusions; their thermal analysis evidence
for the 7.45 hydrate is poor, and wefind that both
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tetrahydrates are in fact stable as long as free
water is not present.

The only nickel iodate compound at
least partially characterized previously is
Ni(I0;),-2H,0O (the previously used prefix §
is now redundant) which has been examined by a
number of techniques: nuclear quadrupole
resonance (12), infrared absorption bands (I3,
14) (although the presence of water was not
specified in the first of these two studies), specific
heat (15), magnetic measurements (16, 17), and
thermal analysis (/8). The only structural data
reported were the unit cell and space group
determined in unpublished work by E. A. Wood
as quoted by Burgiel, Jaccarino and Schalow
(12) and work on the crystallographic and mag-
netic structures of Ni(10,),:2D,0 (19).

ii. Preparation

By the precipitation of a Ni(NO;), solution
with a solution of HIO; a fluffy green precipitate,
o-Ni(I03), -4H,0, forms in a few hours at room
temperature. In contact with the solution or
with water, this will convert first to
B-Ni(10,),-4H,0. This conversion begins im-
mediately and goes to completion in 1 day in a
laboratory well contaminated with S-teirahydrate
nuclei from previous work, but takes as long as 1
wk in a relatively ‘‘clean™ laboratory. The
p-tetrahydrate will now convert to Ni(I0,), - 2-
H,0 in the presence of water in 1 wk or more.

It is easy to understand why early observers
believed that the first compound to precipitate

a-Ni{I03)y 4H,0
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was a dihydrate. If the sample is not scrupulously
dried immediately after preparation and kept
dry, it will convert to the dihydrate and be
analyzed as such after routine drying.

One can therefore deduce that in the presence
of water, the dihydrate is the only stable com-
pound; it does not form immediately only due to
nucleation difficulties. The appearance of the
p-tetrahydrate is then an intermediate meta-
stable phase on the way to stability (Ostwald’s
step rule). In the presence of a small amount of
water, a powdered mixture of all three hydrates
converts rapidly to the dihydrate, Since these
compounds transform in this way in the presence
of water, as diagrammed by the dotted lines in
Fig. 1, any solubility data such as that of Meusser
referred to above, particularly for the «-tetra-
hydrate (his a-dihydrate) is unreliable, since
values obtained will depend on the length of
time used as well as on the nuclei present.

If the a-tetrahydrate is filtered and air-dried
as soon as it has formed, it will contain at most
small amounts of the f-tetrahydrate and can be
kept essentially indefinitely in a desiccator in a
refrigerator. Similarly, the air-dried pS-tetra-
hydrate is quite stable in a desiccator. Only in
the presence of added water will it begin to
convert to the dihydrates; although the latter
contains less water, a liquid phase appears to be
required for nucleation of the stable phase to
occur. The dihydrate precipitates directly at
90°C.

The a-tetrahydrate when dry begins to convert
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to the yellow anhydrous pB-Ni(I0;), above
50°C. The p-tetrahydrate converts to the di-
hydrate when dry at 140°C, while the dihydrate
converts to the green s-anhydride at 200°C.
These changes are summarized in Fig. 1 and can
be seen in detail in the DTA and TGA curves of
Figs. 2 and 3. Large crystals of the dihydrate
10 mm in length have been grown from boiling
water solution (70).

The green o-Ni(IO,), converts to yellow
B-Ni(I0,), only 20°C below the decomposition
temperature of 520°C, but the f-anhydride can be
crystallized directly from solution in boiling
nitric acid. As shown in Fig. 2, the anhydride o to
p transition is unexpectedly exothermic on heat-
ing. It may be that the a-anhydride is in fact a
metastable phase. The small weight loss seen
in the TGA curves of Fig. 3 at 500°C indicates
different decomposition rates for the two
anhydrides.

These relationships were established on the
basis of thermal analysis and numerous X-ray
powder diffraction patterns. Since all these
compounds, except for the yellow B-Ni(I10,),,
are not greatly differing shades of green, it is not
possible to sight-identify and to handpick
material as is the case in the cobalt system.

Meusser (4) stated that neutral solutions may
be used; we have found that the use of LilO;

appears to give essentially identical results as
acid solutions, but the use of KIO; can result in
some potassium-containing double salts which
were not further investigated. We have found no
evidence for compounds containing more than
four water molecules per nickel iodate molecule.

iii. Properties

a-Ni(105),-4H,0 is the first compound to
precipitate from solution and rapidly converts to
B-Ni(10;),-4H,0 when wet. It is medium-green
and when dry is barely stable; conversion to
yellow B-Ni(10,), begins at about 50°C (Figs. 1,
2, and 3). As can be seen in the DTA and TGA
curves, some of the f-tetrahydrate is present as a
contaminant. If a sample is held for 0.5 hr at
130°C, essentially complete conversion to the
yellow f-anhydride occurs. Optical constants
are given in Table L.

B-Ni(10;),-4H,0 is a medium green sub-
stance, stable when dry to 140°C (Figs. 1, 2, 3)
where it converts to the dihydrate with the loss of
14.6, 1529 H,0 (theory=14.98%). In the
presence of water it also converts slowly to the
dihydrate. Single crystals 2 to 3 mm in size form
from a mixture of «-Ni(I0;),-4H,O and its
precipitation solution or water at room temper-
ature over a period of several days. Optic
constants are given in Table L.
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TABLE I

OPTIC PARAMETERS OF THE NICKEL JIODATES®

Color and
Character and sign ~ Refractive indexes pleochroism Optic angle Point group®
a-Ni(103), nd nd Green(nd) nd nd
B~Ni(103), Uniaxial () 1.89, —, >2.00 Yellow(nd) 0 6
Ni(I0;),-2H,0 Biaxial (-) 1.75, 1.83, 1.85 Green(nd) Small mmm
a-Ni(103), - 4H,0 nd nd Green(nd) nd ad
B-Ni0,),-4H,0 Biaxial(nd) 1.68, nd, 1.80 Green(nd) nd 2/m

¢ nd means not determined.
b As determined by X-rays in II.

Ni(I10,),-2H,0 (previously referred to as the
p-compound) is an emerald green material,
readily crystallized from boiling water solution
(10). Crystals up to 0.5 in. in length were grown
in three stages from a total of 6 liters of solution
over a 6 wk period. It decomposes at 200°C
(Pechkovskii and Sofronova (18) give 210°C),
shown in Figs. 1, 2, and 3, to the green a-anhy-
dride, with the loss of 7.98 to 8.349%, H,O
(theory = 8.109;). The optical absorption data
of Sect. 4indicate that the “nickel iodate hydrate™
of Rocchiccioli (14) is the dihydrate. Optical
constants are given in Table I.

The structure, determined by Abrahams and
Bernstein (20), is orthorhombic Pbca with unit
Sfll a=9.14986, b==12.20896, and c= 6.58353

o-NI(10;),. This olive green compound is
prepared by heating the dihydrate to 200°C. It
converts exothermically to the yellow f-anhy-
dride at 500°C, almost coincident with the onset
of decomposition as shown in Figs. 2 and 3.
Optical constants are given in Table L

f-Ni(I03),. This bright yellow compound is
prepared by heating the a-tetrahydrate above
50°C or the ¢-anhydride to 500°C, or by direct
crystallization from boiling nitric acid (10) as
acicular crystals. Decomposition begins while
the compound is forming from the a-anhydride,
and a mixture containing some NiO results by
this route. Rapid decomposition begins at
520°C as shown in Figs. 2 and 3 with the forma-
tion of NiO; based on the amount of starting
compound the residue after TGA to 700°C
corresponded to molecular weights of 72, 75,
and 76 (theory for NiO = 74.7); this was con-
firmed to be NiO by X-ray powder diffraction.

Pechkovskii and Sofronova (/8) reported the
decomposition at 490°C, but did not observe the
intermediate formation of the &« compound.
Analytical data on acid grown crystals dried at
110°C were in reasonable agreement with
theory:

% Ni %1
B-Ni(104),—S1045 13.07, 15.01 61.42, 61.91
Calculated for Ni(I03),  14.37 62.13

The optical absorption data of Sect. 4 indicate
that the Ni(I0;), examined by Dasent and
Waddington (/3) was the B-anhydride. Optic
constants are given in Table I. The X-ray
diffraction data show this compound to be
isostructural with the cobalt, manganese, and
ferric anhydrous iodates.

B. Cobalt Iodate and its Hydrates
i. Historical

Early work reported the existence of 0, 1, or
13, 2, 3, 4, 5, and 6 hydrates of Co(I0,),.
Meusser (4) studied the system and, based on
solubilities, found only a tetrahydrate unstable
in solution at all temperatures, a dihydrate
stable below 63°C and an anhydride stable
above this temperature. Rosenberg (27) dis-
cussed Meusser’s (unreliable because of meta-
stability) solubilities in terms of activity co-
efficients. Rocchiccioli (/4) gave the infrared
bands of a hydrated cobalt iodate. Meijer and
Handel (16) measured the magnetic susceptibility
and specific heat at liquid helium temperatures,
and Pechkovskii and Safronova (18) performed
thermal analysis, on the dihydrate.
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ii. Preparation

We find that the three compounds occurring
in this system are the cobalt anhydride and the di-
and tetrahydrate. They correspond closely to the
Ni f-anhydride, dihydrate, and fS-tetrahydrate;
the first and last of these salts being in fact
isostructural between Ni and Co. The study of the
cobalt compounds is simplified by the fact that
the colors are quite distinct, being intense
purple, deep pink, and beige, respectively.

The tetrahydrate Co(10,),-4H,0 precipitates
from acid or neutral solution at or below room
temperature, often in millimeter size crystals.
On standing in the presence of water for a
number of days powdered tetrahydrate converts
to the dihydrate, again with the formation of

NASSAU, SHIEVER AND PRESCOTT

millimeter size crystals. Near the boiling point
of water the anhydride is the only product, and
it can be crystallized from boiling water or nitric
acid (/0) in single crystal form. When dry, all
three cobalt compounds are stable at room
temperature, but in the presence of water both the
tetrahydrate and the anhydride can form
metastably, possibly due to difficulties in nucleat-
ing the stable phase. In Fig. 4 is shown a Tefion
stirring-bar on which all three cobalt compounds
crystallized overnight from a CoSO,~KIO,
solution at room temperature.

iii. Properties
Co(10,),-4H,0 is a beige substance, stable
when dry to 70°C, (Figs. 1, 5, 6) where it converts

FI1G. 4. Crystals of purple needles of Co(10s), A), pink plates of Co(105),2H,O (B), and beige Co(10s),-4H.0 (C),

cocrystallized from CoSO,-KIOj; solution (x22.5).
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to the anhydride with the loss of 14.8 to 15.6%;
water (theory=14.98%). In the presence of
water it converts slowly to the dihydrate. It is
isostructural with Ni(10;),-4H,0. Optical con-
stants are given in Table II.

Co(103),-:2H,0 is a deep pink compound
readily crystallized from boiling water solution.
It is stable up to 150°C (Pechkovskii and Sofron-
ova (18) give 142°C) shown in Figs. 1, 5, and 6.
At this temperature it decomposes to the anhy-

COlT04), 4H,0
/-co(m?,) “2H,0

co(103),

4.07 Hp0/C0

R

dride with the loss of 7.9 to 8.7%, H,O (theory =
8.109,). Based on the optical absorptions of
Sect. 4, the “cobalt iodate hydrate” of Rocchic-
cioli (14) was the dihydrate. Optical constants
are given in Table II.

Co(dO3); is an intensely colored purple
material crystallizing from boiling water or
nitric acid in acicular crystal (10). It decomposes
at 420°C (Pechkovskii and Sofranova (I8) give
415°C), shown in Figs. 1, 5, and 6, to Co,0,

€040,

col105),

fems
1 1 i

!
!
I
l
|
|
|
|
]
|
|
|

1 1 Il A

100 200 300

400 500 600 700

TEMPERATURE (°C)

FiG. 6. TGA curves of the cobalt iodates.
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TABLE II

OprTiC PARAMETERS OF THE COBALT 10DATES®

Refractive indexes
Character and Optic Point
sign X y z Color and pleochroism angle group®
Co(10s); Uniaxial (-) 1.87 — 197 Purple (purple, purple) 0 6
Co(I03);°2H,;0 Biaxial (-) 1,71 1,79 1.85 Pink (red-brown, pink, purple) Large 1
Co(10s); *4H,0 Biaxial (-) 1.68 nd 1.76 Beige (brown, nd, purple) Large 2im

% nd means not determined.
b As determined by X-rays in IL.

as determined by X-ray diffraction; the residue
corresponding to a molecular weight of 228 to
258 (Co;0, = 240.8). Analytical data on acid-
grown crystals dried at 110°C gave good agree-
ment with theory:

% Co %1
Co(105),—S1033 13.92,14.31  60.98, 62.31
Calculated for Co(103), 14.42 62.09

Optical constants are given in Table II.

C. Manganese Iodate

Among other investigators, Ditte in 1890 (22)
examined the anhydrous divalent manganese
compound. He reported it to be insoluble in
boiling water and nitric acid. Hayes and Martin
{23) reported a solubility product in water of

3CU(10,)-2H,0 |

e —— ———

Cu(l03),

CrilO4)y

Fe(I0g)y

MN(103)p

I 1 1 (

Cul1o,), ],

4,97 x 1077 at 25°C and a heat of solution of
2280 cal/mole. Rocchiccioli (14) reported the
infrared absorption spectrum without giving any
preparation details.

Precipitation at temperatures from 0 to
100°C under acidic HIO; or neutral LilO,
conditions gave but one product. Crystallization
from boiling water yielded clusters of the same
compound in single crystal form as pink needles
up to 2 mm long and 1/2 mm in diameter. The
25°C solubility product (23) gives a solubility of
2 g/liter; even at the boiling point the solubility
increased to only about 3 g/liter. Boiling nitric
acid could not be used to increase the solubility
since it converts the compound slowly to an
oxide. Even in boiling water there is some
oxidation.

cuo

)
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FiG. 7. DTA curves of the copper, iron,

manganese, and chromium iodates.
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DTA and TGA curves for Mn(10;), are given
in Figs. 7 and 8. They indicate the absence of
H,O and show decomposition at about 420°C.
The product under nitrogen was Mn,Q0;; the
residue corresponded to a molecular weight of
160, 168 (Mn,0; = 157.9). Chemical analysis
for the room temperature, iodic acid precipitated
compound dried at 100°C confirmed the compo-
sition:

By precipitation with KIO,, powders contain-
ing potassium salts were obtained. Berg (24)
reported double salts based on trivalent man-
ganese; he found that Mn(I10;); itself was not
stable except in the presence of excess HIO; in
solution. These aspects were not pursued any
further.

D. Chromic Iodate

% Mn %1 )
Von Endrédy (25) reported Cr(IO5); with 0,
Mn(105),—S1031 13.38,13.62  62.69,63.85 2, 4} and 5 hydrates, characterized only on
Calculated for Mn(I0),  13.57 62.71 the basis of analysis. Following his techniques
Optical constants are given in Table III. we have obtained precipitates of variable water
TABLE I
OpPTIC PARAMETERS OF THE Cr, Mn, Fe, AND CU IODATES?
Refractive indexes
Character and Point
sign x ¥y z Color and pleochroism  Optic angle group®
Cr(I105)s nd >2,0 Green nd nd
Mn(103), Uniaxial (-) 181, —, 2.00 Pink (x > 2) 0 6
Fe(103); Uniaxial (+) 1.80, —, 1.95 Yellow-green (nd) 0 6
Cu(10;), nd nd Cream (nd) nd nd
3Cu(103),-2H,0 Biaxial (+) 1.90, 1.94, 1.96 Blue-green (nd) Small 1
Bellingerite® Biaxial (+) 1.890, 1.90, 1.99 Light-green (z > xand y)  Medium 1

% nd means not determined.
b As determined by X-rays in II.

< Naturally occurring 3Cu(10;), - 2H,0, from Chuquicamata, Chile, reported by Berman and Wolfe (27).
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content (10 to 21% H,0), showing no evidence
for any constant water content regions on DTA or
TGA. Neither these powders nor their dehydra-
tion products diffracted X-rays. When the room
temperature HIO,-Cr(NO,), precipitated pro-
duct was dissolved in boiling water and evapor-
ated, the same type of product was obtained.

However, when this powder was dissolved in
boiling concentrated HNO; and filtered, a
precipitate appeared overnight and a little more
on continued boiling almost to dryness. This
anhydrous green compound (Figs. 7 and 8) gave
an X-ray powder diffraction pattern closely
resembling (see II) that of Fe(IO;); as well as
the divalent Mn, Co, and B-Ni iodates. The
infrared absorptions of Sect. 4 were also con-
sistent with Cr®*, Optic constants are given in
Table 1H.

The analytical results were in reasonable
agreement with the calculated values expected
for trivalent Cr, as was expected since a chromic
compound was used as reagent and HIO; is an
oxidizing agent.

% Cr %1
Cr(I03),—S1234 8.42 63.98
Calculated for Cr(I103); 9.02 66.01

After decomposition (above 420°C) very little
residue remains indicating disproportionation
to a volatile compound, presumably chromyl
iodide CrO,l,.

E. Ferric Iodate

The only preparatory report during this
century is that of Von Endrédy (25) who used
several reactions to obtain products with
slightly different properties as well as a doubtful
dihydrate. These techniques were also used by
Dasent and Waddington (/3) to prepare a powder
for infrared measurements.

Using the techniques of Von Endrédy, as well
as other variations, only a single compound
could be obtained as indicated by X-ray powder
diffraction and thermal analysis. The compound
is pale yellow-green, but readily turns brown
when partially decomposed due to traces of
Fe,O, formed. DTA and TGA curves are shown
in Figs. 7 and 8, indicating absence of water
and decomposition about 450°C to Fe,O;; the
residue corresponded to a molecular weight of
157 to 162 (Fe,O, =159.7). In some precipita-
tions a considerable amount of water was loosely
held, but thermal analysis gave no evidence for
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the existence of any fixed hydrates. Undoubtedly
this phenomenon resulted in Von Endrédy’s
report of decomposition at 130°C and a question-
able (to him) dihydrate.

The solubility of about 0.35 g/liter reported
by Von Endrédy (25) is too low for effective
crystal growth, although tiny crystals, less than
0.1 mm long were obtained by the evaporation of
2 liters of saturated solution. These crystals again
ranged from yellow-green to brown. They were
large enough for single crystal X-ray diffraction
to confirm the structural identity with several
divalent anhydrous iodates shown in Fig. 1, as
well as with Cr(10;),.

The analytical results on a sample precipitated
at 95°C and dried at 110°C were:

% Fe %1
Fe(10,),—S1028d 9.67,9.57  65.62, 65.38
Calculated for Fe(I03), 9.62 65.58

Optic constants are given in Table III. The
absorption band at 21 700 cm™! as described in
Sect. 4 is consistent with Fe** as distinct from
Fe?* (see e.g., Wood and Nassau (26)]. This,
together with the excellent agreement of the
analytical data, the fact that a ferric salt was used
as a starting material, and that the iodic acid
also used is an oxidizing agent leaves no doubt
that ferric iodate was obtained. Trivalent Fe
iodate is isostructural with the divalent Mn, Co,
and B-Ni iodates; the implications of this are
discussed in .

F. Copper lodate and the Hydrate, Bellingerite

A series of authors have reported a copper
iodate monohydrate Cu(I0,), -H,O obtained by
precipitation from neutral or acid solutions
[e.g. (5-8)]. Subsequently the mineral bellingerite
3Cu(10;),-2H,0 was reported by Berman and
Wolfe (27), and its structure was determined by
Kaplan (28). Berman and Wolfe noted the
identity of bellingerite with Granger and De
Schulten’s (5) monohydrate, but this comment
was ignored and a variety of data published for
the monohydrate deal in fact with the bellingerite
composition as discussed elsewhere (29).

We have obtained bellingerite 3Cu(10;), - 2H,0
by precipitation with HIO, from 0°C to the
boiling point. By using neutral solutions mixtures
are obtained which we have not succeeded in
characterizing. The solubility in water at room
temperature is 1.5 g/liter and in concentrated
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nitric acid about 8 g/liter at the boiling point.
Bellingerite was crystallized from both boiling
water and boiling concentrated nitric acid
solutions in crystals up to 12 mm across ({0).
The crystals are blue with a density of 4.89 (27),
4.88 (6).

The DTA and TGA results of Figs. 7 and 8
show that 3Cu(10;),-2H,0 loses its water and
converts to the anhydride at 300°C. If not
carefully freed of excess HIO, the water loss
temperature was observed to occur as low as
135°C, probably explaining the 170 to 180°C
decomposition temperature previously reported
3).

The product of dehydration is the anhydride
Cu(10;),, obtained as a pale green powder by
heating for 10 min at 300°C. At higher temper-
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atures and longer heating times the compound
is easily turned brown by decomposition pro-
ducts; it decomposes rapidly at about 450°C
(as shown in Figs. 13 and 14) to CuO; the mole-
cular weight calculated from residue was 78,
80 (CuO =179.5).

Analytical results confirm the 2/3 hydrate
and anhydride formulas:

% Cu %1 %H,0

3Cu(103)2 . 2H20—
S1035

Calculated for
3Cu(I0;),-2H,0

Cu(10;),—S1038H

15.10, 14.97 59.45,59.90 2.7,2.8

2.82

14.94 59.68
15.40, 15.12 61.17,61.13

Calculated for
Cu(10,), 15.37 61.40 —
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FiG. 9. Diffuse reflectance curves of the Nickel iodates in the 33 000 to 5300 cm! region.
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Occasionally some green crystals or crystal
regions are found with the blue 3Cu(10;),-2H,0
when crystallizing from boiling HNO;. A pale
green product obtained by Granger and De
Schulten (5, 6) under similar conditions was
considered to be the anhydride. However, we
find this material to be bellingerite based on
X-ray powder diffraction results; the cause for
the off-color is not known but NO, inclusions
may be suspected.

There also exists a hydroxy-iodate of copper,
the mineral salesite Cu(IO;)(OH), described by
Palache and Jarrell (30), with a structural
determination by Ghose (37). This compound
was reported to be obtained by a Cu(NQO,),,
HNO;, KIQ; recipe by Granger and De Schulten
(5, 6). Following their procedure, as well as
some modifications, we repeatedly obtained only
bellingerite.

G, Titanium and Vanadium Iodates

Ladwig (32) reported on the compound
VO0,-10,-2H,0 or V,0,-1,05-4H,0 which
previously had also been assigned the formula-
tion I(OH),(VO,;) (33). Other related vanadyl
iodate hydrates have been reported (33). In view
of the oxidizing nature of HIO; and the ready
oxidation of V in lower valence states, it seems
unlikely that iodates other than those of vanadyl
would exist.

Ray and Saha (34) have reported the following
titanium iodates: H,[Ti(OH),(10,),]; H,[Ti-
(OH),(105),] or Ti(10;), 2H,0, TiO(10;),,
and Ti(105),; H,[Ti(I0;)¢] - 2H, 0, H,[Ti(10;)s]-
H,0, and H,[Ti(10;)¢]. Analysis and molar
volumes (densities) appear to have been the only
characterizations used.

We have attempted to prepare some of these
Ti compounds; the products have shown
variable or no X-ray diffraction, thermal analysis
showed variable water content and no fixed
hydrate compositions, and analyses showed I/Ti
ratio varying from 2 to 20.

It does not appear likely that simple iodates
of either V or Ti exist analogous to those of Cr
through Cu described above. Accordingly these
compounds were not further investigated.

4. Optical Absorption Data

The optical reflectance data in the 5300 to
33 000 cm™! region are given for the Ni iodates
in Fig. 9, for the Co compounds in Fig. 10, and
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for the Cu, Cr, Fe, and Mn compounds in Fig. 11.
The absorbance data in the 4000 to 35 cm™!
region is presented for all the hydrates in Figs.
12 and 13, and for the anhydrous compounds in
Figs. 14 and 15,

These spectra show three general types of
absorption feature. In the visible region 33 000
to 14 000 cm™* and a little beyond are found the
absorptions originating in the transition metal
ions. Here the data are consistent with the known
transition metal content; as discussed in Sects.
3D and E, both Cr and Fe iodates are trivalent.
The visually observed colors of the compounds
are consistent with the absorptions and reflections
following the table of hues associated with
spectral energy bands as given by Burnham,
Hanes and Bartleson (35).

The hydrates all show absorptions attributable
to hydrogen bonded water molecules. In liquid
water absorptions occur at 3756 and 3652 cm™!
(asymmetric and symmetric O-H stretching
modes), and 1595~! (H-O-H bending mode)
[Herzberg (36)], and other absorptions in the
14 000 to 4000 cm™' region occur at 13 200,

FREQUENCY (cm™ )
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IIHHIHH'IIIIW T 7 1T 7 [ I I I
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wo s .
(5] .
4
<<
2
o
w
-
'S
[}
x | 0.42
s
: ColIOy,
o33
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| 1 L 1 1 1 !
0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
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F1G. 10. Diffuse reflectance curves of the Cobalt iodates
in the 33 000 to 5300 cm™! region.



3d IODATES. 1

199

FREQUENCY (cm ')

3025 20 15 10 9 8 7 6 55 X10?
NW[THT]TTII[IIII[III 7 T I I T T
R
£ 0.48
: 3CUlI04)-2H,0
I 050 105)-2H,
I : Cu(IOs),
032!
L0.34
NER
s 0.66 oo 98 1.38 1.70
Q | |
= i |
:(; Fe(I03)3
© 1046
u )
L. .
L) B
Q- .
l
Cr(104);
o032 048
L 067
1 l ! 1 i I
0.3 0.5 0.7 0.9 1.1 13 1.5 1.7 1.9

WAVELENGTH {microns)

FiG. 11. Diffuse reflectance curves of the copper, iron, manganese, and chromium iodates in the 33 000 to 5300 cm™*

region.

10 300 8400, 6800, and 5150 cm™!, with the
intensity of these weak absorptions increasing
in this order [Curcio and Petty (37)].

The three fundamentals are the most prominent
indicators for water in these compounds, and as
a group are present in all the hydrates and absent

in all the anhydrides. These bands are shifted
and broadened by hydrogen bonding, the most
extreme case being 3Cu(I0;),-2H,0 where the
most prominent fundamental stretching mode is
shifted to 2905 cm™?; in the other hydrates this
feature is found in the 3240-3070 cm™! region.
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F1G. 12. Absorbance curves of hydrated iodates in the 4000 to 550 cm™! region.

The occurrence of the 1600 ¢cm~! band is a
specific indication for H,O as distinct from
—~OH; H,0 rather than -OH is also expected on
chemical grounds.

The last set of features, due to vibrations
involving metal, iodine, and oxygen atoms, are
found prominently near 750 cm™!, and also at
lower frequencies. The four fundamental fre-
quencies of the pyramidal iodate ion, both
infrared and Raman active, have been observed
in a variety of iodate crystals as well as in iodate
solutions (13, 14, 38). They are v, (symmetric
stretching) at 630 to 780 cm™!, v, (symmetric
bending) 350 to 400 cm~!, v, (asymmetrical
stretching) 730-820 cm~!, and v, (asymmetric
bending) at about 330 cm™'. Thus the dominant
absorption band found at 700 to 800 cm~* in all
of these compounds can be expected to contain
vy, 25, V3, 2v4, and v, + v, as well as the possible
splitting of v5 (13). The largest number of peaks
resolved in this region is seven in Mn(10,),,
while most of the compounds show four resolved
peaks. Specific assignments were not attempted.

Three reports have listed a limited number of
absorption bands of some of these iodates, with
no preparation description or characterization.
Based on our data we can clearly identify all
of these compounds with one exception. The
bands at 339, 357, 381, 445, and 582 cm™! given
by Rocchiccioli (14) for “Cu iodate, hydrated or
anhydrous” match neither of our Cu compounds;
the remaining bands at 725-743, 765, and 798
cm~!, however, do match reasonably with
either Cu(10,), or with 3Cu(I0,),-2H,0. The
same author’s five bands for “Mn iodate,”
seven bands for “Ni iodate hydrate” and 10
bands for “Co iodate hydrate” give a good
match for our Mn(10,),, Ni(10,),-2H,0, and
Co(103),-2H,0, respectively. Dasent and Wad-
dington’s (13) three bands for Ni(I0;), and four
bands for Fe(I0,); agree with our data for
f-Ni(10,), and Fe(I0,),, respectively.

Nyquist and Kagel (39) show curves
for two transition metal iodates. Their
“Cr(10,);-xH,0,” number 864, does not cor-
respond to our Cr(I10,); and is accordingly not a
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F1G. 14. Absorbance curves of anhydrous iodates in the 4000 to 550 cm™ region.

definite compound but one of the mixtures
discussed in Sect. 3D. Their “Ni(I0;),-xH,0
(plus impurity at 1683 cm™!),” number 865,
corresponds to our Ni(IO;),-2H,O spectrum.
Their “impurity at 1683 cm™'" is an essential
part of this spectrum, occurring in all the iodate
hydrates as discussed in this section. However
their band at 1385 cm™' is not, and can be
identified as originating from contamination
with NiNO;-6H,0; this band originates from
the strong fundamental v, vibration which
dominates most nitrate spectra (40).

5. Summary

The iodates of Cr, Mn, Fe, Co, Ni, and Cu
and their hydrates have been examined in detail.
Of the many formulations previously reported
only 13 were found to be valid, and nine of these
were prepared in single crystal form. Most early
work suffered from lack of characterization. We
have accordingly presented preparatory details,
crystal growth information, and the results of
DTA, TGA, optical absorption and optic
constant measurements so as to prevent future
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confusion due to lack of reference data. X-Ray
diffraction results, magnetic properties, and some
nonlinear optical properties are presented in
Part 11 of this series.

Notes added in proof:

(1) An improved way of specifying the colors
of these iodates uses the Supplement (Standard
Samples #2106) to NBS Circular #553 (K. L.
Kelly and D. B. Judd, U.S. Government Printing
Office, Washington, D.C., 1965). According to
these standards the colors listed should be: Table
I: light grayish olive, brilliant yellow, strong
green, light green, light green; Table II: deep
violet, light reddish purple, medium pink; Table
II: dark yellowish green, strong pink, light
yellowish green, light yellowish green, light
greenish blue.

(2) E. H. P. Cordfunke has kindly permitted us
to see his preprint (J. Inorg. Nucl. Chem. in press)
in which he discusses Ni and Co iodate hydrates.
There are two differences: He has not observed
our a-Ni(10;),:4H,0; his compound should
accordingly be designated B-Ni(10,),-4H,0 to
correspond to our equivalent compound. He has,
however, observed two Co iodate dihydrates;
our compound should therefore be designated
a-Co(I0;),-2H,0 to correspond to his com-
pound so designated; his second compound,
metastable f-Co(I0,),-2H,0, is isostructural
(Pbca,a = 9.267,b = 12.184, ¢ = 6.621 A) with his
and our Ni(1I0,),-2H,0.

(3) Additional copper iodate compounds have
now been discovered and will be described in
papers Il and 1V of this series.
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