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ABSTRACT: Detailed insight into the magnetic properties and mobility of the different deuteron species in jarosites
(AFe3(SO,4),(OD)g, A = K, Na, D;0) is obtained from variable-temperature *H MAS NMR spectroscopy performed from 40
to 300 K. Fast MAS results in high-resolution spectra above the Néel transition temperature (i.e., in the paramagnetic regime). The
*H NMR hyperfine shift (0), measured as a function of temperature, is a very sensitive probe of the local magnetic environment.
Two different magnetic environments are observed: (i) Fe,—OD groups and D;O™ ions in stoichiometric regions of the sample.
Here, the (*H) values are proportional to the bulk susceptibility and follow a Curie—Weiss law above 150 K. (ii) Fe-OD, groups
and D,0 molecules located near the Fe>™ vacancies in the structure. The Fe> ions near these vacancies show strong local
antiferromagnetic couplings even high above the Néel temperature (of ca. 65 K). The D,0 and D;O™ ions located on the jarosite A
site can be distinguished in the *H NMR spectra due to the different temperature dependence of their isotropic shifts. Motion of the
D507 ions was followed by investigating the isostructural (diamagnetic) compound (D30)Al3(SO,),(OD)s and an activation
energy of 6.3(4) kJ /mol is determined for the D;O™ motion. Our NMR results support theories that ascribe the spin glass behavior
that is observed for (H30)Fe3(SO,),(OD); but not for the other cation substituted jarosites, to the disorder of the D;O™ ions
and/or aless distorted Fe coordination environment. No signs of proton transfer reactions from the D3O+ ion to the framework are

observed.
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B INTRODUCTION

Jarosites, AFe;(SO,4),(OH),, (A = Na, K, Rb, H;0, NH,, Ag,
Pb(II), ...), are mixed-metal iron(III) sulfates that have attracted
interest from a wide area of sciences including geochemistry,
terrestrial and Martian geology, metallurgy, and materials science. 2
The naturally occurring jarosite minerals (e.g., A = Na, K, H;0,
Pb(II)) are often associated with acid mine drainage® because
they are formed under aqueous, acidic conditions. The identifi-
cation of jarosite in the Mossbauer spectra of Martian rock
received much attention as it was interpreted as evidence for the
presence of water in the prehistory of Mars.* ® In materials
science, the magnetic Properties of jarosite and the isostructural
V(111)"? and Cr(111)"° analogues have been extensively studied
because they are examples of frustrated magnetic systems,"' ~'*
their magnetic responses depending noticeably on the nature of
the cations and on the presence of disorder."> >*

Local Structure in Jarosite and Alunite. Jarosite and alunite
are the isostructural end members of the alunite group of
minerals crystallizing in the R3m space group.' Figure 1 shows
their crystal structure, which consists of layers of octahedrally
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coordinated Fe(III) or AI(III) ions at the nodes of a so-called 2D
Kagomé lattice. For jarosite, the layers comprise Fe(III) ions
located on the corners of an equilateral triangle with Fe—Fe
distances of 3.65 A,>* where the Fe—Fe distance is independent
of the nature of the A cation, this trimer forming the magnetic
subunit (Figure 1). The shortest interlayer Fe—Fe distance is ca.
6 A.*® The structure of the Kagomé layer is to a first approxima-
tion insensitive to cation substitution, whereas the interlayer
spacing (and c-axis) is directly related to the size of the cation.'
The Kagomé layers are connected through H-bonding involving
the equatorial Fe,—OH group and the apical oxygen in the
sulfate group above, ie., (Fe,—O—H—0=S) with a O—H—-0O
distance of ca. 2.88 A.*

Jarosite is a text book example of a 2D Kagomé lattice,
antiferromagnetic coupling of the three iron(IIl) ions in the
magnetic subunit (trimer), leading to geometrical frustration.'""?
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Figure 1. Structure of jarosite viewed along the a-axis (left) illustrating
the layered structure of jarosite. The arrows illustrate the magnetic
coupling between the individual Kagomé layers for magnetic field
strengths (B,) above and below the critical magnetic field (Bica)- The
three blue arrows show the magnetic subunit in the Kagomé lattice (right),
which is frustrated. Introducing a Fe vacancy lifts the frustration and allows
the two adjacent Fe ions to couple antiferromagnetically (red arrows).
The charge compensation mechanism for vacancies is described in eq 1.

To a first approximation, this intralayer antiferromagnetic cou-
pling is the dominant interaction and as a result, a Néel transition
temperature (Ty) at ca. 65 K is observed for all jarosites, except
for hydronium jarosite (A = H30), irrespective of the A site
cation,'”%%3 Although jarosites are paramagnetic above Ty,
Nocera et al. observing that their susceptibility obeys a Curie—
Weiss (CW) law above 150 K,” Harris et al. modeled the sus-
ceptibility data with a CW law scaled by a factor of 8/9 in the
low-temperature regime (below ca. 350 K),*® because of the
geometry of the Kagomé lattice and the high frustration of the
magnetic lattice (the Weiss constant, © > Ty).! 71526
Jarosites are notorious for the presence of up to 30% Fe(III)
vacancies, and substantial numbers of A site vacancies.'*
Because the introduction of a Fe>" vacancy in the triangular
magnetic unit removes the frustration and allows the two
remaining iron spins to couple (anti)ferromagnetically, as illus-
trated in Figure 1, the long-range (magnetic) order (LRO), that
is observed in many synthetic and natural samples, was originally
ascribed to these Fe(III) vacancies.”>*® However, LRO was later
observed in stoichiometric jarosites,'”***>* ruling out defects as
the origin of LRO. Theoretical calculations originally ascribed
the cause of the LRO to second-order crystal field effects caused
by deviations from octahedral symmetry of the FeO,(OH),
octahedra, which lift the degeneracy of the t,; and e, orbitals.**
Theoretical calculations showed that the Dzyaloshinsky—Moriya
(DM) interaction (Hij =D(8;x Sj)) in jarosite is allowed because
of the geometry of the kagomé lattice.'> The absence of an
inversion center between each Fe pair and the tilting of the FeOyg
octahedron allows for a canting of the individual magnetic
moments out of the Kagomé plane thereby producing a net
magnetic moment perpendicular to this plane.'>'*'>***” The-
oretical calculations have predicted that the DM interaction is
larger than the crystal field effects,''* a prediction that has
subsequently been verified experimentally.”'*****° The inter-
layer interaction is antiferromagnetic resulting in a magnetic unit
cell, that is twice that of the crystallographic unit cell.'**%?%3>
Placing the sample in a magnetic field of 14 kOe (1.4 T) or higher
forces a change in the interlayer interactions and ferromagnetic
ordering of the net moment is observed,'> a phenomenon that
may be important in the NMR studies described below.
Hydronium jarosite does not, unlike the other jarosites, exhibit
antiferromagnetic ordering, but is instead a spin-glass with a glass
transition temperature at ca. 17 K.*"*® Originally this was
ascribed to the fact that the hydronium jarosites were almost

completely stoichiometric and could not order antiferromagne-
tically, but this is counter to the observation of spin-glass
behavior in recent thermodynamic studies of defect containing
K—H;O0 jarosites by Majzlan et al.>” Currently, the presence of
the hydronium ion is thought to be important in causing the spin
glass behavior. Wills and Harrison suggested a structural disorder
of the hydronium ion over the different sites in the jarosite
cavities (where the crystallographic H site occupied bg the H;0™"
ion is half filled).*® In contrast, Grohol et al.'®"” proposed
an internal acid—base reaction between the hydronium ion and
the #-Fe,—OH group so that H,O molecules are found in the
cavities, i.e.

Fe,—OH + H;0" — Fe,—OH, " + H,0 (1)

Our recent solid-state NMR(SSNMR) investigations of deuter-
ated jarosite and its isostructural aluminum analogues did not
find any evidence for chemical exchange between D3O and Fe/
Al,—OD groups.”>*® Distinct resonances were observed which
could be assigned to FeO(D)—Fe, Fe—OD,, and D;0"/D,0
local environments, the Fe—OD, resonance being absent in
stoichiometric samples. We also proposed a new mechanism for
charge compensation of the vacancy, involving the hydronium
ion on the A site and the four adjacent terminal Fe/Al (M*")-0*
groups on the B site, created by the vacancy, resulting in a neutral
water molecule. Formally, we can write the reaction for the
removal of an M>" ion from its local coordination environment
(M(OH),40,)°" to form a vacancy O as follows, where the
bridging —O(H)— groups have been replaced by terminal
—OH, groups:

M(OH),0,°” 4+ 3H" + H;0" — O(OH,),0,*” + H,0 + M*"
(2)

*H static NMR spectroscopy has previously been reported for a
series of defective deuterated alunite samples by Ripmeester et al.
from room temperature down to 77 K.* Their spectra showed a
gradual freezing of the D;O0" ion between 150 and 77 K
consistent with the absence of a well-defined energy barrier
and a broad range of activation energies, E, of 12—17 kJ/mol was
reported. Mashiyama et al. investigated jarosites down to 1.76 K
by wide line "H static NMR and identified the presence of a single
'H environment in the antiferroma§netic phase.** Here we
present a variable temperature (VT) “H MAS NMR study of a
series of jarosite and of an isostructural hydronium alunite, which
gives detailed insight into the mobility of the different deuteron
species and the local magnetic properties nearby these species.
The use of fast magic-angle spinning (40 kHz), which is a
challenge at such low temperatures, results in superior spectral
resolution as compared to the earlier static NMR studies.***’
Both stoichiometric and defect jarosite samples are investigated
along with a near-stoichiometric hydronium alunite. The current
study gives a unique view of how structural defects affect the local
magnetic properties in various jarosite samples.

B EXPERIMENTAL SECTION

Samples. A detailed description of the syntheses and characteriza-
tion of the jarosite samples by powder X-ray diffraction (XRD) and *H
MAS NMR at ambient temperature has recently been reported.”® The
four jarosite samples investigated by variable (VT) temperature “H
NMR are (i) a stoichiometric jarosite with A = K (Stoic-jaro) prepared
using the method of Grohol et al.'” with metallic iron and (ii) three
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Table 1. H Quadrupole Coupling Parameters and Dipole
Couplings for the Different Local Environments in the
Jarosite Samples Estimated Based on the Method of
Siminovitch et al.>° >’H NMR Parameters for D;0-alu are
Given for Comparison®®

6 CQ delectron
sample resonance (ppm) (kHz) 1#q (ppm) intensity (%)"

Stoicjaro Fe,—OD 237(4) 220(8) ~0
D,0-jaro Fe,—OD 240(60) 233(15) ~ 0
Fe-OD, 70(30) 114(15) ~ 1

912(260) 100
1173(500)  57(33)
293(500) 14(14)

D,O 0(10)  98(15) 0(500) 29(2)
Kjaro  Fe,—OD 240(60) 245(15) ~0  890(500) 63(5)
Fe-OD, 130(30) 99(15) ~1  0(500) 29(4)
D, O 5(10)°  98(15) 0(500) 8(2)
Najaro  Fe,—OD 230 (60) 227(15) ~0  1000(500)  68(5)
Fe-OD, 64(30), 99(15) ~1  98(500) 16(3)
D,O° 1(10)  99(15) 0(500) 16(3)
D;O-alu AL—OD 4.0(5) 235(9) 00 N/A N/A
D07 10.1(5) 17(5) ~ 045 N/A N/A

“The spectral intensities were obtained from integration of *H MAS
NMR spectra recorded at a 35 kHz spinning speed spectra and are
normalized to 1. * Two partly resolved peaks at ca. 0.5 and 9.7 ppm.
‘D,0 and D3OJr resonances overlap at room temperature (see text).

nonstoichiometric jarosite samples with A = Na, K, and D30, res-
pectively using conventional hydrothermal synthesis with hydrous Fe-
(1I1) sulfate as the iron source.”® The latter are labeled according to the
convention A-jaro, i.e., K-jaro, Na-jaro, and D3O-jaro. In addition, an
isostructural stoichiometric (within the experimental uncertainty) deu-
teronium alunite ((D30)Al3(SO,),(OD)g, D30-alu) was investigated.
Synthesis and characterization of this sample by XRD and room
temperature "H, °H, and >’Al NMR have been reported elsewhere.>®

NMR. *H MAS NMR experiments employed a single-channel 1.8 mm
MAS probe tuned to *H and encapsulated in a low temperature cryostat
from Janis Research Co., Wilmington, MA. Experiments were performed
ona 360 MHz (8.4 T, VL(ZH) = 55.2 MHz) Bruker NMR spectrometer
for Stoic-jaro, K-jaro, Na-jaro, and D;O-alu. *H NMR experiments
for D3O-jaro were performed on a 200 MHz (4.7 T, v, (*H) = 30.7
MHz) Bruker NMR spectrometer. Spectra were recorded by using a
Hahn-echo with one or two rotor periods, to alleviate problems with
spectrometer dead time and probe ringing, and spinning speeds in the range
15 — 42 kHz. The longitudinal (spin—lattice) relaxation (T;) was mea-
sured at selected temperatures for Stoic-jaro, K-jaro, D30-jaro, and D;0-alu
using the inversion recovery experiment followed by a rotor-synchronized
Hahn-echo (180°— t;—90,°—7—180,°—7—acq; T = 2t,) again to alleviate
problems with the probe ringing. The inversion recovery data were analyzed
using the Bruker software on the spectrometer. The T,* (T5*) ' = (T,) ™"
+ (yAB,)/2, where T, is the true transverse relaxtion time and T,* is the
effective T,, which includes the contribution due to magnetic field
inhomogeneities and distributions in chemical/hyperfine shifts, was deter-
mined from deconvolution of the isotropic peak using DMFit.*’

Experiments were performed from 300 K down to ca. 40 K and the
temperature regulated by heating the helium gas using a temperature
controller from Lakeshore Cryotronics Inc. Model 240. Helium gas was
used for spinning. Typically, the temperature varied 1—3 K during the
course of an experiment. The temperature difference between the
readout temperature on the sensor and actual temperature of the rotating
sample did not exceed 5 K.~

A liquid sample of D,O was used for referencing (8;,("H) =
4.8 ppm) and r.f. calibrations. The r.f. efficiency is temperature depen-
dent. Thus, pulses lengths were adjusted when spectral artifacts due to

Table 2. Magnetic Data Extracted from Analysis of o (T)
for Stoic-jaro, K-jaro, Na-jaro, and D;O-jaro in the Region
Where a Linear Relationship Is Observed (Figure 10)“

aample 0ok (ppm) 0 (K) temperature range (K)
Stoicjaro; Fe,—OD  304(20)  —1110(100) 150—300
K-jaro, Fe;—OD 301(20)  —986(100) 141-300
Nadjaro, Fe,—OD  296(20)  —901(100) 151-300
D,0-jaro, D;O™ 173(200)  68(40) 69—300
D,0* 25(200)  30(40) 104—300

“ The temperature range listed here corresponds to the range used to fit
the data to the Curie-Weiss law in Figure 10.

imperfect pulses were observed. Magic angle setting was done at room
temperature by minimizing the line width of the spinning sideband
(ssbs) in a *Na MAS NMR spectrum of NaNOj;. No significant
deviations from the magic angle were observed during the course of a
VT experiment, as observed from the line widths of D;O-alu. The
magnetic field inside the cryostat is dependent on temperature. This
results in a negative shift of ca. —14 ppm at S0 K, —6 ppm at 100 K, and
negligible (<2 ppm) above 120 K.

B RESULTS AND DISCUSSION

The results for the deuterated alunite sample D;O-alu are
presented first, as investigations of the diamagnetic D;O-alu
allow studies of the molecular motion to be performed in the
absence of magnetic effects, the latter simplifying the spectra and
increasing spectral resolution. Here our focus is to probe the
mobility of the hydronium ion, as this may give insight into the
spin glass properties of the isostructural hydronium jarosite. This
is followed by the results for Stoic-jaro, and then the more com-
plex nonstoichiometric samples (K-jaro, Na-jaro, and D3;O+jaro).
Table 1 summarizes the "H NMR data obtained from all the
ambient temperature studies.””*® A detailed joint analyses of
the ’H NMR data in the CW regime is given at the end of the
section for all four jarosite samples. These results are summarized
in Table 2.

D30-alu. The deuteronium alunite (D;O-alu) investigated
here has near full occupancy (>98%) of the Al sites and a high
concentration of hydronium ions on the A site, as evident from
the SSNMR and elemental analysis.”® "H and *H MAS NMR
unambiguously shows the presence of hydronium ions in this
sample.”®*” The *H MAS NMR spectrum contains two sets of
spinning sideband (ssbs) manifolds, which are assigned to the
Al,—OD group and a D30 ion.*® The first corresponds to
species that are hydrogen bonded and rigid, and the latter to
species that are highly mobile at room temperature.®® *H MAS
NMR spectra were recorded in this study in a temperature range
from 40 to 300 K (Figure 2) and were analyzed by visual
inspection and by determining the T, times (Figure 3a) at
selected temperatures. The motion of the hydronium ions slows
down at around 150 K and freezes on the NMR time scale at
125(10) K. Below this temperature, the characteristic line shape
(Pake doublet) of a rigid, hydrogen bonded O—D—O group is
observed. We note that the fast, unregulated spinning speeds
(w,/27 =~ 20 kHz; 10—S50 Hz variation during an experiment),
and the limited number of scans used to acquire the spectra,
combined with a narrow probe bandwidth, do not allow accurate
determination of the *H quadrupole coupling from analysis of
the ssb intensities. The changes in motion are also reflected by
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Figure 2. Selected “H MAS NMR spectra of D;O-alu recorded in the
temperature range 50—291 K. Spectra were recorded using spinning
speeds of 15—20 kHz using an echo sequence. The asterisks mark
“spikes” that are artifacts arising caused by the electronic circuit. The
apparent temperature dependence of Oy, is caused by a temperature
dependent shift from the cryostat. This shift is ca. —10 ppm at S0 K, but
negligible above ca. 100 K.

the T, times, (Figure 3). The T times were extracted by fitting
the data to a single exponential. Again, only the isotropic
resonance was used in this analysis due to the fluctuations in
the spinning speed. The spin—lattice relaxation of al I=1nucleus
is not always best described by a single exponential** since the T
for *H is anisotropic, the quadrupolar coupling depending on the
orientation of the crystallites with respect to the magnetic field.*
However, a good fit to the data was obtained, given the fairly large
uncertainty in the determination of T;, so a more complex
analysis of the data could not be justified. The plot of T; as a
function of temperature exhibits a Ty minimum at 125 K. This
minimum occurs when the correlation time for motion, 7, is
approximately equal to the Larmor frequency (5SS MHz) corre-
sponding to 7. & 18 ns. If the molecular motion has a well-
defined activation energy, E,, the correlation time shows an
Arrhenius behavior.*®

T. = Twexp (kf ) (3)

where 7.. is the correlation time at infinite temperature. Thus, by
plotting In(1/T}) as a function of the inverse temperature, E, can
be determined.*
E, 1

In(1/T) = 2 1 (@
E, = 6.3(4) kJ/mol (+* = 0.99) is obtained for D;O" motion
using data points above the T| minimum. The low temperature
part of the curve is not linear, as is apparent from Figure 3b. The
sharp, well-defined T; minimum does however indicate a well-
defined energy barrier for the deuteronium ion’s motion.

Our results deviate somewhat from those of Ripmeester
et al. obtained for similar materials.*® Their use of static *H
NMR resulted in an overlap of the resonances, which was
particularly severe for the Al-OD, and D,O/D;0" resonances
as they both have quite similar quadrupole coupling
constants.”” In addition, they were unable to unambiguously
determme whether D,0 or D3O were present, this requiring

"H MAS NMR.** They observed that the deuteron motion slowed
down around 160 K and at 90 K, a Pake doublet was observed.
These authors estimated an activation energy barrier of 12—17

1000 T T T T T T

- ] |

400 - .

T1(ms)

In(1/T )

0 1 1 1 ?

0 0.005 0.01 0.015 0.02 0.025

1T (K™Y

Figure 3. (a) T} for the isotropic peak of the D3O groups of D30-alu
as a function of temperature, T (K) and (b) In(1/T}) as a function of
T~". Linear regression was used for determination of E,.

kJ/mol based on the temperature range in which the motion
stopped, the results implying the absence of one well-defined
energy barrier.” We suggest that the analysis of T, data along
with the ability to resolve the different species most likely
represents a more accurate method for probing deuterium
motion than the analysis of overlapping “H static line shapes,
but it may also be that some of the discrepancies between the two
sets of results arise from differences in the samples. Recent first
principles MD 51mulat10ns have 1nvest1gated the structure and
mobility of the H;O™ ion in alunite.® These results showed a
rapid reorientation of the H;O" between sites involving hydro-
gen bonding to the Fe,OH and sulfate oxygen atoms, and the
occasional umbrella inversion, on the ps time scale. This is rapid
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Figure 4. H NMR spectra of Stoic-jaro from 50 to 300 K recorded at
55.6 MHz and with an ~30 kHz spinning speed. The sample tempera-
ture is listed next to the spectrum.

motion is consistent with the low activation energy derived from
our T analysis.

Stoic-jaro. This sample was prepared following a reported
procedure to synthesize stoichiometric ]arosrte1 and is indeed
stoichiometric accordrng to our previous H NMR and electron
microprobe analysis.>®* Room temperature *H MAS NMR spec-
tra show the presence of a single “H site characterized by
0 = 237(4) ppm, Cq = 220(8) kHz, and Nq ~ 0, which is
assigned to a Fe—O(D)—Fe deuteron.”® The asymmetry in the
spinning sideband manifold is caused by the electron—nuclei
dipolar interaction, estimated to be approximately dejectron =
912(260) ppm, (dejectron = dz- — 8).>* Figure 4 shows the change
in the overall appearance of the "H MAS NMR spectra upon
cooling from room temperature to 50 K, where the spectral
resolution is lost. The most significant changes are observed for
the position of the isotropic resonance and the line width of the
individual ssbs (Figures 4, Sa, and 6). The isotropic resonance is
located at 237(4) ppm at 300 K and slowly reaches a maximum of
269(1) ppm over a wide temperature range between 145 and 115
K; it then rapidly drops to ca. —60 ppm at 61 K, as illustrated in
Figure Sa. At 50 K, i.e., below Ty, the spectrum consists of a
broad featureless resonance 3—400 kHz in width and no indi-
vidual ssbs can be resolved (Figure 4). No other *H resonances
are observed in the entire temperature range from 50 to 300 K,
confirming that the sample is stoichiometric, i.e.,, Fe—OD,, D,0,
and D30 are not present in the sample. It is well-known that
molecular motion on the NMR time scale can result in disap-
pearance of resonances, however, it is unlikely that the reso-
nances are invisible over a 250 K temperature range (see
discussion for K-j -jaro vide infra). These results are consistent
with a field-swept 'H study of NMR of jarosite,*” which showed
the presence of a single H site.

The relaxation rate (T;) measured for the Fe—O(D)—Fe
deuteron changes from 25.5(2) ms at room temperature to 14(1)
ms at 64 K. This is accompanied by a noticeable increase in the
line width from 0.5 to 5 kHz, as illustrated in Figure 6. For
comparison, the line width for D;O-alu remains approximately

constant at only 250(50) Hz over the same temperature range.
Thus, the line width is mainly dictated by the *H relaxation (T5)
rate and not by a distribution of the paramagnetic shifts caused by
local structural variations for this stoichiometric sample. However,
T,* < T and it s likely that the short T, values are caused by both
the *H motion and the fluctuating electronic moments, the latter
slowing down considerably as the sample approaches T.

K-jaro. This is a defect jarosite (A = K) sample with 30% K*
and 10% Fe vacancies.”> A composition of [Ky, 70(9)(D3O)0 01(8)"
(Dzo)oso(s))] [Fe27(1)(OD)48(2)(OD2)12(2)]3(804)2 was  pre-
viously evaluated from the “H NMR and electron microprobe
analysis, the parentheses indicating the cations on the A site and
B site/framework, the OD, groups on the B site/framework
referring to the Fe-OD, groups created by the presence of a
vacancy and reaction (2). Very little (essentially no) hydronium
on the A site is present. Three different local environments are
observed in the ’H MAS NMR spectra recorded at room
temperature: a rigid Fe,—OD (0 = 240(60) ppm), a Fe-OD,
group rotating around the Fe—O bond vector (0 = 70(30) ppm)
and a mobile, D,O molecule on the A site with (6 = 5(10) ppm),
as discussed in detail in ref** The Fe,—OD and Fe-OD,
resonances are quite broad due to a distribution in hyperﬁne
shifts caused by both variations in the local magnetic moments*®
and local structures, arlslng from the presence of ca. 10% Fe
vacancies in the structure.”® Each Fe has four Fe(III) ions in the
first cation (Fe) coordination sphere (Figure 1). Thus, approxi-
mately 35% of all Fe ions in the Kagomé lattice have one or more
vacancies as nearest neighbors assuming a random distribution of
the 10% of Fe*" vacancies in the Fe(III) layer, and will thus be
present as terminal Fe-OD, groups. The temperature depen-
dence of the framework Fe,—OD isotropic resonance is similar
to that observed for the Fe,—OD group in stoic-jaro: A com-
parison of Figure Sa,b shows that the isotropic shift of the Fe,—
OD groups in both compounds reaches a maximum at around
120 K and then rapidly decreases as the temperature is lowered
further. However, at 71 K, just above Ty, a value of 210(30)
ppm is observed whereas the corresponding value for stoic-jaro is
177 ppm at this temperature. We assign this difference to the
presence of Fe(IIl) vacancies located in more distant coordina-
tion shells of the Fe,—OD groups, which will affect the local
magnetic interactions.

Rapid rotation of the OD, group around the Fe—O bond
vector for the Fe—OD, group results in a partial averaging® of
the *H quadrupole coupling to 70 kHz at room temperature. This
motion gradually slows down as the temperature is lowered and
freezes on the *H NMR time scale (3 us) between 140 and 120
K (Figure 7). In contrast to the Fe,—OD group, the hyperfine
shift for the Fe—OD, group remains fairly constant between 40
and 60 ppm over 250 K (from 60 to 300 K) (Figure Sb), implying
the presence of strong local antiferromagnetic couplings pre-
sumably caused by the presence of a Fe vacancy next to the
Fe—OD, group: vacancies remove the frustration and allow for
local antiferromagnetic coupling between the two remaining
iron(III) ions in the magnetic subunit, as illustrated in Figure 1.
We have also observed strong local antiferromagnetic interac-
tions for *H in pristine iron oxyhydroxides (o.- and 3-FeOOH),
which resulted in a similar lack of tem Sperature dependence of the
NMR hyperfine shift just above Ty

The D,O molecule on the A site gives rise to a single
resonance with a line shape that is consistent with rapid, near-
isotropic molecular motion at room temperature. The resonance
splits in two in spectra recorded at 191 K and below (Figures Sb
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Figure 5. “H isotropic shift, 0, as a function of temperature for (a) Stoic-jaro (Fe,—OD only), (b) K-jaro, (c) Na-jaro, and (d) D3O-jaro. The isotropic
peak was defined as the center of gravity for each resonance and the uncertainty reflects the estimated uncertainty in determining the actual position. This
is most difficult for the Fe-OD, resonance as this is the broadest peak, of lowest intensity and is sandwiched between the Fe,—OD and D, O resonances.
The D,,O resonance is fairly narrow, and therefore it is possible to determine the isotropic peak more precisely.

and 7), the lower field resonance accounting for 90% of the
intensity (marked by “1” in the 121 K spectrum in Figure 7).
Only the most intense peak is plotted in Figure 5. The intensity of
the D, O resonances decreases upon cooling reaching a minimum
between 120 and 140 K, as the molecular motion enters the time
scale of the rotor echo spacing (ca. 60 us). Intensity is restored
upon further cooling (Figure 7) and below 120 K, the ssb pattern
is characteristic of that of a rigid D,O molecule is seen.
Measurements of T relaxation were performed at selected
temperatures between room temp and 99 K (not shown). The T,
time for Fe,—OD remains constant at ~20(5) ms over the entire
temperature range unlike the T of for the Fe,—OD group in
stoic-jaro (vide supra). In summary, SSNMR shows that K-jaro
is a defect jarosite with two different local magnetic environ-
ments, (i) stoichiometric regions with a temperature depen-
dence of 0(*H) similar to that observed for stoic-jaro and
(i) defect regions with Fe vacancy nearby, where strong local

antiferromagnetic interactions result in nearly temperature-
independent isotropic shifts for the Fe-OD, groups and D,0
ions on the A site.

Na-jaro. The composition of this sample is [Nag s3(9)-
(D30)0.31(8)(DZO)O.16(4)]A[F32.85(5 (OD)5.4(2)(OD2)0.6(2)]B
(SO,), based on our earlier “H NMR measurements and
elemental analysis™ and a significant concentration of both
D,0 and D3O appear to be present in this sample. Analysis
of the variable temperature NMR (Figure 8) shows that the
temperature dependence of the isotropic shift for the Fe,—OD
and Fe-OD, groups resembles that observed for K-jaro cf,
Figures Sb and c. Thus, 6(Fe,—OD) follows a CW law above
150 K, whereas 6 (Fe-OD,) is nearly independent of temperature
down to Ty (Figure Sc). The isotropic resonance for the D,O
group does not vary by more than ca. 10 ppm from RT down to
150 K as observed for K-jaro (vide supra). At 150 K the
resonance splits into two resonances with very different
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Figure 7. H MAS NMR spectrum of K-jaro in the temperature range
from 91 to 291 K; spinning speeds of about 40 kHz were employed. The
two lines show the position of the outermost (readily detected) ssb for
the Fe-OD, group and illustrate how the motion of this group slows
down. To the right is an expansion of the isotropic shift region. The D,,O
peaks split into two peaks below 198 K, labeled as 1 and 2 in the 121 K
spectrum.

temperature dependences of the isotropic shift, as is evident in
Figure Sc: the most intense resonance rapidly becomes more
negative as the Néel temperature is approached whereas the
weaker resonance does not change significantly. By analogy with
K-jaro, the weaker resonance is assigned to D,O located near a Fe
vacancy, i.e., in a magnetic environment characterized by strong
local antiferromagnetic interactions. The most intense peak has a
temperature dependence similar to that observed for the D;O™
ion in D3O-jaro (vide infra) and is assigned to D30 located in
stoichiometric regions of the sample.” A relative intensity of
approximately 1:3 for D,0:D;07 is expected based on stoichi-
ometry. However, the observed D,0O intensity is much smaller
than this, which most likely is due to a combination of i) the D,O

80K
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151K

200 K

i

Fe-OD

N
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291 K .AMMLA. Fe-OD /.

T T T T T T T
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Figure 8. “H MAS NMR spectrum of Na-jaro in the temperature range
80—291 K; spinning speeds of about 40 kHz were employed. An
expansion of the isotropic region is illustrated to the right.

motion is on the time scale of the Larmor frequency between 190
and 120 K, which results in a loss of signal intensity (we observe
that the D,O intensity is similarly weaker in K-jaro in this
temperature range due to motion c.f, Figure 7) and (ii) the
presence of less D,0O in the structure, e.g., due to exchange with
H,O over time or dehydration, resulting in vacancies on the A
site, as the neutral water molecule is not needed for charge
balance.”**® The results for Na-jaro clearly illustrate the strength
of solid-state MAS NMR as a tool for probing local properties in
complex paramagnetic materials, where multiple local environ-
ments with different magnetic properties are present. This
behavior would be very difficult to probe with susceptibility
measurements (bulk technique) or diffraction studies.
D;0-jaro. This sample has a composition [(D30)04(3)-
(Dzo)0.09(20)]A[Fe2.84(3)(OD)5.4(1)(ODz)o.s(l)]B(SO4)2 based
on our previous “H NMR and elemental analysis.>® The low
temperature phase of hydronium jarosite is, unlike the other
jarosites, a sgin—glass with a spin-glass transition temperature
at ca. 17 K'?! From room temperature to about 100 K, the
isotropic resonance from the highly mobile D30 ion dominates
the spectra (Figure 9), and only a weak ssb on each side of the
isotropic resonance observed. This reflects rapid motion and
almost complete averaging of the *H quadrupole coupling, as is
also observed for D;0-alu. Upon cooling, the intensity of the
isotropic resonance decreases, while the intensity of the ssbs
increase and additional ssbs appear indicating a slowing down of
the rapid motion. At 90 K the innermost ssbs have approximately
one-third the intensity of the central transition and the D;O™ ion
motion has slowed down significantly. However, the ssb pattern
for the D3O group even at low temperature does not look
like the classic Pake doublet observed for the ion in D;O-alu
(vide infra). This is ascribed to the following phenomena: (a) the
D;O+jaro sample was investigated by "H MAS NMR at 30.7 MHz,
where the Q-factor for the probe was high,>> which combined with
fast MAS (20—40 kHz) resulted in most of the intensity being
distributed in the center band. The other samples were studied at
55 MHz and did not suffer from these experimental issues. (b) In-
teractions with the unpaired electrons that distort the line shape,
the distribution of interactions in the spin glass complicating the
analysis further. (c) A distribution in correlation times for motion
may be present, the more mobile D3O ions with larger residual
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Figure 9. *H MAS NMR spectra of D3O-jaro from 50 to 291 K
recorded with a spinning speed of approximately 40 kHz. The samples
temperature is indicated on each spectrum. The resonance indicated
with an asterisk is an electronic artifact. An expansion of the isotropic
region is shown to the right. Note that the D;O0" ion resonance
dominates at high temperatures. The weak Fe-OD, group resonance
is located between the D;O™ ion and the Fe,—OD group.

motion giving rise to the distinct smaller sideband manifolds at
67 K.

The weaker Fe—OD, resonance is hidden beneath the more
intense D3O resonance, which prevents a ready determination
of its isotropic peak position. Furthermore, between 73 and 69 K
the intensity of the Fe—OD, group is reduced noticeably and
only the broad manifold of ssbs from the D3O ions are visible.
Thus, the plot in Figure 5d only shows the isotropic shift as a
function of temperature for the Fe,—OD and D3O groups.

B ANALYSIS OF THE HYPERFINE SHIFT, §, IN THE
PARAMAGNETIC REGIME

A more detailed investigation of the temperature dependence
of the hyperfine shift is now performed to investigate the local
magnetic couplings further. The interaction between the “H
nuclei and the unpaired electron spins is given by the hyperfine
interaction:

H, = AS,; ()

In the paramagnetic regime (>150 K for jarosite), where the
electron spin relaxes fast on the NMR time scale, the Hamilto-
nian can be simplified to the following

H;=A,(Sz) (6)
where (S;), the time averaged electron spin is given by

By
—x 7
HogNaUg M @)

Sz) = —
and By is the static magnetic field, uo the permeability, g the
electron g factor, Ny Avogadro’s number, and up the Bohr mag-
neton. In the Curie—Weiss regime, the isotropic hyperfine shift

for a paramagnet is thus similarly expected to follow the CW law

where C is the Curie constant, T temperature (K), and © the
Weiss constant above the Néel temperature. If the local spins are
not correlated a zero value of © is observed. If the correlations
are either ferromagnetic or anti ferromagnetic, then either © > 0
or © < 0, are observed, respectively. Using this, we expect the
following relationship between the inverse shift and temperature.

O(T) "o =~ ©)

Thus, we can use the regime in which our H NMR data fits
the CW law to estimate the Weiss constant (©) by interpolating
the fit of the data to (T) ' = 0, i.e,, the intercept with the x-axis; the
slope is then given by 1/C. This is illustrated in Figure 10, where the
inverse chemical shift is plotted as a function of temperature for all
four jarosite samples. For Stoic-jaro, K-jaro, and Na-jaro, only the
shifts of the Fe,—OD groups are plotted and the data are restricted
to the Curie—Weiss regime, as summarized in Table 2.

stoic-jaro : (5(1:<‘e2—OD)71

= 2.96x107°T + 0.0033[ppm ']* = 1.00 (10)

Ksjaro : (Fe,—OD) ™"
= 3.36x10°°T +0.0033[ppm ]2 = 0.97 (1)

Najaro : 6(Fe,—OD) "

= 3.37x107°T + 0.0036[ppm ™ ']r* = 0.99 (12)

The temperature dependence of d(Fe,—OD) is similar within
error-limits for the three samples, the differences between the
stoichiometric and defect samples being described to the presence
of vacancies in the more distant coordination shells, as discussed
above. The Weiss constant (@) exhibits some scatter due to the
only ca. 40 ppm change in isotropic shift in the examined tem-
perature range and we note that small changes in 0 or omission/
adding of a data point results in quite large change (300 K) in the
Weiss constant. Taking this into consideration, the © values for the
three samples are similar within error-limits and © ~ —1000(150)
K is obtained. This confirms the antiferromagnetic nature of the
samples at low temperatures, although our experimentally deter-
mined value of © is somewhat higher than ® = —812 to —829 K
reported by Grohol et al."”
For the D30-jaro, the following relation is obtained:

D;0% : 0(D;0) " = 5.27x107*T +0.036[ppm™~'] r* = 0.98

(13)

Fe,—OD : 6(Fe;,—OD) ' = — 6.41x10°T 4 0.0057[ppm ']

r* =0.38 (14)
The inverse shift (0) as a function of temperature for the D;O™"
ion is linear in the entire temperature range, as anticipated for a

paramagnet obeying the CW law; however, the fit for the
Fe,—OD group is noticeably poorer.
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Figure 10. Inverse isotropic (Fe,OD) shifts as a function of temperature for (a) Stoic-jaro, (b) K-jaro, (c) Na-jaro, and (d) D3O-jaro (Fe,OD and

D3O+) in the Curie—Weiss regime.

This resonance is due to multiple local magnetic environments
due to the presence of 5% Fe vacancies, and it has a line width on
the order of the total temperature change. In addition, changes in
the local hydrogen bonding geometry may also affect the local
magnetic interactions. Thus, the average shift may not correctly
reflect the temperature dependence of each, but an average of
that of all the environments. The D3O ion, which is present in
only in stoichiometric regions of the sample,>**® does not
experience these effects. Surprisingly, a small (positive) Weiss
Constant 68(40) K is observed, as probed by the D;O™ ions.
Note that the temperature behavior of the shifts for the D;O™"
ions in Na-jaro is very similar, suggesting that this is an intrinsic
property of the jarosite (stoichiometric) framework.

The small (and positive) Weiss constant, which differs from
the one measured from magnetic studies (= —700 K* and
—880 K'°) is tentatively ascribed to the temperature over which
the NMR spectra were acquired. Studies by Wills et al. have
shown that freezing out of the sg)ins in the spin-glass starts at as
high a temperature as 250 K.** An additional factor that may
influence the temperature dependence of the shifts is the
high magnetic fields at which these studies are performed

3184

(4.7—8.4 T). High magnetic fields (>1.4 T) disrupt the coupling
between the Kagome layers; although the ions in these layers
remain antiferromagnetically coupled, the much weaker coupling
between the layers becomes ferromagnetic in a high field below
the magnetic transition temperature.">>” Thus, this may also be an
important factor for the spin-glass where the local magnetic ordering
occurs over a larger temperature regime.

Finally we note that the deuterons nearby a vacancy in the
Fe—OD, groups do not obey a CW law in the temperature range
studied here, indicating that very strong local antiferromagnetic
correlations persist for these groups.

B INTERPRETATION OF THE PARAMAGNETIC SHIFTS

Fe(III) in jarosite is located in a slightly distorted octahedral
(tetragonal) configuration with distorted tetragonal symmetry.*”
There are four equatorial Fe—O bonds of equal length and two
longer axial bonds. The Fe—O—D bond angle is 112° with the D
atom located 9° above the Fe—O—Fe plane, pointing toward the
apical oxygen on the sulfate group (Figure 1a).”' The electron
configuration for Fe(IIl) in jarosite is a high-spin 3d°. The
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Figure 11. (a) Energy level diagram for Fe(III) d orbitals in jarosite37
and (b) Delocalization magnetization transfer pathway for jarosite.

distorted coordination environment lifts the degeneracies of the
d-electrons so that they are are (from lowest to highest energy):
(dyzy dyz), dyyy d22, diayp, as illustrated in Figure 11.1437:53

The hyperfine shift range is usually much larger than the *H
isotropic chemical shift range (ca. 1S ppm), the shift being either
positive or negative depending on the d-electron configuration of
the transition metal, the local symmetry and bonding environment.
The sign of the paramagnetic shifts can be rationalized by using
the Goodenough-Kanamori rules.”> This approach has previ-
ously been successfully applied to interpretat of *H and ®’Li
paramagnetic shifts in iron oxides, jarosite, and manganese oxides
and *>'P in inorganic cobalt complexes.’**"**~%° The predomi-
nant contributions to the 3(*H) values of Fe,—OD groups in
jarosites arise from transfer through the two Fe(III) bonds via the
-0 atoms. For a half-filled shell, this occurs via a delocalization
mechanism (Figure 11b), where unpaired electron spin density is
transferred by orbital overlap via the O(2p) orbital to the 1s
orbital on *H. The d,,, (dyz) —p(O)—s(H) transfer pathway has a
large overlap and results in a large ferromagnetic (positive) shift
in jarosite type structure.”****" The net effect being a 300(20)
ppm shift at T = 0.

Fairly small paramagnetic shifts (<200 ppm) seem to be
common for inorganic iron compounds including the two iron-
(III) oxyhydroxide polymorphs goethite (a-FeOOH) and lepi-
docrocite (3-FeOOH). The reduction in shift in part arises from
the residual antiferromagnetic interactions above Trea,” as
evident by the weak temperature dependence of (*H) for
the Fe,—OD group in the temperature range investigated
(Figure 5).485051.6263 B o the Fe-OD, group, a shift half (115 ppm)
that of the Fe,—OD group is expected. However, the observed
paramagnetic shift is smaller (70 ppm), which is ascribed to small
changes in bond angle and an elongation of the O—D bond, as
discussed in detail in ref 23.

H ORIGIN OF SPIN-GLASS BEHAVIOR IN HYDRONIUM
JAROSITE

It remains an ongoing discussion as to why hydronium jarosite
is a spin-glass: (1) Wills and Harrison originally ascribed this to
he presence of defects and local disorder of the hydronium
ion,”*** (2) Nocera et al. then suggested that an acid—base
reaction (eq 1) creates structural disorder,"” and (3) Bisson and
Wills more recently proposed that the spin glass behavior is
closely related to the distortion of the FeOg4 octahedron (which
in hydronium jarosite is significantly smaller than in other
jarosites) and not to disorder as earlier proposed.”® Our *H

NMR results show that the A™ site is predominantly occupied by
D;0" and no signs of chemical exchange (to form Fe—O-
(D,)—Fe are observed in the "H NMR spectra: distinct Fe,—OD
and D;O" groups are seen clearly until 90 K. Moreover, we
recently demonstrated that the H;O" ion remains intact in
stoichiometric regions of both stoichiometric hydronium and
deuteronium alunite, as well as in the solid-solution K—H;0
alunite, materials whose spectra are not complicated by the
presence of paramagnetic ions.*¥%* (Terminal) Fe—OH, groups
are observed but these are correlated with the concentration of
structural defects and not D3O ions. In addition, recent MD
simulations of the isostructural hydronium alunite by Gale et al.>®
did not show signs of proton transfer. Thus, a proton transfer
reaction (eq 1) does not seem to be a likely explanation for the
spin-glass behavior. Hydrogen bonding of the disordered D;O™"
ions to the framework must, however, serve to communicate the
effect of the disorder in cation positions to the framework.

Our “H NMR results for hydronium jarosite show that the
rotation of the D3O ion slows between 90 and 73 K prior to the
Néel temperature in jarosite but there appears to be a distribution
of correlation times and/or magnetic interactions. On the basis of
prior structural data, H is expected to occupy the 18 h position
with an occupancy of 1/2,%® and thus the protons are structurally
disordered. This is in agreement the recent first principles and
MD calculations for hydronium alunite®® that revealed a high
degree of disorder and rapid reorientation of the D;O™ ion at
298 K. The freezing of the D3O motion (on the NMR time
scale) before the Néel temperature may prevent the ordering of
the magnetic spins. The NMR data thus support the disorder
theory by Wills and Harrison,”*** but do not contradict the FeOg
distortion theory. Interestingly, the same temperature behavior
for the D3O ions in Na-jaro and hydronium jarosite suggests
that either the FeOg distortions must be very local in nature, or
that indeed D3O disorder does play an important role. The
FeOg distortion hypothesis is supported by our observation of
a 14% smaller *7Al quadrupole coupling, i.e., a less distorted
AlOg4 octahedron, in the isostructural hydronium alunite
(Cq = 8.6 MHz) as compared to alunite and natroalunite
(Cq =102 MHz).*®

Bl CONCLUSIONS

Variable temperature “H NMR spectroscopy gives detailed
insight into the local magnetic properties of stoichiometric and
defect jarosite samples. Based on the temperature dependence of
the shifts, two different types of local environments can be
resolved (i) stoichiometric regions with Fe,—OD and At/
D;0" ions, in which the temperature dependence is propor-
tional to the bulk susceptibility and (ii) defect regions, where the
temperature has only a small effect on the shifts of the Fe-OD,
and D,O groups implying strong local antiferromagnetic inter-
actions. The motion of the D;O" ion on the NMR time scale
freezes at 125(10) K, which is accompanied by a relatively sharp
minimum in the T} for D3O-alu at ca. 125 K corresponding to
E, = 6.3(4) kJ/mol. This implies a freezing of the motion and
consequent structural disorder of the D;O™ ion on the various
possible cation positions prior to (a possible) antiferromagnetic
ordering, thereby promoting the formation of a spin glass. No
sign of proton transfer reactions between H;0" and Fe,—OD
(eq 1) are observed for both D;0-alu and D3O-jaro over a wide
(250 K) temperature range.
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Our work demonstrates that probing paramagnetic shifts as a
function of temperature gives detailed information about the
local magnetic environment, and is complementary to suscept-
ibility measurements, which gives the bulk magnetic properties of
the samples. Variable temperature NMR can be applied to gain
insight into the local magnetic properties, which is of importance
in studies of a variety of paramagnetic materials including soil
minerals, catalysts, battery materials and bioinorganic metalorganic
complexes, where the presence of paramagnetic transition metal
ions is key for their function and properties.
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