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Abstract

Arsenic is an important environmental hazard, but there have been few NMR investigations of its molecular scale structure and
dynamics, due principally to the large quadrupole moment of ">As and consequent large quadrupole couplings. We examine here the
potential of existing, single-field solid-state NMR technology to investigate solids containing arsenate and arsenite oxyanions. The results
show that current techniques have significant potential for arsenates that do not contain both protonated H,AsO, ®~* groups and struc-
tural water molecules, but that the quadrupole couplings for the arsenites examined here are large enough that interpretation of the spec-
tra is difficult, even at 21.1 T. Compounds that contain both structural H,O molecules and protonated arsenate groups do not yield
resolvable signal, likely a result of T effects related to a combination of strong quadrupolar interactions and proton exchange. Spin-echo
experiments at 11.7 and 14.1 T were effective for Li;AsO4 and CsH,AsO,, as were whole-pattern spikelet experiments for arsenate oxide
(As,05) at 17.6 and 21.1 T. The central transition resonance of Cas(AsOy),'8H,0 is ~6 MHz broad and required a non-conventional,
histogram-style spikelet method at high field to improve acquisition efficiency. This approach reduces the acquisition time due to the
sensitivity enhancement of the spikelet sequence and a reduction in the number of frequency increments required to map the resonance.
Despite the large quadrupole couplings, we have identified a correlation between the "*As isotropic chemical shift and the electronega-
tivity of the next-nearest neighbor cation in arsenate compounds.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction yet poorly understood release of arsenic from arsenical-
treated lumber [6-9]. This source is a significant current

Arsenic (bio)geochemistry is of intense current interest  threat in the Gulf coast of the United States due the abun-

because the speciation, mobility, and natural chemical pro-
cesses involving arsenic compounds are intimately related
to its bioavailability and a myriad of negative health effects
related to arsenic exposure. Arsenic contamination in the
environment is wide-spread due to the historical use of
arsenic-bearing chemicals in agriculture and industry as
well as the occurrence of natural and anthropogenic
arsenic-rich waters in such regions as Bangladesh, South
America, and the western United States [1-5]. A number
of recent papers and news briefs have focused on the as
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dance of scrap lumber left in the wake of Hurricane Kat-
rina [6,9] and the lack of regulations regarding disposal
of arsenic-treated wood. Mobile forms of arsenic are also
discharged to the environment from smelting operations,
coal-burning power plants, and, historically, lumber treat-
ment facilities and the use of arsenic-based pesticides and
herbicides [10-12]. The toxicity of arsenic is well estab-
lished, with chronic exposure to sub-ppm levels linked to
skin cancer, arteriosclerosis and other cardiovascular
diseases, myocardial infarction, chronic liver disease,
Raynaud’s syndrome, and potential teratogenic effects
[4,11,13,14]. The principal sinks for arsenic in the environ-
ment are the soil clay fraction and eventually marine
sediments [11,12,15-19]. It is therefore critical to develop
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a fundamental understanding of arsenic-mineral relation-
ships at the microscopic and macroscopic levels to aid in
the design of arsenic remediation methods and the develop-
ment of reactive transport models.

The speciation and chemistry of arsenic in the environ-
ment have been studied for decades, and it is known that
the most commonly encountered forms are the oxyanions
of arsenate (As(V)) and arsenite (As(IIl)) and various
methylated versions of these species [11,20-22]. There have
been several recent studies of arsenic binding on iron oxi-
des and iron-rich minerals using X-ray absorption spec-
troscopy [23-28] and molecular modeling [29,30], but
very little is known about the molecular-scale structural
interactions between arsenate or arsenite and iron-poor soil
minerals, and there is almost no information regarding the
dynamical behavior of these species in environmentally rel-
evant situations. Solid-state NMR is uniquely capable of
probing local structure and the relatively slow dynamics
often encountered in hydrous systems, but the extremely
large °As quadrupolar couplings reported to date [31-33]
make arsenic NMR a traditionally unattractive approach.
There have been several ">As nuclear quadrupole reso-
nance (NQR) studies of minerals [34-37], but NQR does
not readily yield the quadrupolar asymmetry parameter
or chemical shielding, both of which can be important
structural probes. Because the very broad peaks lead to
poor sensitivity, most previous "°As NMR studies of solids
have focused on synthetic semiconductor materials and
crystalline compounds of relatively high symmetry
[38-42]. However, Hari and colleagues [31-34,43,44] have
reported °’As NMR data for chalcogenide glasses (As,Se;
and As,S3) and arsenite oxide (As,Os3), some of which have
quadrupolar couplings greater than 50 MHz as determined
by NQR [33]. To circumvent the sensitivity and instrumen-
tation difficulties associated with acquiring NMR reso-
nances from these materials, Hari and co-workers
implemented a stepped-field echo approach to collect histo-
grams of the "°As powder patterns [44]. Their method
offers significant reduction in data acquisition time com-
pared to conventional whole-pattern echo acquisition and
also relaxes demands on the probe tuning range. However,
it has the significant drawback of requiring a spectrometer/
magnet arrangement in which the field is controllable,
readily varied, and capable of reaching very high homoge-
neity and field strength.

Here, we apply more conventional single-field NMR
approaches to examine whether existing technologies can
be successfully used to characterize structure and dynamics
in arsenate and arsenite materials. Spin-echo, quadrupolar
Carr—Purcell-Meiboom-Gill (QCPMG or spikelet
sequence) whole-pattern, and a relatively easily imple-
mented constant field, histogram acquisition spikelet
approach are used to examine a series of arsenate and arse-
nite compounds. These approaches are quite successful for
crystalline compounds bearing arsenate oxyanions but
reveal significant obstacles for arsenite and protonated
H,AsO, G~ . yH,0 materials. We discuss the successes

and failures, benefits and limitations of the histogram
spikelet approach, and relationships between arsenate
isotropic chemical shielding and local structure. To the best
of our knowledge, this is the first published NMR investi-
gation of salts containing arsenate and arsenite oxyanions,
the first to examine °As chemical shielding in systems
other than cubic GaAs [40], and the first instance where a
histogram-style QCPMG approach is used to efficiently
acquire extremely broad central transition NMR spectra.

2. Experimental
2.1. Materials and sample preparation

Samples of arsenic(V) oxide (As,Os), NaAsFg, LizAsOy,
CsH»As04, Casz(AsQy),, and Na,HAsO47H,O were pur-
chased from Alpha-Aesar. Arsenic (III) oxide (As,O3)
and sodium arsenite (NaAsO,) were purchased from
Sigma—Aldrich. The purity of each sample was analyzed
with X-ray diffraction using Cu-Ka radiation on a Rigaku
Geigerflex D Max-b diffractometer in the Materials
Research Laboratory, a United States Department of
Energy facility at the University of Illinois at Urbana-
Champaign. Sharp reflections were obtained over the range
from 10° to 70° 20 using a scan rate of 12° per minute. The
available powder instrumentation does not allow for con-
trol of the sample chamber atmosphere, and it proved
impossible to obtain a good pattern from Na,HAsO47H,0
due to rapid moisture uptake. The other patterns demon-
strated that each sample was pure, except Cas(AsQy),
(which arrived as an octahydrate rather than the anhy-
drous form), As,Os (which had low levels of
(H3As04),'H,0; likely hydration of particle surfaces),
and lithium arsenate, which is a mixture of LiAsO; and
LizAsOy4. All samples were used as-received and stored
under vacuum in a dessicator over mixed CaSO, and
Ca3(POy,), dessicants to limit moisture uptake. Samples
for NMR analysis were packed into one inch long, 5 or
4 mm outer diameter glass NMR tubes in a glove bag
under a dry N, atmosphere. The tubes were sealed with
water-tight epoxy and stored in secondary vessels before
being removed from the glove bag and analyzed in-house
or at Pacific Northwest National Laboratory (PNNL),
where the high-field NMR spectra were collected.

2.2. Spin-echo NMR experiments

It is well known that wide-line NMR spectra are fre-
quently distorted in Bloch-decay experiments due to the
loss of early data points in the FID during instrument
ring-down. Thus, spin-echo NMR spectra were acquired
for CsH>AsO,4 and the mixed LizAsO4/LiAsO; using the
11.7 T standard-bore Tecmag Aries and 14.1 T wide-bore
Varian Infinity Plus spectrometers located at the University
of Illinois. On the 14.1 T instrument, data were acquired
using a Chemagnetics 4 mm double-resonance T3 probe
with the transmitter set to +35 kHz from the reference fre-



G.M. Bowers, R.J. Kirkpatrick | Journal of Magnetic Resonance 188 (2007) 311-321 313

quency. The reference was set using a 0.1 M aqueous solu-
tion of NaAsF,, where the dominant interaction is a 1 kHz
As-F scalar coupling [45]. Each data set involved 512
acquisitions of 2048 complex data points with a 200 kHz
spectral width, inter-pulse delays of 50 and 45 ps (before
and after the refocusing pulse, respectively), a transient
delay of one second, and a central transition selective nt/2
pulse width of 4 ps (obtained from the liquid state pulse
width assuming a scaling of I+ 1/2). Spectra were pro-
cessed by left-shifting the data set by three points so that
the initial data point corresponds to an echo maximum,
zero-filling to 8192 data points, and applying the equivalent
of 500 Hz of Lorenzian apodization prior to Fourier
transformation.

Experiments on the 11.7 T instrument were performed
using a home-built single-resonance probe with the trans-
mitter set to +45 kHz from the reference frequency. In this
case and for experiments at 17.1 and 21.1 T, the reference
frequency and pulse width were obtained from solid
NaAsF¢, which possess nearly perfect octahedral symmetry
at the arsenic site and yields an NMR resonance dominated
by dipolar and scalar couplings. Experiments on the 14.1 T
instrument demonstrated that the n/2 pulse width obtained
from solid NaAsFg is equivalent to the central transition
selective pulse width calculated from the liquid-state m/2
pulse. The single-resonance probe and 11.7 T spectrometer
were substantially less sensitive than the 14.1 T spectrome-
ter and each data set involved 8192 acquisitions of 2048
complex data points with the remaining spectral parame-
ters identical to the 14.1 T experiments. Spectra were pro-
cessed by left-shifting the first ten data points and by
applying the equivalent of 500 Hz of Lorenzian apodiza-
tion prior to Fourier transformation.

2.3. Full-pattern spikelet NMR experiments

QCPMG experiments [46-49] were collected for As,Os
over the full central and partial satellite powder patterns
using the 17.6 T Varian Unity Plus and 21.1 T Varian
Inova spectrometers at Pacific Northwest National Labo-
ratory. The experiments at 17.6 T used a single resonance
static probe of a “parallel”” tune design that offers a tuning
range of approximately 50 MHz centered at the reference
frequency. Data were acquired at this field using a spectral
width of 1 MHz, acquisition delay of two seconds, and
inter-pulse delays of 50 and 53 ps (before and after the
inversion pulses, respectively). These inter-pulse delays
were found experimentally to yield an echo maximum at
the first acquisition point. One hundred inversion pulses
were applied to acquire 128 transients at each of 108 trans-
mitter frequencies, which were varied in 30 kHz incre-
ments. This spacing was found to minimize distortions in
the combined spectrum due to the tuning and excitation
profiles. Two hundred complex data points were acquired
between echo maxima, leading to a frequency spacing of
5 kHz between spikes in the powder pattern. No apodiza-
tion was applied to the data before Fourier transformation,

although some zero and first order phase correction was
required at most transmitter frequencies. The results from
individual data sets were assembled using a sky-projection
algorithm [50] to produce the overall resonance.

On the 21.1 T instrument, data for As,Os were acquired
using a TR probe modified to function in a single-reso-
nance mode, which provided a tuning range of 16 MHz.
The experimental conditions were identical to those on
the 17.6 T instrument, except that the m/2 pulse length
was 4.5 us, the filter bandwidth was 400 kHz, and the
inter-pulse delays were 50 and 55 ps, respectively. No signal
was obtained for Na,HAsO47H,O over a period of 40,000
transients at the reference frequency, in agreement with
lower-field work in our lab that is not presented here.
Again, 128 transients were acquired at each of 80 transmit-
ter frequencies (separated by 40 kHz frequency increments)
and combined with a sky projection algorithm to map out
the powder pattern of As,Os. The slightly larger frequency
step size led to small distortions in the assembled line-
shape, and thus the data at 17.6 T was used for fitting to
yield the most accurate NMR parameters.

2.4. Histogram spikelet NMR experiments

A novel histogram-style spikelet approach was used to
acquire the spectra of Cas(AsO4)»8H,O, As,O;, and
NaAsO, at 17.6 T. This method involves movement of
the transmitter frequency to provide a histogram of spike-
let manifolds acquired using the QCPMG sequence and
offers additional reduction in acquisition time over the var-
iable-field echo method of Hari and colleagues [44] via the
well-documented sensitivity enhancement of spikelet NMR
[46,49,51-53]. It also retains the time savings of a histo-
gram-style acquisition scheme and can be applied using
conventional NMR hardware. The pulse widths, delays,
and associated QCPMG conditions used in the histogram
spikelet experiments were identical to those for As,Os at
17.6 T described above. All the histogram spikelet experi-
ments were performed at 17.6 T due to the larger probe
tuning bandwidth compared to the 21.1 T probe. The
transmitter frequency was initially incremented in 1 MHz
intervals until the high- and low-frequency edges of the res-
onance were identified. The frequency interval was then
narrowed until enough histogram points were obtained to
enable a reasonable level of uncertainty in the spectral
parameters extracted from calculated line-shapes; typically,
good quality was achieved with 25-30 histogram points.
For most samples a transmitter frequency spacing of one
MHz was adequate, but it proved necessary to use
250 kHz for Cas(AsOy4)>"8H,O due to the comparatively
narrower line-width. A complete central transition spec-
trum was collected for Caz(AsO4),"8H,0, but the reso-
nances of As,O3 and NaAsO, exceeded the tuning range
of the parallel tune probe. The individual spikelet enve-
lopes were combined with a sky projection algorithm in
Octave, the GNU version of Matlab, to produce the overall
resonances. Each spikelet data set received 2000 Hz of
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Table 1

Best fit >As NMR parameters extracted from iterative simulation of the experimental spectra

Sample/resonance Cq (MHz) Hq

Jiso (ppm) Oaniso (ppm)

=
)

Cs

Li}ASO4
CSHzASO4
As,Os—Tet. As
As,O5—Oct. As
Ca3(AsO4)2-8H20

2.85+0.10 1.0 £0.05
5.124+0.22 0.05 4+ 0.05
21.3+£0.2 0.38 £0.07
175+ 04 1.0 +0.05

57+1 0.74 £ 0.04

384 +8 — —
367+5 —49 £20 1£0.1
273 £28 — —
0+£10 — —
779 £+ 300 — —

comb-filter apodization prior to Fourier transformation
and sky projection.

2.5. Spectral simulations

The quadrupolar and chemical shift parameters were
extracted from the experimental spectra via line-shape sim-
ulations with SIMPSON [54]. For CsH,AsQ,, As,Os, and
Cas(AsO4),"8H,0, echo spectra were calculated using ideal
pulses and 17,710 or 317,810 weighted crystallite orienta-
tions prepared with the Zaremba—Conroy—Wolfsburg
method [55,56]. The LiAsOs;/Li3AsO, simulations were
performed in a similar fashion using 8000 crystallite orien-
tations prepared with the REPULSION method [57]. A
quantitative estimate of the uncertainty in each parameter
was determined by comparing the visual best-fit parameters
to those calculated using SIMPLEX iterative simulations in
SIMPSON for all but the Caz(AsO4),'8H,0. In the latter
compound, the spectral parameters obtained from the his-
togram spikelet spectra were compared to parameters
determined by iteratively fitting the spikelet intensities as
a function of frequency in DMFit [58]. Table 1 contains
a summary of the NMR parameters and their uncertainties
extracted for each of the arsenic resonances analyzed here.

3. Results

The "°As NMR spectrum of CsH,AsO, contains a single
resonance with a relatively small quadrupolar coupling
constant of 5.13 MHz, a very low asymmetry parameter,
and an isotropic shift of 367 ppm, in the tetrahedral "°As
region (Fig. 1 and Table 1). CsH,AsO4 has tetragonal sym-
metry and contains a single tetrahedral arsenic site [59,60],
in agreement with our NMR observations. However, quad-
rupolar interactions alone do not adequately position the
so-called “magic angle” feature in the powder pattern
appearing at roughly 33 kHz [61], suggesting some contri-
bution of chemical shift anisotropy (CSA) to the line shape.
The inclusion of a relatively small CSA of —26 ppm
(reported here as the reduced anisotropy defined in the
Haeberlen convention [62]) with an assumed asymmetry
of 1.0 and a principal axis system oriented identically to
the quadrupolar interaction positions this feature correctly
(Fig. 2). The essentially null quadrupolar asymmetry
parameter indicates that the electric-field gradient at the
arsenic site is at least axially symmetric, as expected based
on the tetragonal symmetry of CsH,AsO,4 and the doubly

(b)

60 40 20 0 -20
Frequency (kHz from NaAsFy)

0
(=]

Fig. 1. ”As NMR spectra of CsH,AsO, from 14.1 T (a and b) and 11.7 T
(c and d). Spectra (b) and (d) are the best fit iterative simulation results.
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Frequency (kHz from NaAsF,)

N
o
o

Fig. 2. 7>As NMR spectra of LizAsO, from 14.1 T (a and b) and 11.7 T (c
and d). Spectra (a) and (c) are the experimental data, (b) and (d) the
individual best-fit lines.
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protonated orthoarsenate groups [59,60,63]. It is reason-
able to expect some influence of 'H-"As dipolar coupling
as well, since two single-spin couplings of 1692 Hz (calcu-
lated based on the neutron diffraction H-As distance of
2.3 A [60]) are similar in magnitude to the CSA. Given that
the 4 kHz CSA only shifts the central singularity by a few
kHz without significantly affecting any other aspect of the
line-shape, it is reasonable to expect that the dipolar cou-
pling is too small to cause a line-shape alteration. It is likely
that dipolar coupling contributes only to spectral line-
broadening, as suggested by the quality fit involving only
CSA and a quadrupolar interaction. Simulations incorpo-
rating dipolar coupling also did not alter the reported
parameters or the calculated line-shape to a significant
extent. The observed deviations of the experimental spectra
from the calculated shapes is an effect of the rf-field
strength (31 kHz), which ideally should be 25 kHz (50%
of the line-width) to yield an undistorted spectrum
[64,65]. In the 11.7 T spectrum, the simulated resonance
incorporates ideal pulses to account for the distortion of
the low-field singularity due to the rf-field strength. For this
reason, the parameters reported in Table 1 are derived
from the 14.1 T data.

The Li;AsO,4 sample, which XRD analysis shows to
contain nearly equal amounts of LizAsOjand LiAsOs;,
yields relatively narrow NMR resonances at both 11.7
and 14.1 T using spin-echo methods (Fig. 2). These spectra
are well fit by single, quadrupole-dominated patterns
involving a large asymmetry parameter (Table 1). This is
somewhat surprising because LizAsO, and LiAsOj; have
orthorhombic and monoclinic symmetries, respectively,
and both contain a single AsOy site [66—68] with different
distributions of As-O bond distances and tetrahedral
neighbors. The observed spectrum suggests that the arsenic
environments in these materials are not sufficiently different
to yield unique spectra, that the two sites are completely
overlapped at these fields, or that only one of the two sites
is observed under this set of experimental conditions. It
seems unlikely that the first explanation is valid given the
discrepancy in As—O bond lengths (LizAsOy4: 1.551, 1.551,
1.563, and 1.569 A; LiAsOs: 1.594, 1.609, 1.727, and
1.806 A). It is also unlikely that the two resonances over-
lap, as the fit quality is high at both fields assuming a single
high-asymmetry quadrupolar resonance. It is more likely
that the LizAsQy site with the smaller bond length distribu-
tion is being observed and that the LiAsO; resonance is not
visible above the noise in 512 transients. Note that the
bond lengths of Li3AsO,4 do not define an axially symmet-
ric site, allowing for the large asymmetry parameter. The
resonance for Li3AsO,4 exhibits a positive isotropic chemi-
cal shift with respect to octahedrally coordinated arsenic
in NaAsFg, as expected from, for instance, the well-known
positive shifts of tetrahedral >’Al and ?’Si relative to octa-
hedral coordination [69,70]. The NMR parameters are
reported based on the 14.1 T data in Table 1.

The spectrum for As,Os is so broad that it cannot be
adequately obtained with Bloch-decay methods, but the

500 250 0 -250 -500
Frequency (kHz from NaAsFg)

Fig. 3. The central one MHz region of the ">As NMR spectrum of As,Os
acquired at 17.6 T (a). Spectrum (b) is the central transition region only
and (c) is the simulated resonance combining the contributions of the
octahedral (d) and tetrahedral (e) sites.

spectrum constructed from the 17.6 T QCPMG data is of
good quality (Fig. 3). It contains three singularities in the
central-transition region, consistent with the presence of
multiple quadrupole-dominated arsenic environments.
The featureless intensity observed at high frequency
extends many MHz outside the plot window in both direc-
tions and is associated with the satellite transitions. The
best fit of the central transition region was obtained with
two pure quadrupolar resonances having the parameters
presented in Table 1. As,Os contains one tetrahedrally
coordinated arsenic site and one octahedrally coordinated
arsenic site of equal abundances linked by bridging oxygen
atoms [71]. Based on the well-known shielding effects of
increased coordination by oxygen for other nuclei (for
example, 2’Al), we assign the resonance with an isotropic
chemical shift of 0 ppm to octahedral arsenic and the one
at 270 ppm to tetrahedral arsenic. The sum of the calcu-
lated spectra in Fig. 3 achieved a best fit with a 0.95/1
tetrahedral/octahedral atomic ratio, very close to the abun-
dance predicted from the X-ray crystal structure.

The spectrum of Casz(AsO4),'8H,O (Fig. 4) is even
broader than that of As,Os but was readily acquired with
the histogram-style QCPMG experiment. The results high-
light the balance between acquisition time and the number
of data points needed for accurate simulations of histo-
gram-spikelet spectra. The spectrum with a 500 kHz fre-
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(b) KN

r T T T T T T T 1
3000 2000 1000 0 -1000 -2000 -3000 -4000 -5000
Frequency (kHz from NaAsF)

Fig. 4. "*As histogram spikelet spectra and simulated echo spectra of
Ca;3(As04),-8H,0 acquired with a 500 kHz frequency increment (a) and a
250 kHz frequency increment (b). The inset shows that each histogram
point is composed of an individual spikelet manifold with a 5 kHz spikelet
spacing.

quency increment has adequate data points to demonstrate
the presence of a quadrupolar-dominated resonance but
yields parameters with a relatively high degree of uncer-
tainty compared to the histogram spikelet spectrum
acquired with a 250 kHz frequency increment (for example,
the uncertainty in the chemical shift is 400 ppm versus
300 ppm, respectively, as determined in DMFit). However,
the spectrum with a 250 kHz increment requires double the
acquisition time, which may not be feasible in samples with
lower sensitivity. The best fit to both data sets was obtained
assuming only a single quadrupole-dominated resonance
and an isotropic chemical shift of 779 ppm (Table 1). There
is no clear evidence of significant anisotropic shielding,
although the inherent uncertainty of histogram-style acqui-
sition prevents us from firmly ruling out some contribution
to the line shape. The isotropic chemical shift of 779 ppm
confirms structural refinement data that the arsenic is in
tetrahedral coordination [72] and shows that the chemical
shift range of tetrahedral °As is as large as 500 ppm.

For arsenite in As,O3 and NaAsQO,, even the histogram
spikelet approach using the parallel tune probe with a
50 MHz tuning range at 17.6 T does not yield complete
spectra due to the very large quadrupole couplings. For
As,O3, we are able to observe the low-frequency edge of
the ">As resonance (Fig. 5), because no detectable signal

20 10 0 -10 -20
Frequency (kHz from NaAsFg)

Fig. 5. Partial ’As NMR spectrum of As,O; obtained at 17.6 T.

is obtained with the transmitter set below —15 MHz, which
is well within our tuning range. However, the signal
extends in the opposite direction to the high-frequency tun-
ing limit of +20 MHz (central transition width of 35 MHz).
The observed resonance is highly distorted and does not
possess a classical quadrupolar line-shape, suggesting that
the full resonance was not obtained under these conditions.
Treacy and Taylor report a quadrupole coupling for crys-
talline As,O3 of roughly 118 MHz using NQR [35], sug-
gesting that the central transition NMR line-width will be
on the order of 60 MHz and confirming that histogram
spikelet NMR with the tuning setup used here is not appro-
priate for As,Os;. For NaAsO,, neither the low-frequency
nor high-frequency edge of the resonance could be
detected, meaning the central transition is in excess of
50 MHz in width and information regarding the chemical
shift cannot be obtained. In the absence of a probe with
a broader tuning range, the variable-field histogram
approach is the only currently available NMR method
for studying arsenite compounds that do not possess high
symmetry.

4. Discussion

4.1. The histogram-style spikelet approach. benefits and
limitations

The results presented here, combined with previously
published NMR and NQR results for °As, clearly illus-
trate the advantages and disadvantages of the histogram-
style spikelet approach for nuclei with broad central tran-
sition resonances. For central transition (CT) widths in
the 10s of kHz range (QCC ~0 to 6 MHz for "’As),
spin-echos are adequate and readily implemented, as illus-
trated by the spectra for Li3;AsO4 and CsH,AsO, (Figs. 1
and 2). For CT line-widths in the 100 s of kHz to MHz
range, the QCPMG sequence provides sufficient sensitivity
enhancement to enable efficient acquisition in most cases,
although the histogram spikelet approach may slightly
decrease the required acquisition time toward the high
end of this range. When the CT line-width is between 2
and 3 MHz up to the full tuning range of the probe, the his-
togram spikelet scheme provides significant time savings
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relative to conventional whole-pattern QCPMG. By not
acquiring intensity uniformly across the CT, the acquisi-
tion time is reduced by a factor directly proportional to
the applied transmitter increment and inversely propor-
tional to the transmitter increment that yields a smooth
whole-pattern spectrum. For our Caz(AsO,),'8H,O data
at 17.6 T, there is a time savings of 250 kHz/30 kHz
~8-fold versus whole-pattern acquisition with QCPMG.

The histogram spikelet method also benefits from the
sensitivity enhancing properties of the QCPMG sequence.
The signal-to-noise enhancement for QCPMG relative to
a conventional echo experiment as given by Lefort et al.
[53] is:

S/N gain = 2vqcpmc V' T2 - Torr

where vocpma is the frequency spacing between spikelets in
Hz, T, is the true transverse relaxation time, and T is the
time in which the signal appears to decay to zero in a single
half-echo FID. For the spikelet conditions employed for
Cas(AsO4)»'8H,0, and assuming values of 18 ms for 7>
and 20 ps for T,y (based on the appearance of the free
induction decay), the signal-to-noise ratio enhancement is
~6.0 compared to conventional echo acquisition.

Thus, for our histogram-style spikelet spectrum of
Ca3(AsO4)»'8H,0, the overall reduction in signal-to-noise
ratio is approximately one order of magnitude compared
to whole-pattern Hahn-echo acquisition, equivalent to an
acquisition time savings of two to three orders of magni-
tude once combined with the benefits of histogram acquisi-
tion. It is also worth noting that some of the other
sensitivity enhancement methods typically applied to quad-
rupolar nuclei, including double frequency sweep [73] and
rotor assisted population transfer [74], are not generally
applicable to ’As NMR or other nuclei with very large
quadrupole moments. This is because central transition res-
onances many MHz in width make it difficult to invert or
saturate the satellites due to the large frequency span of
the central and satellite transitions and the quality factor
of the NMR probe. Some additional sensitivity enhance-
ment could be achieved by decreasing the temperature of
the sample/probe/electronics (at the expense of longer
relaxation times unless paramagnetic dopants are
employed) and/or by cross-polarization from protons in
protonated arsenate/ite oxyanions, provided the proton
dynamics are slow enough [50]. Equipment access pre-
vented such investigations during this study.

While the frequency histogram spikelet method is more
readily implemented than the variable-field based method
of Hari et al. [44], it is limited by the tuning range of the
probe. Constant-field spectrometers are much more com-
mon that those with well controlled variable fields, but
many common probe designs have relatively narrow tuning
ranges. For example, the 16 MHz tuning range of the tri-
ple-resonance 5 mm probe for the 21.1 T instrument at
PNNL proved to be inadequate for obtaining the full spec-
tra of the two arsenite oxyanion compounds examined

here. The 50 MHz range of the parallel tune probe on the
17.6 T instrument is more suitable for constant-field histo-
gram spikelet experiments, but even it was incapable of
acquiring the full resonance of the arsenites without chang-
ing the tuning configuration. The variable-field histogram
approach does not place such stringent demands on probe
tuning and electronics, and it and NQR remain the meth-
ods of choice for central transitions with linewidths
>50 MHz.

Another limitation involves the inherent uncertainty of
the histogram approach to acquisition. Given the large fre-
quency jumps that would be common for situations where
histogram spikelet NMR is suitable, the maximum uncer-
tainty can be quite high. For example, in a histogram spike-
let spectrum of a quadrupolar nucleus like "°As, the total
width of the resonance is directly related to the quadrupo-
lar coupling constant and is known only to a certainty of
twice the frequency increment (the maximum error on the
high- and low-frequency edges) minus four times the half-
width of each spikelet manifold. Likewise, the position of
the singularities that reveal the quadrupolar asymmetry
parameter are either contained in one of the spikelet man-
ifolds or located between two spikelet manifolds. The max-
imum error in the position of the singularities is then one
frequency increment minus twice the half-width of an indi-
vidual spikelet manifold. A similar argument can be made
about the isotropic chemical shift. For the Ca3(AsOy),
8H,0O, the maximum error in the line-width is thus
840 kHz for the 500 kHz spacing spectrum and 340 kHz
for the 250 kHz spacing spectrum and the maximum errors
in the position of the singularities are 420 and 170 kHz,
respectively. In practice, all three parameters can be identi-
fied with greater certainty given the added restraint of the
well-known expression for the quadrupolar frequency shift
(see Table 1), which defines clear relationships between the
NMR parameters. These uncertainties compare favorably
to those of Hari and colleagues. One should note that the
isotropic chemical shift is identified with the least accuracy
in the case of Caz(AsO4),8H,0.

4.2. 7 As chemical shift correlations

The results here show that "°As chemical shifts for
arsenate oxides and oxyanions correlate with nearest
and next-nearest atomic structure and composition in
ways analogous to other cations, including *’Al, *°Si,
3P, and 7’Se [70,75-78]. Changes in nearest neighbor
coordination cause quite large variations in the isotropic
chemical shift, as expected. Six-coordinate “As(V) in
As,Os resonates near 0 ppm, in agreement with previously
published results [40,45], whereas tetrahedral ">As(V) res-
onates at significantly more positive values. For the four
tetrahedral sites characterized in the arsenate compounds
we examined, there is a roughly 500 ppm chemical shift
range, indicating that the isotropic chemical shift for this
coordination reflects structure and composition at greater
than nearest neighbor distances. There is a quite good
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Fig. 6. The linear correlation between °As chemical shift and the
electronegativity of the next nearest neighbor cations. The line corre-
sponds to the equation y = —0.0014x + 1.128.

(R>=0.927) linear correlation between the isotropic
chemical shift and the Pauling electronegativity [79] of
the next nearest neighbor cations in the arsenate oxyanion
materials (Fig. 6). Note that the outlier represents the
CsH,AsO4 compound, suggesting that the two protonated
oxygen atoms also exert some influence on the °As chem-
ical shift; NMR of additional protonated species is neces-
sary to fully explore possible protonation state-chemical
shift trends. There is no clear relationship between isotro-
pic chemical shift and next nearest neighbor cation size,
charge, or ionic radius. These results imply that a detect-
able change in the isotropic chemical shift will occur for
an arsenate oxyanion when the next nearest neighbor
structure changes; for example, during the nucleation or
crystallization of an arsenate-bearing precipitate or sorp-
tion of arsenate oxyanion by a mineral. Clearly, the iso-
tropic chemical shift is an important parameter for
detailed, molecular-level structure studies of arsenates
using "°As magnetic resonance techniques.

4.3. Impact of hydration and oxyanion protonation on > As
NMR

For Na,HAsO47H,0, it was not possible to observe
any °As NMR signal above background at 14.1 T or
21.1 T. The structure of this phase can be characterized
as tubes of Na atoms coordinated octahedrally by water
molecules with HAsO, % groups located at the center of
the tubes [80]. The absence of detectable signal could be
due to (a) strong static 'H-"°As dipolar couplings leading
to very large linewidths, (b) a large "°As quadrupolar cou-
pling for HAsO, 2 groups leading to very large linewidths,
or (c) fluctuations of the arsenic electric-field gradient due
to proton exchange between protonated arsenate groups
and water molecules leading to substantial lifetime (75)

broadening. As discussed above, the relatively high arsenic
resonance frequency permits "H-"°As dipolar couplings of
>10 kHz at inter-nuclear distances of less than 1.2 A, but at
the As-H internuclear distance for protonated arsenate
(~2.4 A), the dipolar coupling is of the order of 1500 Hz
and not large enough to cause substantial broadening. A
very large quadrupolar coupling due to oxyanion proton-
ation seems unlikely, since we observe a '>As resonance
with a relatively small quadrupolar interaction for the
H,AsO,~ groups in crystalline CsH,AsO,. However, it
should be noted that the symmetry of H,AsO, ! is different
from HAsO, %, and thus a large quadrupolar interaction
cannot be ruled out entirely. Due to the large quadrupole
moment of "°As, lifetime broadening due to EFG fluctua-
tions caused by exchange of protons between HAsO, >
and H,O is the most likely explanation. Water molecules
occur as nearest neighbors to the protonated arsenate oxy-
anion in Na,HAsO47H,O with the three-dimensional
structure preserved via a regular hydrogen bonding net-
work [80-82]. The hydrogen bonding network will almost
certainly contain vacancies that permit proton hopping
between structural waters and the arsenate groups. EFG
fluctuation due to proton exchange is also supported by
the observation that "As NMR signal for H,AsO, ¢~
anions cannot be detected in aqueous solution at pHs less
than the value required to fully deprotonate the arsenate
tetrahedra [83]. Many arsenic—mineral systems occur under
conditions where water is present, and these results suggest
that structural and dynamical studies of arsenic sorbed to
soil minerals will be very challenging using current NMR
methods.

5. Conclusions

The results presented here show that the °As chemical
shift range for arsenate oxides and oxyanions is broad
and sensitive to local coordination number and electro-
negativity of the next nearest neighbor species. Existing
NMR methods can be useful in investigating arsenate
oxyanions in simple crystalline solids, and the histo-
gram-style spikelet experiments are quite useful for
obtaining extremely broad resonances efficiently with rea-
sonable accuracy in the quadrupolar parameters. The
large quadrupolar couplings in arsenite compounds make
>As NMR of As(III) materials extremely difficult at a
single magnetic field. It was impossible to observe “As
signal for compounds containing both protonated arse-
nate groups and structural water molecules, probably a
result of T, effects related to EFG fluctuations due to
rapid '"H exchange between the protonated oxyanions
and neighboring water molecules. We conclude that the
primary challenges to ">As NMR in environmental sys-
tems will be (i) to slow or eliminate the effect of 'H
motion while maintaining environmentally relevant condi-
tions and (ii) obtain a high enough concentration of
sorbed "°As to enable efficient detection with field- or fre-
quency-histogram spikelet experiments.
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