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Abstract: Three new redox-based, hydrothermal,

synthetic methods have been developed for the

preparation of a new series of jarosites, AV3(OH)s(SO4), (A = Nat, Kt, Rb*, TI*, and NH,"), in high purity
and in single crystalline form. The V3* jarosites have been characterized by single-crystal X-ray and
elemental analysis, and by infrared and electronic absorption spectroscopy. The synthetic methods employed
here represent a new approach for the preparation of the jarosite class of compounds, which for the past
several decades, have been notoriously difficult to prepare in pure form. To demonstrate the impact of our
new synthetic techniques on the magnetic properties of jarosites, the V3 jarosites were also prepared
according to the nonredox techniques used over the past 30 years. A comparative study of these samples
and those prepared by our new synthetic methods reveals widely divergent magnetic properties, thus pointing
to the importance of the new redox synthetic methods to future magnetism studies of jarosite compounds.

Introduction

The alunite supergroup of minerals consists of more than 40

isostructural compounds with the general formula AOH,-
OH,)6(TO4),.1 The A site is usually occupied by a monovalent
(Na*, KT, Rb", TI*, NH4™, H3O™), divalent (C&", Ba&™, PP,
Hg?"), or a trivalent (B¥", rare earths) ion with a coordination
number greater or equal to nine, M is occupied by afiAl
Cret, or Fé' in an octahedral oxygen coordination site, and T
is occupied by a8, P°*, or As"" in a tetrahedral oxygen sife.
The three-dimensional structure of the alunites consists'of A
ions sandwiched between Kagotagers, which are hexagonal

sheets composed of corner-shared triangles of interconnecte
MOs octahedra. These elementary triangles are further capped®?

about the triangular lattic&:22 When the spins are ferromag-

netically coupled, as has been recently found for th& féam

of V3t jarosite?324 metamagnetism of the pseudo-XY type is
observed?®

Despite nearly three decades of intense research, the mag-
netism of the jarosite compounds continues to elude complete
characterization. In such highly correlated systems, very pure
and stoichiometric samples are required to obtain consistent and
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two-dimensional layers.” The placement of spins at the vertices

of the triangular array can confer unusual magnetic properties

on the Kagoméattice of exchange-coupled mome#ftsideed,
the jarosite subgroup of compounds, A@H)s(SOy)2 (M =
Fet and CE") have long fascinated the solid-state physics

community as models for studying the phenomenon called spin-

frustration arising from antiferromagnetic coupling of spins
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reproducible results. Whereas synthetic approaches to thethis solution, 0.86 mL (10 mmol) of dimethylsulfite was added. The

jarosites have been studied extensively in conjunction with their
utility in the zinc refinery industry®2” methods have relied
exclusively on the simple precipitation at 20060°C of jarosite
from aqueous solutions containing the constituent iohsMS™,

and SQ? ions28-30

A* +3M*" + 2507 + 6H,0—
AM 5(OH)4(SO,), + 6H" (1)

Precipitation of jarosites under these conditions occurs quickly
to yield small crystallites of 520 um. Moreover, the maximum

pressure vessel was closed and placed into an oven &t6@# 6 d.
The oven was then cooled at 0@ min~* to room temperature. Small,
dark-red crystals were filtered, washed, and dried in air. Yield: 1.22 g
(52%). Anal. Calcd for ENaV3S;014 H 1.29, Na 4.89, V 32.52, S
13.65. Found: H 1.33, Na 4.95, V 32.42, S 13.46.

Method 3. To 2.84 g of NaSQ, (20.0 mmol) dissolved in 50 mL
of distilled water was added 1.94 mL (35 mmol) of3@,. The solution
was transferred into a Teflon liner of a 125-mL pressure vessel. A 0.51-g
pellet of metallic vanadium (10 mmol) was added to this solution. The
enclosed vessel was placed into an oven atZD@or 4 d. The oven
was then cooled at 0.9C min~* to room temperature. After opening
the vessel, a small, unreacted piece of vanadium metal covered with
V3t jarosite was carefully removed. The product that precipitated on

occupancy of magnetic sites has been observed to be only 97%the walls of the Teflon liner was isolated, washed with distilled water
with most methods providing samples possessing magnetic siteand dried in air. Yield: 0.91 g (58%). Anal. Calcd foeMNaV;S,014:

occupancies of 8394%2 Accordingly, the low and varying
coverage of the M sites in jarosite materials have led to

H 1.29, Na 4.89, V 32.52, S 13.65. Found: H 1.32, Na 4.95, V 32.61,
S 13.74.

considerable discrepancies in their reported magnetic properties. Preparation of KV 3(OH)¢(SOs)2 (KVS). Method 1. A 45-mL Parr

With the objective of using the jarosite structural framework
as a model system for investigating the magnetic properties of
the Kagomédattice, we sought to develop new synthetic methods
for the preparation of pure and highly crystalline materials. Our
synthetic approaches rely on employing redox-based hydro-
thermal methods to control the kinetics of product precipitation.
Here we report the development of such methods for the
synthesis and physical characterization of a new series of
magnetically pure and highly crystalline3V jarosites, A\4-
(OH)s(SQy)2 with A = Na', K*, Rb*, TI*, and NH*t. As
discussed in the following papét,this class of compounds
allows for the systematic investigation of the magnetic properties
of a material composed of ferromagnetic Kagotagers at
varying distances of separation.

Experimental Section

General Procedures.All chemicals of reagent or analytical grade
were obtained from commercial companies, and they were used without
purification. Hydrothermal reactions were carried out in 23-mL, 45-
mL and 125-mL Teflon-lined, pressure vessels, which were purchased
from Parr Instruments. A Fisher Isotemp programmable oven with
forced-air circulation was used to obtain the desired temperature profiles
for hydrothermal reactions.

Synthesis by Hydrothermal Redox Methods: Preparation of
NaV3(OH)e(SOs)2 (NaVvs). Method 1. VCl, (5.3 mL) was added
dropwise to a stirring solution of~10 mL of ice-cold water; the
resulting reaction mixture was diluted to 25 mL to afford a solution
that was 2.0 M in VOGland 4.0 M in HCI. A 2.0-mL amount of this
solution (4.0 mmol of VOGJ) was transferred into the Teflon liner of
a 23-mL pressure vessel. In a separate beaker, 0.227 g (1.80 mmol) o
N&SG;, 0.20 g (5.0 mmol) of NaOH and 0.117 g (2.0 mmol) of NaCl
were dissolved in 8 mL of distilled water, and the solution was slowly
added to the VOGicharged Teflon liner. The vessel was sealed and
placed into an oven at 20Z. After 6 d, the oven was cooled at 0.1
°C min~* to room temperature. Small, dark-red to black crystals were
filtered, washed with distilled water, and dried in air. Yield: 0.31 g
(73%). Anal. Calcd for ENaVsS014: H 1.29, Na 4.89, V 32.52, S
13.65. Found: H 1.32, Na 5.06, V 32.85, S 13.88.

Method 2. Ten millilliters of a 2.0 M VOC} solution (20 mmol),
prepared as described above, was mixed with a 50-mL solution
containing 1.00 g (25 mmol) of NaOH in a 125-mL Teflon liner. To

(26) Buban, K. R.; Collins, M. J.; Masters, I. MOM 1999 51, 23-25.
(27) Dutrizac, J. EJOM 1999 51, 30-32.

(28) Dutrizac, J. EMetall. Trans. B1983 14, 531-539.

(29) Dutrizac, J. E.; Kaiman, San. Mineral.1976 14, 151—-158.
(30) Kubisz, JMineral. Polonical97Q 1, 47—57.

pressure vessel was charged with 4.0 mL of 2.0 M VE&I0 mmol).

In a separate beaker, 0.316 g 0of3O; (2.0 mmol), and 0.112 g of
KOH (2.0 mmol) was dissolved in 16 mL of distilled water and slowly
added to the Teflon liner containing the VQGolution. The vessel
was sealed and placed into an oven at 205or 4 d. The oven was
then cooled at 0.1°C min™! to room temperature. The product
precipitated on the walls of the Teflon liner; it was isolated, washed
with distilled water, and dried in air. Yield: 0.27 g (58%). Anal. Calcd
for HeKV3S,0:4 H 1.24, K 8.04, V 31.44, S 13.19. Found: H 1.25,
K 8.11, V 31.38, S 13.32.

Method 2. A 2.0-mL amount of a 2.0 M VOGlsolution (4.0 mmol)
was mixed with 10 mL of solution containing 0.22 g (4.0 mmol) of
KOH in a 23-mL Teflon liner. Into this solution, 0.18 mL (2.1 mmol)
of dimethylsulfite was added, and the Parr vessel was sealed. The
enclosed solution was heated at 2Z@2for 7 d after which the oven
was cooled at 0.PC min™! to room temperature. Small, dark-red
crystals that attached to the walls of the Teflon liner were collected by
filtration, washed with distilled water, and dried in air. Yield: 0.21 g
(41%). Anal. Calcd for BKV3S,0:4: H 1.24, K 8.04,V 31.44, S 13.19.
Found: H 1.26, K 8.04, V 31.36, S 13.25.

Method 3. To a solution of 4.36 g of KSO, (25 mmol) dissolved
in 50 mL of distilled water was added 1.94 mL (35 mmol) ofS@;;
the resulting solution was transferred into a Teflon liner of a 125-mL
pressure vessel. A 0.538-g pellet of metallic vanadium (10.5 mmol)
was added to the solution, the vessel was enclosed and placed into an
oven at 205°C for 7 d. The oven was then cooled at 0 min™* to
room temperature. After opening the vessel, a small, unreacted piece
of vanadium metal was carefully removed. The product that precipitated
on the walls and on the bottom was isolated, washed with distilled
water, and dried in air. Yield: 0.58 g (34%). Anal. Calcd for

KV3S0:14 H 1.24, K 8.04, V 31.44, S 13.19. Found: H 1.20, K
.96, V 31.19, S 13.11.

Preparation of RbV3(OH)e(SO4)2 (RbVS). Method 1. A 2.0-mL
aliquot of a 2.0 M VOC{ solution (4.0 mmol) was transferred into a
Teflon liner of a 23-mL Parr pressure vessel. In a separate beaker, 0.47
mL of a 50% solution of RbOH (4.0 mmol) and 2.1 mL of 6%S0;

(2.0 mmol) were dissolved in 6 mL of distilled water and slowly added

to the Teflon liner containing VOGI The bomb was sealed and placed
into an oven at 205C for 4 d. The oven was then cooled at 0Q

min~! to room temperature. The product that precipitated on the walls
of the Teflon liner was isolated, washed with distilled water, and dried
in air. Yield: 0.18 g (34%). Anal. Calcd for ¢RbV3S,0:14 H 1.14,

Rb 16.05, V 28.70, S 12.04. Found: H 1.12, Rb 15.57, V 31.12,
S 12.03.

Method 2. A 2.0-mL amount of 2.0 M VOGI solution was mixed
with 8 mL of solution containing 0.59 mL (5.0 mmol) of 50% RbOH
in a 23-mL Teflon liner. Into this solution, 0.18 mL (2 mmol) of
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dimethylsulfite was added. The bomb was closed and placed into the and the resulting solution was slowly added to the bomb, which was

oven at 202C for 7 d. The oven was then cooled at 0 min~* to

then closed and placed into an oven at 200for 3 d. The bomb was

room temperature. Small dark-red crystals attached to the walls of the cooled to room temperature at 0°C min~. The product, which

Teflon liner were filtered, washed, and dried in air. Yield: 0.35 g (66%).
Anal. Calcd for HRbV3S;014 H 1.14, Rb 16.05, V 28.70, S 12.04.
Found: H 1.10, Rb 16.12, V 29.11, S 12.07.

Method 3. To a solution of 3.74 g of RISO, (14 mmol) dissolved
in 50 mL of distilled water was added 1.94 mL (35 mmol) ofS®,,

precipitated on the walls of the liner, was isolated, washed with distilled
water, and dried in air. Yield: 0.22 g (47%). Anal. Calcd for
HioNV3S,014 H 2.17, N 3.01, V 32.86, S 13.79. Found: H 2.14, N
2.93,V 32.74, S 13.65.

Preparation by Conventional Non-Redox Methods: Preparation

and the solution was transferred into a Teflon liner of a 125-mL pressure of NaVS. A 25-mL round-bottom flask was charged with a 10-mL
vessel. A 0.616-g pellet of metallic vanadium (12.1 mmol) was added aqueous solution containing 1.420 g of 8& (10 mmol) and 0.040
to the solution. The vessel was enclosed and placed into an oven atg of NaOH (1.0 mmol). After the addition of 0.551 g of V3.5

204 °C for 7 d. The oven was cooled at 0°C min~! to room

mmol), the flask was fitted with a condenser, and the solution was

temperature, and after opening the vessel, a small, unreacted piece ofefluxed for 24 h. The resulting suspension was cooled to room
vanadium metal was carefully removed. The product that precipitated temperature. A green precipitate was collected by filtration, washed
on the walls and on the bottom of the liner was isolated, washed with with distilled water, and air-dried. Yield: 0.49 g (84%). Analysis

distilled water, and dried in air. Yield: 1.14 g (53%). Anal. Calcd for
HsRbV3S,0:4: H 1.14, Rb 16.05, V 28.70, S 12.04. Found: H 1.06,
Rb 16.28, V 28.88, S 12.10.

Preparation of TIV 3(OH)g(SOs), (TIVS). Method 1. A solution
of 1.01 g of TbSOy (2.0 mmol) dissolved in 5.5 mL of distilled water
and 3.1 mL (3.0 mmol) of 0.96 M $$0; was transferred into a Teflon
liner of a 23-mL Parr pressure vessel containing 1.5 mL of 2.0 M \(OCI
(3.0 mmol). The vessel was sealed and placed into an oven &t05
for 3 d. The oven was then cooled at 0L min~* to room temperature.
The product was isolated, washed with distilled water, and dried in

revealed that the occupancy of the magnetic sites was 91.7% and that
25% of the Nd sites were substituted by the;®I ions. Anal. Calcd

for H7sNag 75V 275501425 H 1.64, Na 3.78, V 30.66, S 14.01. Found:

H 2.16, Na 3.85, V 30.48, S 13.43.

Crystallography. X-ray diffraction data were collected using a
Siemens three-circle single-crystal diffractometer equipped with a CCD
detector. All the data acquisitions were carried out-&0 °C in a
nitrogen stream using Mo & radiation ¢ = 0.71073 A), which was
wavelength-selected with a single-crystal graphite monochromator. For
each crystal, four data sets of 40-s frames were collected over a

air. This method produced a heterogeneous mixture of dark maroon hemisphere of reciprocal space usingcans and a0.3° scan width.

crystals of TIVS and colorless crystals of TICI. Crystals from this

The data frames were integratedhkl/intensity, and final unit cells

synthetic procedure were of high quality and were characterized were calculated using the SAINT program. All structures were solved

structurally by single-crystal analysis. The TIVS jarosite could not be
obtained in the absence of TICI due to this salt’s very low solubility in
water. To obtain TICI-free TIVS, the following procedure was

by the Patterson methods and refined using the SHELXTL suite of
programs.
Methods. Electronic absorption spectra were measured on an OLIS-

developed to permit the separation of the two phases. A 2.0-mL amountmodified Cary-17 spectrophotometer. Solid samples ¥f jrosites

of 2.0 M VOCL was added into a Teflon liner of a 23-mL Parr pressure

were finely ground, suspended in Nujol mull, and spread on Whatman

vessel, and 2 mL of distilled water was added. In a separate beaker,1 filter paper. All spectra were recorded over a spectral range of 360

0.938 g of THCO; was added to 6.16 mL of 0.65 M solution 0%

(4.0 mmol), and the mixture was added to the Teflon liner. The bomb
was enclosed and placed into an oven at ZD%or 5 d. The oven was
then cooled at 0.1C min~! to room temperature. White precipitate of
TICI covered the bottom of the liner while dark maroon precipitate of
product formed on the walls. The product was collected. Yield: 0.13
g (20%). Anal. Calcd for BTV 3S,014: H 0.93, T1 31.38, V 23.46, S
9.85. Found: H 1.04, Tl 32.37, V 23.62, S 9.87.

Method 2. A 23-mL Teflon-lined Parr vessel containing 0.938 g
(2.0 mmol) of TLCOs, 0.18 mL of dimethylsulfite (2.0 mmol), 2.0 mL
of 2.0 M VOCL (4.0 mmol), and 8 mL of distilled water was sealed
and placed in an oven at 202 for 3 d. The oven was then cooled at
0.1°C min~* to room temperature. A white precipitate of TICI covered
the bottom of the liner, and maroon TIVS precipitated on the walls.
Yield: 0.093 g (14%). Anal. Calcd for {1V 3S,0:4: H 0.93, T1 31.38,

V 23.46, S 9.85. Found: H 1.06, Tl 32.18, V 23.58, S 9.79.

Method 3. In 9.6 mL of distilled water were dissolved 0.151 g of
TI,SOs (0.30 mmol) and 0.44 mL of $8Qs, and the solution was
transferred into a Teflon liner of a 23-mL pressure bomb. A 0.163-g
pellet of metallic vanadium (3.2 mmol) was added to the solution, and
the bomb was enclosed and placed into an oven af@dbr 4 d. The
oven was then cooled at 0 min to room temperature. After

800 nm against a reference consisting of another filter paper moistened
with several drops of Nujol.

Infrared spectra of jarosites in KBr pellets were recorded on a Nicolet
Magna-IR 860 Spectrometer equipped with a KBr beam splitter and a
DTGS detector. For each spectrum, 32 scans were acquired with%-cm
resolution over a wavelength range of 4680 cnr™.

Magnetic susceptibilities of powdered samples prepared by conven-
tional nonredox method were measured in gelatin capsules using a
SQUID susceptometer (Quantum Design MPMSR2) over-a8@® K
temperature range and at 0.5, 5.0, and 10.0 kOe. The -€Wf@ss
constants were calculated from linear fits of the inverse susceptibilities
vs temperature fof = 150-300 K.

Results and Discussion

SynthesesFive analogues of vanadium jarosite 4@H)s-
(SOy)2 (A = Na', KT, Rb", TI" and NH;™) have been prepared
by three different hydrothermal, redox-based methods. With each
of the synthetic approaches, we have achieved control over the
precipitation of the jarosite by using redox reactions to slowly
generate ¥" throughout the course of the hydrothermal process.
Each of the approaches yields single-crystalline and highly pure

opening the bomb, a small, unreacted piece of vanadium metal Wassamples that analyze as 10@:31.1% in the M+ ion, 100+
removed. The product that precipitated on the walls and on the bottom 1.5% in the A ion. 99.54+ 1.1% in S. and 99.5 3(',/0 in H

was carefully isolated, washed with distilled water, and dried in air.

Yield: 0.130 g (33%). Anal. Calcd for {IV3$,0:4: H 0.93, Tl 31.38,

V 23.46, S 9.85. Found: H 0.75, Tl 31.43, V 23.80, S 10.08.
Preparation of NH4V3(OH)s(SOs)2 (NH4VS). Method 1. A 2.0-

mL amount of 2.0 M VOd solution (4.0 mmol) was transferred into

Given the large standard deviation of the latter value, we note
that the elemental analysis does not reliably establish the
hydrogen content. In principle, missing protons from the lattice
could be charge-compensated by the presence of vanadium ions

a Teflon liner of a 23-mL Parr pressure bomb. In a separate beaker,in @ +4 oxidation state. Our neutron diffractions studies,

0.54 mL of a 14.8 M solution of NkOH (8.0 mmol), and 2.1 mL of
6% H,SO; (2.0 mmol) were dissolved in 6.0 mL of distilled water,

2642 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002

however, have established that fully reduced Yhaterials are
obtained from the redox-based synthetic methods described
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produced. Unlike methods 1 and 2, the acidity of the solution
decreases slowly during this reaction. The oxidation method
most often yields samples of the highest-quality single crystals.
We believe that the dissolution of metallic vanadium provides
a means of slowly generating3V ion, which is likely the
controlling step of the crystallization process. The preparative
method does, however, present one inconvenience. The reaction
does not proceed to completion due to passivation of the
vanadium pellet, which must be physically removed from the
vessel prior to collecting the jarosite product.

Structural Chemistry. The layered Kagomenotif of the
alunite supergroup of compounds of formula AKIH)s(SOy)2
was first established by X-ray single-crystal analysis of a natural
potassium alunite sampleThe correct space group for the
alunites was subsequently determined t&Be.6 The structures
Figure 1. Photograph of single crystals of K{OH)s(SQy), prepared by of the new \#* jarosites reported here conform to this latter
method 3. result, all crystallizing in thé3m space group. Crystallographic

data of the N&, K*, Rb", and TI" derivatives are reported in

here?5 Figure 1 shows typical crystals, which are trigonal Table 1, and selected bond distances and angles, in Table 2.
antiprismatic plates of approximate dimensions of 0.2 mm  Crystals of the NH" derivative were not of sufficient quality
0.2 mm in width and 0.04 mm in thickness. The orange crystals t0 permit single-crystal data to be acquired. Consistent with the

0.2 mm

darken in intensity with increasing crystal size. initial structural reports of Nav$%331the triangular subunit of
The \8* ion may be prepared by reducingVin the form the Kagonmidattice is composed of a sulfate anion, which caps
of VOCI, by sulfite anion S@ in the presence of the A three vanadium octahedra that form a layered corner-sharing
cations under acidic conditions (pid 1.5), triangular network (Figure 2a). This basic building block is not
perturbed by the Aion. A comparison of the derivatives reveals
AT+4VO* +2 5032* +4H,0— that the a-dimension of the unit cell (Figure 2b) and all

equivalent bond distances and angles within the basic layer
framework are almost identical (Table 2). The only structural
value that appreciably changes within the series is d¢he
dimension of the unit cell (Figure 2c), which is dictated by the
size of the monovalent cation residing between the Kagome
layers. The monotonic increase in the interlayer spacing along
the series NaVSdgoz= 5.617 A), KVS @ooz= 5.800 A), RbVS
(doos = 5.945 A), and TIVS (ghs = 5.800 A) follows directly
from the increasing ionic radius of the monocation.
Spectroscopic and Magnetic CharacterizationElectronic
absorption spectra of the NaK*, and Rb derivatives are
almost identical. The visible absorption spectrum shows two
+ 2+ . distinct shoulders at 410 and 570 nm. The energies of these
AT +4VOT +2 (CHO),SOT 8 HO absorption bands are similar to those observed fofThgP)
AV (OH)§(SQ,), + V" + 6 H + 4 CHOH (3) < 3Tyy (Amax = 389 nm) ancTzg < T1g (hmax = 561 nm)
transitions of V(HO)s*", respectively?? An oxide ligand field
This method leads to pure jarosites of high crystal quality, but eyen more closely approximates that of th¥ Varosites. The
the size of the crystals is not significantly improved with respect opserved transitions of 3 doped into the pseudooctahedral
to the approach based on reaction 2. oxide environment provided by AD; appear at 401 and 574
Alternatively, V™ may be produced by oxidation of V metal. 32
Under hydrothermal conditions, oxygen or protons present in  |nfrared spectra of the NaK™*, and Ry derivatives are very
the reacting solution are the potential oxidants. To distinguish sjmijlar to each other. The spectrum of theNrivative shown
between these possibilities, two reactions were performed underin Figure 3 is exemplary of the series. A very strong peak with
identical hydrothermal conditions with the exception that one 5 maximum between 3420 and 3360 ¢rand an equally strong
was performed under an oxygen atmosphere and the other undepeak at 1030 cmi are attributed to the absorptions of the
a nitrogen atmosphere. In both case$! Jarosite was obtained O(3)—H stretching and VO(3)~H bending modes, respec-
with similar yields. This result indicates that oxygen is not tjyely.33-35 The energy of the ©H stretching mode increases
essential for the formation of% and consequently that protons along the series NaVs KVS < RbVS by 25 and 27 cn,
are the primary oxidant of V metal, respectively (Table 3), suggesting the relative strength of the
A*—0 interaction to follow the trend: Na-O(3) > KT—0(3)

AV 4(OH),(SQ,), + V¥ + 2 H" (2)

The main constituent building blocks of the jarosite lattice, the
V3 and SQ? ions, are produced by a redox reaction. During
the course of the overall reaction, the pH of the reaction mixture
increases, attendant to the incorporation of hydroxides into the
V3" jarosite lattice; two moles of protons are generated per mole
of AV 3(OH)s(SOy)2 produced. Small crystals are obtained from
reaction 2.

Dimethylsulfite, (CHO),SO, is also a competent reductant
of VOCI, under hydrothermal conditions at 20Q,

V+3H = V¥ +3,H, (4)
(31) Dobley, A.; Zavalij, P. Y.; Whittingham, M. S\cta Crystallogr. C200Q
i i i i 56, 1294-1295.
With the coupling of r(_aactlon 4101, this hydr_Othermal m_ethOd (32) Lever, A. B. PInorganic Electronic Spectroscopiglsevier: Amsterdam,
consumes three equiv of protons per equiv of \farosite 1984; Chapter 6, pp 460405.
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Table 1. Crystallographic Data for the AV3(OH)s(SO.), Jarosites
Navs KVsS RbVS TIVS

empirical formula I-dNaV3$2014 HeKV 382014 HeRbV3SrzOl4 H6T|V3S2014

fw 469.99 486.09 532.46 651.38

crystal system rhombohedral _rhombohedral _ rhombohedral _ rhombohedral

space group R3m R3m RBm R3m

a(A) 7.2857(6) 7.2737(7) 7.281(2) 7.2834(6)

c(A) 16.851(2) 17.399(2) 17.835(7) 17.919(2)

o (deg) 90 90 90 90

y (deg) 120 120 120 120

Z Vv (A3) 3;774.6(1) 3;797.2(2) 3;818.8(5) 3;823.2(2)

Pealc 3.022 3.037 3.239 3.941

6 range (deg) 3.4523.25 3.44-23.09 3.43-23.27 3.41+23.26

scan ) ) ) )

temp (K) 183(2) 183(2) 183(2) 183(2)

no. of reflections collected 1050 1048 1087 1137

no. of unique reflections 161 160 172 173

no. of parameters 25 25 25 25

R1 (I > 20; all data)
WR2 (I > 20; all data)
GOF

0.0295; 0.0306
0.0789; 0.0792
1.318

0.0400; 0.0407
0.0973; 0.0975
1.288

0.0365; 0.0412
0.0918; 0.0935
1.240

0.0210; 0.0218
0.0474;0.0479
1.263

Table 2. Selected Bond Distances (A) and Bond Angles (deg) for
the AV3(OH)g(SO4), Jarosites

for the interlayer A cation,

Navs ks RovS s AM3(OH)(SO,), + X Hi0" — A1 (HL0)M4(OH),(SO)),

Bond Distances/A (5)
A—0(2) 6x 2.949(5) 2.975(6)  2.998(6)  3.002(6)
A—0(3) 6x 2.756(4) 2.851(5)  2.928(6)  2.943(5) _ . .
s-o(1) 1.461(8) 1.46(1) 1.46(1) 1.47(2) The other species isJ@ resultlpg frqm thg p3rotpnanor_1 pf the
S—0(2) 3x 1.476(5) 1.471(6) 1.478(7)  1.486(6) intralayer hydroxy group. For jarosites withMion deficien-
V—0(2) 2x 2.054(4) 2.063(5)  2.064(6)  2.055(5) cies, proton transfer permits the charge neutrality of the com-
V—0(3) 4x 1.989(2)  1991(2)  1.988(3)  1.983(2)  pound to be maintained.

Bond Angles/deg
O(1)-S—0(2) 3x  109.4(2) 109.7(2)  110.0(3)  110.2(2) +_,
0(2-S-0(2)3x 109.6(2)  109.2(2) 109.03)  108.8(2) AV 5(OH)(SO,), + 3x H™ — AV ;3 ,(OH,)5,(OH)s_3(SQ,),
0(2-V—-0(2) 180 180 180 180 (6)
0(2-V—-0(3) 4x  92.5(1) 92.4 (2) 92.0(2) 91.6 (2)
88;:&:88} ‘Z‘X 1%-5(1) 1%-6 @ 133-0(2) 188(?-4(2) Our contention of extrinsic impurities consisting of® and
0(3)-V-0(3) o 90.9(3) 90.5(3) 91.0(4) 90.5(3) HsO" is confirmed by the elemental analysis of the Navs
0O(3-V—-0(3)2x  89.1(3) 89.5(3) 89.0(4) 89.5(3) sample prepared by the conventional nonredox technique; an

> Rb*—0(3). Two very strong peaks at about 1190 and 1095
cm1 arise from the antisymmetric-SO stretching modes of
the sulfate anion, and two medium peaks at 702 and 642 cm
are due to the SO bending modes of the same moiety. A very
strong peak at 521 cm is indicative of the \*-O stretching
mode.

Two prominent IR absorption features distinguisi#™V

analysis of Na7gHz0)o.25V 2.76(OHy)0. 7 OH)s 25 SQy) indicates
the presence of significant deficiencies in the contents of both
the Na" and the \** ions. Therefore, both types of defects are
present in the lattice. The presence of both inter- and intralayer
defects have significant implications for the magnetic properties,
particularly for the nature of long-range ordering (vide infra).
Jarosite materials prepared by redox and nonredox hydro-
thermal methods exhibit profoundly different magnetic proper-
ties. Plots ofym =t vs T for T = 150—-300 K are linear for all

jarosites prepared by the new redox-based methods from thoseamples. For the sodium member of the series, similar Eurie
materials obtained with the conventional precipitation methods \yejss constants d®cw = 53(2) K and 50(2) K are obtained
employed previously to this study. As shown by the dashed for samples prepared by redox- and nonredox methods, respec-

line of Figure 3, the IR spectrum of% jarosite prepared by
nonredox methods exhibits a broad absorption near 3400 cm
for the O—H stretching vibration and an absorption at 1635
cm, which is characteristic of an-HO—H bending mode. In
stoichiometrically pure jarosites, the 3400 Thabsorption is
reduced in intensity and width; the 1635 cthdoes not appear
because the HO—H moiety is not intrinsic to the jarosite

tively. However, the magnetic properties of samples prepared
by the different methods are not commensurate in the low-
temperature regionT( < 40 K). Figure 4 emphasizes the
magnetic susceptibility plots of NaVS over the low-temperature
range where three-dimensional antiferromagnetic ordering be-
tween neighboring Kagomkayers becomes evidefit?* The
critical ordering temperaturel, = 20.5 K, of the sample

structure. We believe that this result indicates a significant prepared by the conventional precipitation technique is signifi-
presence of two extrinsic species in jarosites prepared by cantly lower than thd@, = 33.3 K observed for samples prepared

conventional methods. One is the®t ion, which can substitute

(33) Powers, D. A.; Rossman, G. R.; Schugar, H. J.; Gray, H. Bolid State
Chem.1975 13, 1-13.

(34) Ripmeester, J. A.; Ratcliffe, C. I.; Dutrizac, J. E.; Jambor, Cdn. Mineral.
1986 24, 435-447 and references therein.

(35) Sasaki, K.; Tanaike, O.; Konno, i&an. Mineral.1998 36, 1225-1235.
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by the new redox technique. A similar result is observed for
the KVS samplesT (0.5 kOe)= 15.5 K andT, (0.5 kOe)=

31.0 K for nonredox and redox prepared samples, respectively).
These results indicate that the nature of the long-range interac-
tions is significantly influenced by lattice defects associated with
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Figure 2. The X-ray crystal structure of (a) the magnetic subunit of a triangulaydroxy vanadium trimer, (b) the in-plane segment of the Kagtayer
and (c) side-on view of stacked Kagornayers. The sphere coding of the atoms is presented in (a).

100 Table 3. Locations of Peaks in Infrared Spectra of the
AV3(OH)s(S04), Jarosites?
mode Navs KVS RbVS VS NH,VS
80 »(O—H) 3361 3386 3413 3412 3412
< v(N—H) - - - - 3286
s O(N—H) - - - - 1425
£ 60— v2{S—0) 1188 1190 1200 1194 1196
2 v2{S—0) 1105 1095 1090 1078 1088
2 S(V—0—H) 1040 1030 1018 1011 1016
g 0a{S—0) 706 702 688 merged merged
c 40— 0a{S—0) 644 642 667 658 671
E »(V—0) 521 521 515 503 513
20 -1 L TS a Assignments taken from refs 33 and 35.
may also be of relevance to the magnetic properties of jarosites
0 L B e e e e LA o possessing kD" ions as the A cation. For \#* jarosite, (HO)-
4000 3000 2000 1000 V3(OH)s(SQy)2, aTe = 21 K has recently been observ&dA
cm™! possibility exists that the low, for this sample, as compared
Figure 3. IR spectra of NaW(OH)s(SQy), prepared by method 2 (solid O that observed for other*Amer_nbers of this serl_e?é,ls due
line) and by a conventional nonredox precipitation (dashed line). to defects arising from protonation of the hydroxides bridging

the vanadium centers. More generally, jarosites with wide ranges
the presence of the HO—H moiety within the intralayer and  of x values in eq 5 have been described in the literature for M
interlayer of the jarosite structure. The correlation between = Fe**.210 The end member of this ion exchange s(jFes-
depressed transition temperatures and the presence of site defec{®©H)s(SOs)2, has extensively been investigated, and it has long
in the Kagonielattice appears to be a general trend for the been believed to be a spin-glass magnetic sySt&’ A
jarosite compounds. Recent magnetic studies performed onpossible explanation of this spin glass behavior may be due to
stoichiometrically pure A members of F& jarosites yielded structural disorder arising from proton transfer from the inter-
reproducible antiferromagnetic ordering temperatures that werelayer hydronium ions to the bridging hydroxyl groups.
appreciably greater than those previously repott€lir results

(37) Wills, A. S.Phys. Re. B 2001, 63, 064430/1-064430/13.
(36) Grohol, D.; Papoutsakis, D.; Nocera, D. G. Submitted for publication. (38) Gopalakrishnan, £hem. Mater1995 7, 1265-1275.
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0.8 reactions under equilibrium. Under these hydrothermal condi-
o7 tions, highly pure materials can be obtained.
N The idea of introducing a step to control the production of a
0.6 =" metal ion prior to precipitation is not new, although previous
TB 0.5 solvothermal protocols have not typically involved a redox step.
E ' Rather, the metal ion was produced by its controlled dissolution
o 04 from a heterogeneous phase. Alberti and co-workers synthesized
<\Ea 0.3 large single crystals ofx-zirconium phosphate by taking
= ' advantage of the temperature-dependent equilibrium between
0.2 F~ and ZFf" ions“° As the temperature was slowly raised4Zr
01 L ions were de-complexed and made available for reaction with
' the phosphate anion. This method was subsequently employed
o U T T T Y Y for the preparation of organic derivatives ofzirconium
0.7 L phosphate and phosphonates and for the synthesis of a variety
1 of phosphonate compounds possessing transition metal cations
06 other than Zt*. Zhang and Clearfield have used an alternative
73 0.5 approach to grow single crystals of divalent transition metal
.E phosphonate® In aqueous environment, urea slowly decom-
"= 04 poses to generate ammonium hydroxide, thereby gradually
2 o3 increasing the pH of the solution. In an environment with an
o increasing pH, phosphonic acids can be slowly deprotonated
0.2 and thus made available for reaction with the transition metal
0.1 to form divalent phosphonates.
In summary, we have prepared and structurally characterized
0 b= 1'0' — '2'0' — ‘3'0' — '4'0' — '50 a new series of vanadium jarosites. We have demonstrated that
T/K representatives of the jarosite class of materials can be obtained

‘ . wred dencaai o of dium at anplied by deliberately inserting a kinetically controlling oxidation or
e T sy oo ascpmet _reducton sep o he synthesis sequence in such a way as o
prepared by (bottom) conventional nonredox- and (top) redox-based slow the formation of the product. With this approach, we have
hydrothermal syntheses. developed three new methods for the synthesis of vanadium
jarosites in pure form and of high crystallinity. The described
synthetic methods are general and should be applicable to other

Low-temperature synthetic techniques such as “chimie douce”, members of the alunite supergroup of minerals. For instance,
flux, or solvothermal method%“° permit control over the  ongoing investigations exploiting redox-based hydrothermal
reaction pathway under mild conditiors ¢ 300°C) as com- methods have yielded large and stoichiometrically pure single
pared to traditional high-temperature solid-state synthetic pro- crystals of the F& jarosites. Our studies of the3V and other
tocols*~43 However, precipitation is often rapid when cations M3+ jarosites reveal that these new redox-based synthetic
and anions, exhibiting high thermodynamic affinities to each approaches are keystones to obtaining reproducible magnetic

other, are reacted undeomogeneousonditions. If the nuclea- properties of the Kagomeattice of the jarosite class of
tion rate of new crystals significantly exceeds the growth rate compounds.

of crystals already formééithen microcrystalline powders will

result that may or may not be stoichiometrically pure. Under
extreme conditions, local deficiencies will be created when the
precipitation rate is faster than ion diffusion. As is the case for
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