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ABSTRACT

jarositei hydroninm,solution
potassium-hydronium,
solide,ion hydronium.

Deuterated hydronium alunite and various members of
the hydronium-potassium-alunitesolid-solution serieswere
synthesized,and characterizedchemicallyand structurally.
The lH nuclear maeneticresonance(NMR) techniquewith
magic-anglespinning was usedto confirm the existenceof
hydronium ion in tiese compounds. The 2H NMR
lineshapesas a function oftemperature are lessconclusive,
but show motional narrowing of the D3O+ and D2O
lineshapesbetween77 and 160K. A qualitative correlation
between the NMR spectrum and the expectedomount of
hydronium ion in a member of the hydronium-potassiumalunite solid-solution seriesstrongly suggeststhat observed
alkali deficienciesare due to tlte charge-compensatingsubstitution ofhydronium ion for the alkali. The presenceof
"excess water" in the alunite, confirmed by NMR, may
indicate that tle hydronium ion is itself partly hydrated.
By extension,the conclusionsobtained for alunite most certainly also apply to jarosite.
Keywords: mclear magneticresonance,magic-anglespinning, deuterated hydronium alunite, hydroniumpotassium-alunite, hydronium jarosite, solid solution,
hydronium ion.
SovIpIAIRE
L'alunite d hydronium deut6ris6de m6me que certains
membres de la solution solide d'alunite i hydroniumpotassiumont et6synth6tisdset caract€ris6sau double point
de vue chimique et stnrchrrel. On a employ6 la technique
de r6sonancemagn6tiquenuclfuire @MN) de lH avecspin
i l'angle magique,pour confirmer I'existencede l'ion hydronium dans cescompos€s.Les profils de bandes RMN 2H
en fonction de la temp6rature, quoique moins concluants,
ont tout de m6me ddmontrd un rdtr&issOment de mouvement des profils de bandesD3O+ et D2O entre 77 et lffi
K. La,correlation qualitative entre le spectre RMN et la
quantitd pr6vue d'ion hydronium dans un membre de la
solution solide d'alunite hydronium-potassirrm indiquerait
fortement que lc d6ficiencesen alcalin observ€essont d0es
i une substitution d'ion hydronium e I'alcalin, avec compensationde charge.La pr6sencad'eau en excls dansI'alunite, confirm€epar RMN, pourrait signifier queI'ion hydronium est lui-m0me partiellemeut hydrat€. Par analogie, on
peut dire que les conclusionsobtenuespour l'alunite sont
valides aussi pour la jarosite.
Mots-clds: r€sonancemagn&ique nuclfuire, spin d l'angle
magiqug, alunite i hydrooium deutdris6, alunite i

INrnooucrrolr
Minerals of the alunite-jarosite group have the
general formula M4(SO4)2(OH)6, where M is
HrO*, Na+, K+, Rb+, Ag+, Tl+, NH4+, lbPV*
or t/zH{+ and / is Al3+ (alunite group) or Fdt
fiarosite group). Members of the group are isostructural, with hexagonal space-groupR3m, although
structural anomaliessuch as doubled cells are occasionally noted (l[aaget al. 1965,Menchetti & Sabelli
1976, Goreaud & Raveau 1980, Szymafski 1985).
Within the group, complete solid-solution existsfor
variousM-site ions (Shishkin 1951,Dutrizac 1983);
furthermore, complete solid-solution also has been
demonstrated between some corresponding alunite
and jarosite minerals @rophy et al. 1962, Hitttig et
al. 1984), and likely exists for all alunite-jarosite
species.Members of the alunite-jarosite group are
relatively widespreadin nafl[e, and are occasionally
of economic importance. Alunite is known to occur
in extensive deposits that have been examined as
alternativesource of alumina @engtson199). Jarosite is generally a useful indicator of sulfide mineralization and is occasionally sufficienfly rich in Pb
and Ag to constitutean ore of thesemetals(fthempp
1923).An unusual gallium-bearing jarosite is about
to be exploited for its gallium values @utrizac et al.
1986).Recently, jarosite has assumedan important
role in the metallurgical industry becauseprecipitation of jarosite providesa ready avenuefor the elimination of alkalis, iron and sulfate from hydrometallurgical processingsolutions. Advantages cited for
the jarosite precipitation route include the excellent
setfling and filtration properties of the precipitates,
and low lossesof sought-after divalent base-metals
such as 7n'2+, Quz+ and Ni2* @rttfiz,ac 1979,
1982).
Many studies have been carried out to determine
the interrelationships between precipitation conditions and the compositions of both alkali jarosite
@utrizac 1983)and lead-silver jarositb (Dutrizac &
Jambor 1985).lVhen coupled with earlier investigations on the phaserelationships among the various
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membersof the jarosite group, such studieshave
shownthat jarosite-typecompoundscommonly deviate from the idealized chemical composition
MFe3(SO)2(OH)'. There is generallya significant
deficiencyin alkali (/l4site ion) and a modestdeficiency in iron relative to 2(SOr. Comprehensive
studiesof natural jarosite by Kubisz (1960, 1962,
1964)likewiseindicatedsignificant.alkali and modest
iron deficiencies.Similar phenomenaalso havebeen
reported for the alunite minerals @arker 1962,
Wilkins et al. 1974),but the documentationis not
as extensiveas for jarosite. The deficienciesin both
subgroupshavebeenrelatedto "excess" structural
water, and it is generallyassumedthat the alkali (Msite) deficienciesare charge-compensated
by the substitution of hydronium* ion for the various alkalis.
That is, a more appropriate idealizedformula for
the alkali jarosite is (M,_,(Hro),),.ooFer(so)2
(OH)0. The value of x is in the range 0.1-0.3 for
many samplesof natural and syntheticjarosite.
Although end-memberhydronium jarosite is readily synthesized(Posnjak & Merwin 1922),ilis a relatively rare speciesin nature. Kubisz (1960),however,
identified five samplesof jarosite in which hydronium is the dominantM-site ion (Table l). The data
in Table I illustrate only the hydronium-alkali relationship, and ignore the commonly observed deficienciesin Fd* and the consequentialconversionof
OH- to HrO to maintain chargeneutrality. Later,
Kubisz(1961)elaboratedon the formation of hydronium jarosite and stressedthat this mineral forms
only from alkali-deficient solutions, such as those
originating from the rapid weathering of pyritebearing coal seams.The rarity ofnatural hydronium
jarosite is clearly relatedto the ubiquitous presence
of alkalis in groundwaters,and to the greaterthermodynamic stability of the alkali jarosites, especially
potassiumjarosite.
Although the existenceof end-memberhydronium
jarosite and hydronium-sub$titutedalkali jarosite is
acceptedby the mineralogicalcommunity, proof of
the existenceof the ion species(H:O)* is both tenuous and indirect. That is, the structure of "hydronium jarosile" can be conceivedin severaldifferent
ways, particularly if intermediaterather than the following end-membercompositionsare visualized:
(H3O+)Fe3(SO+)z(OH)o
M site occupiedby hydronium ion

*Hydronium and oxonium are synonymousterms for
HrO+. Oxonium is the preferred chemicalterm, but the
mineralogical community favors hydronium, and the
mineral name for (H3O)Fe3(SO)2(OH)6is hydronium
jarosite. The term hydronium has been used in this paper
despite the fact that it is somewhat outdated in chemical
terminology.

IABLEI.

OF NATURAI.
LOCALITIES
AT{D,M&ULAS
OF FIVE SA,IPLES
NYDROI{I
t'II .'AROSIIE'

Loollty
ThorezEln€. lalbrzych,
Poland
Staszlc mlnq, Holy Cross
ilountaln, Poland
tiblka olne, Caucasu3,

tssR

0rzol Blaly Blne, Upp€r
Sllosla, Poland
Ruda*ka, Rynanoska,
CarpathlaB, Poland

Chenlcal Fomula*

(Hs0)o.ssiluo.orh.05Fe3{s04)
6
z(0H)
(Hs0)0.
zsilro.r
r h.t oFar(son)2(0H)5
(Hrci)o.
rrxo.r anao.llFe3(s04)2(0H)6
(0H)6
(H30) K'r{a)0.39pbo.05Fe3(s04)
2
0.56(
(H:0)
2(0H)6
o.soh.qreo.orFer(s04)

r Data fm (ublsz (1960)
rtonly hydrcnl|dlalkall mlatlonshlps are corcldered, and the Fe,
@nt€nts aE lnierred to comespondto ths ld€allzed
?8frill.*

(H2O)Fer(SO)2(OH)5(H2O)
M site occupied by water
Fe3(SO)2(OH)s(HzO)
M site vacant
Chemical analysis of many natural and synthetic
samplesof jarosite (Kubisz 19il, Dlrtxiza'c& Kaiman
1976)showssignificantly more water than suggested
by the third option. Also, Johansson(1963)determined the crystal structure of synthetic
(HrO)GadSOJz(OH)e,which is isostructural with
jarosite, and showedthat.the .r1/site is occupiedby
an oxygen-bearingspecies,possiblyH3O+ or HrO.
Hence, theM siteseemsto be occupied,most likely
by either HrO+ or HrO, but the choice between
these alternativesis not obvious. The presenceof
H3O+ in close sfiuctural proximity to OH- is intuitively unsatisfactory,and a reaction of the type
H3O++OH- - 2HzO
might be expected,at leastin part. The presenceof
"excess" water in jarosite-typecompoundswould
tend to support such reactions. Basedon synmetry
considerations,however, Johansson (1963) concluded that three protons (i.e., HrO+) were'
associatedwith the oxygen occupying the M site.
Suchevidenceis not conclusive,of course'nor were
the early attempts(Shishkin1950,l95l) to "prove"
the existenceof hydronium ion using ionic charge
and size effects.
Severalefforts havebeenmadeto confirm theexistenceof H3O+ in jarosite by infrared spectroscopy.
Although such studies have strongly suggestedthe
presenceofhydronium ion, they havenot provedits
existence.Shokarev et al, (1972) investigatedthe
spectraof H3O+-, K+-, Na+- and NHa+-jarosites
synthesizedusing water and heavy water, but found
no convincingevidencefor the existenceof H3O+.
bnly a weak band at 1630cm-r could be assigned
to H3O+, and this assignmentwas basedsolely on
C, a temperaof the band at ?.40o
the disappearance
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ture at which H3O+ decomposition was expectedto
occur. Likewise, the spectra of normal and deuterated H3OGa3(SO)2(OH)6determined by Petrov et
al. (1966) showed a medium-intensity band at
1635-1665cm-r that might be due to HrO+. It das
concluded, however, that bands in this spectral
region could be assigned equally well to either
H3O+or combined HrO. Kubisz (192) investigated
both normal and deuteratedjarosite and alunite over
the spectral region 400-3800 cm-r; he concluded
that H3O+ is present in jarosite, although significant interferences from SO42-,H2O and OH- were
noted. wilkins et al. (1974)concludedthat the existence of H3O+ in the alunite-jarosite group
remained unproved becausespectral interferences
exist for all ttre bands that might be assigned to
HsO*. Most recently, Haley (1984) used lowtemperature infrared-absorption spectroscopy to
examine synthetic hydronium jarosite and a series
of hydronium jarosite - natrojarosite compounds.
Although he concluded that hydrated HrO+ ions
are present, numerous spectral interferences with
H2O, OH- and SOo2-were noted, and quantitative
agreementbetween the expectedamount of H3O+
and the band intensities was not realized. In total,
the spectroscopicstudies seemto indicate only that
hydronium ion might be preseut; they fail to prove
the existenceof this speciesin the alunite-jarosite
group.
Under certain conditions, classicalbroadline lH
NMR (nuclear magnetic resonance)lsshniques can
distineuish OH-, H2O and H3O+ groups by utilizing the vastly different proton nuclear dipole-dipole
couplings that occur within these groups (Porte et
al. 196?.a,b). Previous work on lH linesfoapesin
alunite is inconclusive with respect to the presence
of HrO+ (Wilkins et al. 1974), although it was
shown that some of the protons were in motion at
room temperature. A related material,
(H3O)Ga3(SO)z(OH)0,also was studied by tH
NMR (Kydonet al.1968,Thompson& Kydonl974).
RigidJattice rH secondmomentsdid not distinguish
between(HrO+)Gar(SOtz(OH)oand H2OGadSO)2
(OH)5.H2O.The observation.of a single, lowactivation-energymolecularmotion wastaken as evidencefor the presenceof H3O+ ions, though this
evidenceis indirect and inconclusive.
Thus, many techniques have been used to try to
establish the presenceof H3O+ in alunite-jarosite
compounds, but proof of H3O+ is still lacking.
Since rotationally mobite D2O and DrO+ groups
can have quite distinct 2H lineshapes@arnes 1974,
O'Reilly et al. l97l), this technique was usedin the
current work to investigate deuterated alunitp.
Unfortunately, theseexperimentsdid not prove the
presenceof DrO+. Protons in such deuterated
samples,however,are now "raren' or dilute nuclei
@inesel al. 1978),and it is possibleto examinethe
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sampleswith a magic-engle-spinning(MAS) highresolution rH NMR technique @ckman 1982)to
yield a chemical-shiftspectrumtlat is far more diagnostic. Initial studies in the present program were
done on jarosite, but the presenceof paramagnetic
Fd* is an addedcomplication; the strong maeFeticfield-dependent proton-electron dipolar couplings
can have profound effects on the NMR spectrum.
Consequenfly,the experimentswere done using deuterated alunite, with the certainty that observations
made for alunite are equally applicable to jarosite
since the two speciesare isostructural. The present
report summarizeswork done using both lH and 2H
NMR to study the existenceof hydronium ion in
deuterated hydronium alunite and in hydronium
alunite - potassium alunite solid-solution members.

ExpSRUvIENTAL
Synthesis
The various samples of deuterated hydronium
alunite and hydronium alunite - potassium alunite
memberswere synthesizedat l70oC in aParr 2-L
autoclave using a glassliner and titanium internals.
Dried aluminum sulfate (0.4-1.0 M Al3+) and
potassiumsulfate (0-0.1 M K2SO, were dissolved
in 0.5 L of perdeuteratedwater. Two and a half
grams of MgClOa were added to ensurepassivation
of the titanium, and the pH was adjusted1o 2.6 or
3.0 with a small amount of H2SOa.At the end of
the 5-h heating period, the autoclave was rapidly
cooled, and the contents were filtered to collect the
heavy-water solution. The alunite precipitate was
then washed with copious quantities of hot water,
and was dried at 110"C.
Alunite churacterization
All the products were analyzedchemically for Al,
SOaand K; total water was determined by difference. X-ray powder patterns were obtained with
114.6-mm Debye-Scherrercamerasusing filtered
CoKcu,radiation. The back reflections were sufficientlysharp that use of an internal standard to correct for filn shrinkagewas not necessary.The measured data were least-squares-refined using the
procedureand indexing of Jambor & Duhizac (1983,
1985) and I\^denchetti& Sabelli (1916). No clearly
resolvedl1-A diffraction line was observedop any
of the X-ray films, and thus a c axis of = 17 A was
adopted for the refinements. Additionally, all samples were examinedusing a Guinier-de Wolff focusing camera and CoKcul radiation to ensure that
single-phasecompounds had beenproduced. Previ
ous work has indicated that this techniquecan detect
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- P0TASSIUI'I
C0MP0UNDS
ALUNITE
HYDR0NIUI'I
ALUNITE
TABLE2. CHEI'IICAL
DATAFORTHEVARI0US
Sample
Theoretlcal
H30-1
8 0 0A
812
813
8t4
815

%41

%sg

%K

?0.08 47.66 0.00
19.60 49.43 0.06
19.75 48.66 0.02
19.16 48.12 2.52
17.22 47.88 3.80
16.48 46.92 4.82
15.44 47.28 5.20

TheoretJcal 19.26 45.72 9.31

% ExcessWater
%Dz9Totur
Formula
*
0.00
r
3 2 . 2 5 ( 0 3 0 ) 1 . 0 03A. 0
0(s04)2(0D)6
-l .85
0
2
0
)
0
.
5
4
s . 9 l K o . o(rD s o ) 0g.s A2t . 8 2 ( s 0 4
2 )( 0 D ) 5 . 4 6 (
-1.03
3 l. 57 K 0 . 0 0D( 3 0 ). 1o o Azl . s g ( S O q( )020 ) s . 6 7 ( D 2 03)30 .
-0.79
(s04)2(0D)5.52(
020)0.48
30.20 Ko.eo(Dro)0.z4At
2. s4
(s04)2(0D)4. D20)l32
{.0.13
3l . 10 Ko.rg(Ds0)0.
68(
.
otAl2.56
3 1 . 7 8 b . s o ( D s 0 ) 0 . s o A r 2 . 5 0 ( s 0 4 ) 2 ( 0 0 ) 4 . 5 0 ( D 2 0 ) 1+.15. 03 7
(0D)3.
+1.41
32.08 K0.54(
DSO
)0.46Ar
gS(DZO)2.
Or
e. $(s04)2
0.00
2 5 . 7 1 K t . o o Asl. o o ( s 0 4 ) 2 . 0 0 ( 0 D ) 6 . 0 0

* Dro totals. are by. dlfference from 190fu T!9 % Excesstlater is % DzoTotul minus the total water
cf,lculated from the formulai i.e., Dro- + 0D- + Dzo

-lVo of a crystalline impurity in alunite-jarosite
compounds.The Guinier filns of someof the alunite
samples showed a slight separation of the basal
diffrastion lines; for 003this separationin 20 is 0.05'
or less (too little to be resolved on the DebyeScherrerpatterns),and the int€nsitis of the split lines
are variable from sample to sample. These results
indicate that small variations in composition are
present, but theseare not appreciablerelative to the
bulk compositions given in Table 2. In other words,
someof the products havea slight solid-solution vaxiation, but none is a two-phase mixture of alunite
and hydronium alunite. Also, trace amounts of an
unidentified impurity phase were detected in sample H,O-l, but the sample nevertheless was
included in the study and did not give anomalous
results.

(TMS), though in practice a trace of benzenewas
used in the sample to reference the scale. A background spectrumdue to protons in the probe construction was subtracted.
RrSUrrS AND DISCUSSION
Product charocterization'

Table2 presentsthe analytical data obtained for
the various samplesof deuteratedhydronium alunite
and hydronium-potassium alunite. All syntheses
weredone at a pH of 2.6 exceptfor sampleH3O-1,
which waspreparedat pH 3.0. Attempts to prepare
alunite at higher pH valuesresultedin products contaminated with other basic aluminum sulfates. The
two samplesof end-memberdeuteratedhydronium
NMR studies
alunite (H3O-l and 800 A) are slose to
D3OAU(SO,2(OD)6, although a persistent Al defiThe 2H NMR lineshapeswere recordedatn.63
ciency is characteristic. To maintain chargeneutralMHz on a Bruker C)G-180 NMR spectrometer,and ity in the presenceof an Al3* deficiency requires
a Bruker-Oxford Instruments cryomagnet. The that some of the OD- be convertedto D2O. This
phase-alternatedquadrupole-echotechnique @avis could be accomplished either by a proton in rapid
et al. 1976)was usedwith an echopulse spacingof
motion among OD- groups or by a proton statically
35 ps and pulse lengths of 2.6 ps.Temperature varibound to a given OD- group. As the measuredconation was achievedby using a gas-flow system and tent of K+ in an alunite increases,corresponding
temperature controller; lineshapes at 77 K were decreasesin the calculated content of D3O+ age
recorded by immersing the sample directly in liquid
assumed,suchthat K+ + D3O+ : 1.00. As the K+
nitrogen.
content increases,there is a progressivedecreasein
Dilute tH NMR spectra were obtained at 180 Al and a correspondingincreasein D2O to maintain
charge neutrafiry. Significantly, if D3O+ is not
l./.Hz atroom temperatureby making use of the lH
channel of a probe normally used for l3C cross- assumed (i.e., if DrO were present rather than
polarization and magic-angle-spinning (MAS)
D:O*), then evengreilter amountsof D2Omust be
studies. A phase-cycled 4-pulse sequence accommodated to maintain charge neutrality. The
(CYCLOPS) with quadrature detection was used amount of "excesswater" (i.e., the analytical total
(Redfield & Kunz 1975,Shaw 1984).Magic-angle' lessthat calculatedfrom the formula) increasessteadily as K+ replacesD3O+. There are relatively sigspinningratesof 3-3.3 kHz wereachievedwith Kel-F
spinnersof the Andrew-Beams type (Andrew 1971). nificant amountsof "excesswater" in samples814
The shifts are given relative to tetramethylsilane and 815.
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TABLE3. CELLIIIIiENSIOI{SFORALI'NIII - HYDROI'III$I
ALUI{IIE SERIES

sadple
!,
K u b l s z( 1 9 7 0 ) 0 . 0 0
0.0r
tr30-l
& ) 0A
0.00
812
0.26
8r3
0.39
8r4
0.s0
8r5
0.54

41.
3.00
2.82
z.al
2.&
2.56
2.50
2.33

a(i)
7,01
6.994(6)
7.005(4)
6.995(2)
7.004(2)
6.999(3)
7.003(2)

y(43)
o(i)
17.18
731.1
't7.13(2r
725.6
r7.15(i) 72e.0
17.14(l) 726.3
1 7 . 1 6 ()l 7 2 9 . 0
1 7 . 1 5 ()l 7 2 7 . 5
17.16(l) 28.8

*Fomula contents K and Al

The resultsof the X-rlry studies(Iable 3) showthat
a is about 7.N4Q) A for the hydronium endmember,but that no systematictrend is evident with
changing composition, partly becausethe variation
in a is minute. gimilally, all values of c are identical
within the limits of error. Theseresults are surpris-

at
tl

ing when relatedto K+-H3O+ substitutionin jarosite, where c increasesand a and Z decreasewith
increasing K* (e.9., Brophy & Sheridan 1965).
Similar cell-parameterchangeswerereported by Parket (1962)for K+-H'O+ substitutions in alunite. A
notable difference in the present series,however, is
that the alunite is nonstoichiometric with respectto
Al3*, and that Al3+ decreasessubstantiallyas the
potassium content increases (Table 2). Thus the
implication with respect to cell volumes is that
decreasing contents of Al3* directly or indirectly
negate the expected decrease in volume that
attendsthe substitution of K+ for D3O+. For the
formulas in Table 2 it has been assumedthat the
alkali sitesare filled completely by K+ and @sO)*,
and thus to rectify the chargeimbalancearising from
Alt+ deficiencies, it also has been assumed that
D2O substitutesfor an appropriate amount of OD-l

'
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Frc. l. 2H NMR lineshapesof alunite at room temperature;a) sample815, b) 814,
c) 813, d) 812, e) 8@A, f) 812 x 4, g) 2H NMR lineshapeof D3OCIO4at 2z[0
K, C3 motion, h) calculated 2H NMR lineshapeof D3OAI3(SO/2(OH)6 with D3
motion of D3O+ and OD- rigid.
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Frc.2. 2H NMR lineshapesof alunite: H3O-l at a) 3@ K, b) 160K, c) 120K d) 90
K, e) 77 K.

ling correspondsto zo = vw:3(QCC)/4 (l = 0),
and thus the QCC is 227kHz.In someinstancesthe
outo singularitiesof the doublet arejust visible (Fig.
10. The doublet can be assignedto the OD- groups
bondedto aluminum, and the maenitudeof the QCC
2H NMR lineshopes
indicatesthat theseOD-groups are basicallyimmebile in the structure.Most O-D bonds havecharac2H
QCC values of 22lJx.25 kHz
The 2H NMR results are shown in Figures I and teristic rigid-lattice
(O'Reilly
1971,
Soda & Chiba 1969)regardet
al.
2. The2H NMR lineshapesdepend on the quadrupole coupling tensor of the 2H nucleus.The tensor lessof the molecular group (OD-, D2O or DrO*),
is characterizedby the quadrupole coupling constant provided that unusually strong hydrogen bonding is
(QCC) equal to e2gQ/h and the asymmetry not involved. The onset of motion in a group comparameterf (Barnes1974);in the powder spectrum monly involves reorientation about the group's principal axis of symmetry, and the resulting narrowed
the tensorgivesrise to three pairs of discontinuities 2H
lineshapecan be much grore characteristicof the
(2 if f:0) separatedby:
group than the rigid lineshape. A D3O+ group
rotating about its C: axis has a reduced QCC of
v-= 3(QCC)/2
approximately 72 kHz with a small asymmetry
parameter q (O'Reilly et al. l97l), as is shown in
/ry: 3(QCC)$ + f)/4
Figure lg for the low-temperature phase of
/* = 3(QCC)Q-0/4
D3O+CIO; atAOK. Figure lh showsa simulation
of the lineshape expected for alunite if all the K+
At room temperatureall the lineshapeshavea broad, ions are replacedby DrO+ ions undergoing C, rotaouter doublet with a 170-kHz splitting. This split- tion, with the OD- ions still rigid. In contrast, a

Such D2O substitutions should expand the cell
volume, aad il this particular alunite seriesthe effect
is to neutralize the contraction tlat attends K+ substitution for D3O+.
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D2O molecule flipping around its C2 axis in 180
btepstl'pically has a reducedQCC of approximately
120 kHz with 4 =Q.$-1.0 @arnes 1974, Soda &
Chiba 1969).The component at the centre of the
observedroom-temperature lineshapes,however, is
considerably narrower than the lines for either of
thesecharacteristicC3-or C2-axismotions. The narrowing indicatesmore extensiveand complexreorientations and, unfortunately, does not permit an
assignmentto DrO+ or DrO.
It is noticeable that this central component narrows considerably from a half-width of approximately N kHz to -'1.5 k}Iz on going from compositions with hieh analytical D3O+:DrO valuesto low
values. Taken in conjunction with the tH chemicalshift results, it may be inferred that the broader (20
kHz) lineshapeis due to reorienting DrO+ and the
narrower one,to DtO. The width of thesenarrowed
lines indicates that quadrupole couplings are still
present,but the bbsenceof distinct doublet-structure
then suggestsihat there is a distribution of motional
modes for the group, be it D3O+ or D2O.
When the temperature is reduced, very little
changein the lineshapeis observeduntil - 160K is
reached. Below this temperature the narrow line
broadens and is reduced in intensity. At approximately 90 K there is some doublet structure visible
in the central line, although the fine structure is not
sharp. Only a trace of the central line is left at 77
K, and there is a hint of fine stnrcturesuggestingthat
there are now two superimposedbroaddoublet components with slightly different quadrupole-coupling
constants; one representsthe rigid OD- groups (as
in the higher'temperature spectra), and the other
representsthe D3O+ and the D2O groups, which are
now also rigid. The temperature dependenceof the
spectrum between - 150K and 77 K is indicative of
a gradual freezing-inof molecularmotion. The rigidlattice quadrupole-coupling constant for the group
participating in the motion can be estimated to be
approximately 2fikHz. The temperaturerangeover
which the motion freezesin suggestsa low activationenergyfor the motion, approximately 12-17kl/mol.
Furthermore, the motion is not the same for all
mobile groups in question, asno distinct quadrupole
doublets occur, so that there seemsto be no welldefined potential barrier to molecular motion for ths
group.
In order to understandhow this might arise,it is
useful to take a closelook at the immediate environment of the hydronium ion. Assuming that D,O+
replacesK+ without distorting the local structure,
the structural information for alunite derived by Xray diffraction (Wane et al. 1965)may be used to
generatethe atomic co-ordinates. The origin of the
gs-s1dinatgframe can then be movedto a K+ position. It is then found that the catiqrnis surrounded
by 6 sulfate oxygen atems at 2.52 Aand 6 hydroxyl

4l

H3O+on the
Frc.3. Thetwelveoxygenatomssurrounding
thethreefold
K+ siteof alunite.Verticallinerepresents
crystallographic
axis.
oxygenatomsat 2.87A,,which thus fall very nearly
on the surfaceof a sphere.Theseorygen atoms take
3-fold positions in 4 planes perpendicular to the
3-fold axis of symmetry Fig. 3). The positions of
the hydrogen atoms of the OD groups are unknown,
but they are thought (Wang et al. 1965, Menchetti
& Sabelli l97Q to interact with the unique 01 atom
of the SOf2 groups, in which casethey would be
outside the spherical cavity.
fissrrming that the D3O+ orygen sits at or near
the centreof this sphericalcavity, then the $stances
to oxygen atoms on the sphereQ.8-2.9 A) imply
rather weak hydrogen-bonding interaction, if any.
Generally, HrO+ hydrogen bonds to oxygen in
most other well-typified hydronium salts with an
qverageO-H--O hydrogen bondJength of -2.57
A (lunderen & Olovsson lflQ. One exceptionis the
room-temperature phaseof HrOplOo, in which the
shortestO-H-O distanceis 2.86A (Lee& Carpenter
1959), and in which the H3O+ ion is known to
reorient pseudo-isotropically (O'Reilly et al. l97l).
Within the sphereof oxygenatomsin alunite, numerous orientations for the HrO+ may have very similar potential-energies, with low barriers between
them. The inference is, therefore, that the H3O+
ion has a high degreeof mobilify, and this mobility
may also explain why X-ray and neutron-diffraction
experimentsare un$uccessfulin locating the H3O+
protons. Even at low temperatures, where the ion
is effectively rigid, it may well be orientationally dis-
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narrowed line-width. The calculated separation of
the inner singularities of the doublet is -?/[ kHz,
which is reasonably closeto the 20 kHz half-width
observed for alunite with high D.O:D2O values.
Dilute IH NMR magic-angle-spinningresults

bn
tl

20 kHz
Ftc.4. Dilute lH MAS NMR spectrum of a) alunite sample 815showingspinningsidebands,and b) the probe
background. The smaller scalerepresentsthe G-20ppm
chemical-shift scale.

Figures 4 and 5 show the dilute rH MAS spectrum of sample815, and the readily subtractedbackground spectrum of non-spinning lH in the construction materials of the probe. Although only the
central component is consideredhere, considerable
intensity is still presentin the spinningsidebands(Fie.
4). The spectra of all the samples are shown in
Figures 6a-69. Samples with high analytical
DrO:DrO valuesshow two main components,at a
d of ll.4 and 4.5 ppm. It is clear that as the ratio
decreases,the 11.4 ppm peak also decreasesand
another band grows at -7.0 ppm. There is a general
relationshiF (Rosenberger& Grimmer 1979,Freude
et al. 1982,Berglund & Vaughan 1980)betweenlowfield tH shifts and the acidity of the OtrI proton
concerned.This suggeststlat the three bandsat 11.4,
-7.0 and 4.5 ppm are attributable to DrO+, DrO
and OD-, respectively.
. Direct and convincingevidenceof the band assignments, however, comes from comparison of the
shifts noted here with those observed for the same
speciesin otler compounds. Becausethere are few
data available for solid-state rH NMR shifts
@erglund & Vaughan 1980), an investigation of a
lange of compoundscontaining H2O, OH-, H3O-,
HsOz*, NHo+ and acid groups was carried out, and
the results are reported elsewhere@atchffe et al.
1985).Figure 69 showsfor comparisonthe spectrum

15to50-5

3 (ppm)
Ftc.5. Dilute rH MAS NMR spectrumof alunitesample
815.Spectrum(a) is the correctedspectrumafler subtras'tingbackground(c) from spedrumO).
&t5
1050-5
--l--.1-------r----l-l--L
8 (ppm)

ordered. Similar arguments can be applied equally
rplo?9-p
well to a D2O molecule substituting for K+ in the
b(ppm)
spherical cavity.
Oue possiblemodel for tle motion of D3O+ or Frc.6. iXute lH MAS NMR spectraof alunite samplesa)
D2O within the sphereof orygen atoms is presented
815,b) 814,c) 813,d) 812,e) 8@A, f) H3O-l' g) dilute
lH NMR spectrum.(non-spinning)of D3OClOa.
in the Appendtx, and is usedto calculatea 2H l.[vIR
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of HrO+ClO; in its room-temperature state; this is
the classicexampleof a hydronium compound. The
spectrum was obtained without spinning since
pseudo-isotropicmolecular motion has alreadyaveragedout all the dipolar interactionspres€nt(O'Reilly
et al. l97l). The chemical shift of 10.7 ppm agrees
very well with the low-field peak in the alunite spectra at ll.4 ppm. The only other reported shift for
non-hydrated H3O+ is for "magic acid"
HSO3F/SbF'/H2O solutiou in SO2 (Gold et ol.
l97O; in this solution, the higher resolution shows
shifts due to H3O+, H2DO+ separatedby -0.057
ppm, with a gross shift of 10.3 ppm.
The -7.0 ppm peak falls into the observedrange
for H2O shifts in solids, 7.6-4.2 ppm @erglund&
Vaughan 1980,Ratcliffe et al. 1985),andthe4.5 ppm
peak falls in the r4nge of assignedOH- and basic
OH in other compounds,4.6-2,0 ppm (Schreiber&
Yaughan 1974, Hunger et ol. 1983): Obviously the
4.5-ppm peak is in the region of overlap of thesetwo
ranges, but since OH- is present as a major constituent it can be assignedonly to this peak.
In an attempt to quantify the aftounts of DrO+,
D2O and OD- from the tH NMR spectra,a DuPont
310 curve resolver was used to fit the spectra with
3 Lorentzians, the areas of which were then
integrated. Some of the fits are very good (Fig. 7),
but it must be ehphasized that numerous variables
and assumptions are hidden in this simplistic fit.
Firstly, additional intensity for eachspecie is present
in the spinning sidebandsand, secondly,the relative
intensities in the sidebandsmay vary depending on
the unnarrowed linewidth and lineshape of the
individual species.Thirdly, reolution of tlree closely
overlapping peaksmay not alwayshave a unique fit,
and, fourthly, it is reasonably assnmed that the
residual protons are distributed evenly among the
three chemical species.
The molar ratios of D3Ot, D2O and OD- calculated from the respective ratios of protons determined from the rH NMR spectra are compared to
the corresponding analytical values in Table 4. The
tH NMR proton ratio was determined relative to
OD-: 6.00, as would be the case for idealized
minerals of the alunite-jarosite group. The molar
ratios of t}te various specieswere then calculated
assuming3, 2 and 1 protons in DrO+, D2O and
OD-, respectively. The agreementbetweenthe calculated and analytical data is only fair, altlough the
general trends seem well established. For endmember hydronium alunite (samples HrO-l and
800 A), hydronium ion is clearly present, and in
amount$ close to those predicted from
(D3O)AI3(SO)r(OD)6; Significant amounts of
hydronium ion were also detested in hydroniumpotassiumalunite (samples812-815),confirming the
hypothesis that H3O+ replaces K+ in alunitejarosite minerals. Although the rH NMR riata for

8(PPm)
Frc. ?. Three-curvefits (threeLorentzians)of lH NMR
spectraof alunite(a)815,@)H3o-1, showingthethree
componentcurves,their sumand,aboveeachset,the
observedspectrum.
D3O+ show the expecteddeclinein the D3O+/OD=
ratio asthe hydronium contentofthe alunite declines
(fable 2), the extent of the decline is somewhat
gxeaterthan expected. That D3O+ was detected in
all samples,however, suggeststhat hydronium ion
is not annihilated by associatedhydroryl groups.
That is, the reaction
H3o+ + OH--

2H2o

does not occur extensively in the dunite-jarosite
group, likely becauseof the strong bonding of OHto Al3* or Fe3*.
TABLE4. ESTII'IATED
I'IOLAR
MTIOS OF DrO+. DZO
- Al{DOIF
DATT
FROI.I
THEPROTON-NT
lx mn rtt
Analytlcal Rntlos
t Etcsss
tdaterr
smpl e qdr .bg 0r
-bf
.q29. or
't.09
-1.85
0.59 6.00
0.83 0.84 6 . 0 0
H30-I
'1.13
-l .03
t.06 0.35 6.00
800 A
?.9? 5.00
-0.79
0.80 0.52 6.00
0.73 2.02 6.00
8't2
{0.'13
0.78 1.59 5.00
813
0.68 1.34 6.00
+1.i7
0.57 2.00 6.00
0.51 3.21 6.00
814
+1.41
0.59 3.02 6.00
815
0 . 9 4 . 9 4 5.00
*Frm Table 2
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Significant amounts of water were detectedin all tural water that originates in part becauseof defithe samples,despite the fact that the idealized forcienciesin Al3+-site occupancy:
mula of alunite contains no water. The major cause
KAl3_lsor2(oH)GilH2O)3'
of the water is likely the in situ conversion of ODgroup$ to D2O to maintain chargeneutrality resulting from Al3+ deficiencies:
Additional or "excess water" is still present,
however, and may indicate that the hydronium ion
itself is partly hydrated. The sonclusions concernKAI3(SO,2(OD)6ing hydronium ion and water in alunite most cerKAI3_/SOr2(OD)G/D2O)3" * xAl3 + tainly extend to jarosite as well.
The amount of D2O calculated by the NMR
method, however, is consistentlytoo high. This may
have some bearing on the observed rH shift of
-7.0 ppm. It is a generaltrend that for a particular
type of molecule, hydrogen bonding causesa downfield tH shift. Consequently,the 7-ppm peak may
indicate significant hydrogen bonding of the D2O
molecules, presnmably to the oxygen atoms of
SOa2-or OD-. Alternatively, it is conceivable that
DrO+ hydrogen bonds to the O atoms of excess
D2O; shifts for the peripheral protons of such
H5O2+or H3O+.H2Ospecieshavebeenobservedin
the 10.1-6.5 ppm range (Ratcfiffe et al. 1985).
Whereasthe former is regarded as the more probable explanation of the 7-ppm shift, possibly the latter interaction also contributes, as suggestedby
Kubisz (1970).A more likely causeof the high calculated contents of water is connected with the
problem of the spinning sidebandmentioned above.
The 2H NMR lineshapes indicate that the D2O
molecules have the greatest mobitty (i.e., the
sharpest2H spectra). The D2O, therefore, probably
will have the sharpestnon-spinning rH lineshape.
Thus, in the MAS spectra,more of the intensity of
DrO should be concentrated in the central line.
Inspectionshowsthat the positionsof the peak intensities of the first-order spinning sidebands correspondsto the OD- line of the c€ntreband. Sideband inlensity due to D2O is much redused relative
to OD-. Unfortunately, it is not feasibleto make
comparisonsfor the much weaker D3O+ lines.
CoNcLUsloNs
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APPENDX
2H line norrowing of DsO+ or D2O in alunite

The degreeof 2H line narrowing can be estimated in a
rather simplistic way by assumingthat D3O+ equilibrium
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suchungenwasserstoff-briickengebundener
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in Festkdrpen.L Zum ing oxygenatoms. Thesedirections make anglasof t68.9o
Zusarnmenhang
zwischender chemischenVerschie- or 13l.60 with rhe 3-fold axis of the cavity. If the prinbung der Protonen und dem Charakter der OHcipal components of the quadrupole-coupling tensor for
Gruppenin einigenkristallinenSilicaten.Z. Anorg.
the rigid O-D are gn, 9w and go, expressionsfor the
AIlg, Chem, 448, ll-22,
motionally averaged(12-pcisition)lineshapecan be obtained
in a manner basically tlte sameas tlat describedby Barnes
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To find the motionally averagedtensor, the components
must then be averaged over the 12 orientations:
a

+ 68.9
-68.9
+3r.6(17)
-31.6(17)

q

0,x.120
r 60,180
r 60,180
0,r 120
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Nondiagonal terms reduceto zero, and the end results is:
Q'x* = 9' yy = 14[qs(0.8547716)+ 24w + qa0.l45?28)l
q,'o = klqo(1.145228) + qz(f.,854771.6)l
The q'values are the narrowed tensor components, and it
should be noted tlat the lineshapeis axially symmetrical.

M7

If the rigid tensor were also axially symmetrical (i.e.,
9n = 9w), then ttre notionally narrowed lineshapecalculated ai-above would be only 0.1411as wide. That is, if
the inner singularities of the rtgid lineshape(qo) are separat€d by 170-180 kHz, then in the narrowed lineshape
(q'J they will be separatedby ?4-25,4 letlz.
It must be emphasizedtlat this is only ore crude model
and that it does not account for the absenceof singularities in the observedlineshapes,but the widt! calculated is
of the same order.

