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ABSTRACT
We report here the first nuclear magnetic resonance (NMR) spectroscopic study of the dynamical
and structural behavior of nitrate on the surface and in the interlayer of hydrotalcite-like compounds
(15NO–3-HT). Spectroscopically resolvable surface-absorbed and interlayer NO–3 have dramatically
different dynamical characteristics. The interlayer nitrate shows a well defined, temperature independent uniaxial chemical shift anisotropy (CSA) powder pattern. It is rigidly held or perhaps undergoes rotation about its threefold axis at all temperatures between –100 °C and +80 °C and relative
humidities (R.H.) from 0 to 100% at room temperature. For surface nitrate, however, the dynamical
behavior depends substantially on temperature and relative humidity. Analysis of the temperature
and R.H. dependences of the peak width yields reorientational frequencies which increase from
essentially 0 at –100 °C to 2.6 × 105 Hz at 60 °C and an activation energy of 12.6 kJ/mol. For
example, for samples at R.H. = 33%, the surface nitrate is isotropically mobile at frequencies greater
than 105 Hz at room temperature, but it becomes rigid or only rotates on its threefold axis at –100 °C.
For dry samples and samples heated at 200 °C (R.H. near 0%), the surface nitrate is not isotropically
averaged at room temperature. In contrast to our previous results for 35Cl–-containing hydrotalcite
(35Cl–-HT), no NMR detectable structural phase transition is observed for 15NO–3-HT. The mobility of
interlayer nitrate in HT is intermediate between that of carbonate and chloride.

INTRODUCTION
Hydrotalcite is one of the few minerals with significant,
permanent anion-exchange capacity, and stands in contrast to
the more common clay minerals which have cation-exchange
properties. Ideal hydrotalcite has a structural formula of
Mg6Al2(OH)16CO3·4H2O (e.g., Reichle 1986) and consists of
positively charged brucite-type octahedral sheets, alternating
with interlayers containing carbonate anions and water molecules. The net positive charge on the octahedral sheets is due
to the partial substitution of Al for Mg. Structure refinements
yield Mg and Al disordered over the octahedral sites (Bellotto
et al. 1996). The actual Al/(Mg + Al) ratio varies from 0.2 to
0.45 (e.g., Titulaer et al. 1996).
Hydrotalcite-like compounds (HTs, Carrado et al. 1988) are
structurally similar to hydrotalcite, but contain a wide variety
of interlayer anions and 1+, 2+, 3+, and 4+ cations on the octahedral sites (e.g., Drits et al. 1987; Ulibarri et al. 1987; Ookubo
et al. 1994; Titulaer et al. 1996). HTs can be synthesized either
by direct co-precipitation from aqueous solution (Miyata 1975;
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Miyata and Okada 1977) or by exchange of interlayer anions
already present in host HTs (Hansen and Taylor 1991; Reichle
1986). Products obtained from either method can be hydrothermally recrystallized to increase particle size. Hydrotalcitelike compounds have aroused increasing interest because of
their ability to exchange organic and inorganic anions, and thus
their potential applications in the management of hazardous
chemical and radioactive waste (Abdelouas et al. 1994; Wada
and Masuda 1995; Ulibarri et al. 1995; Amin and Jayson 1996;
Hermosin et al. 1996; Olguin et al. 1998). As for many silicatebased clay minerals, the structural environments and dynamical behavior of the interlayer and surface species in HTs, which
are most crucial to such applications, are difficult to study and
poorly understood. NMR spectroscopy is an effective technique
in addressing these issues due to its unique ability to simultaneously probe element-specific local structure with high resolution and to investigate atomic and molecular motion in the
relevant 10 2 –10 6 Hz frequency range (Kim et al. 1996;
Kirkpatrick et al.1999, and references therein). For HTs, NMR
has been previously used to study only 13CO–23, 1, 2H2O, 35Cl–,
and octahedral 27Al and 24Mg (Marcelin et al. 1989; Dupuis et
al. 1990; Mackenzie et al. 1993; van der Pol et al. 1994;
Kirkpatrick et al. 1999). We present here the first 15N NMR
study of nitrate-containing HT with emphasis on the contrast-
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ing dynamical behavior of interlayer and surface anions. The
results also show that NO–3 has a dynamical character between
the comparatively mobile 35Cl (Kirkpatrick et al. 1999) and the
tightly held 13CO2–
3 (Miyata 1983; Van der Pol et al. 1994; Parker
1995; Chatelet et al. 1996).

EXPERIMENTAL METHODS
Two different 15NO–3 -HTs were synthesized by precipitation
from a Mg(NO3)2. 6H2O and Al(NO3)3·9H2O solution (0.75 M
Mg2+ and 0.25 M Al3+, nominal Mg/Al molar ratio of 3) at 55 °C
using the method of co-precipitation (Miyata 1975). After
dropwise mixing, the precipitates were held in suspension at 55
°C for two hours under vigorous stirring and nitrogen flow. 15N
enrichment was carried out by stirring the isotopically unenriched
NO3-HT precipitates in 15N enriched sodium nitrate solution
(Na15NO3, 0.2 M) at 45 °C for 2 days. The precipitates were then
centrifugally separated, washed and vacuum filtered three times
to remove excess nitrate, and then dried at 70 °C for 24 hours.
The samples obtained at this stage were analyzed for bulk chemical composition and investigated by powder X-ray diffraction
(XRD), scanning electron microscopy (SEM) and 15N NMR. An
aliquot was then hydrothermally treated under autogenous pressure in a Parr vessel for 24 hours at 200 °C. The resulting suspension was again washed and vacuum filtered three times, and
the precipitate was dried at 70 °C for 24 hours. The final products were again investigated by XRD, SEM, and NMR. To decrease the 15N T1 relaxation time for NMR data collection, Fe3+
was added to the reaction mixture during the initial preparation
in molar ratios varying from 0.3% to 1.3% of the total cations.
Samples were examined using a Hitachi-S4700 scanning
electron microscope at an accelerating voltage of 10 kV. For
elemental analysis, the metallic elements were determined using inductively coupled plasma (ICP), and C, H, and N with a
CHN analyzer. Powder XRD patterns were recorded on a
Scintag diffractometer using CuKα radiation, and KGa-1 kaolinite (from the Clay Minerals Repository, University of Missouri-Columbia) was added as an internal standard. NMR
spectra were collected at H0 = 11.7 T under both static and
MAS conditions using a spectrometer equipped with a Techmag
Aries data system, Doty Scientific MAS probe and a home built
static probe. A 50.667 MHz carrier frequency was applied. The
90° pulse length was 7 ms. The recycle time used was typically
2 s, but values up to 1000 s were used to investigate T1 relaxation effects on spectral intensity. The number of scans varied
from ca. 3000 to 20 000. Solid 15NH4Cl was used as an external
chemical shift standard, and its chemical shift was set at 37
ppm. Spectra were collected at temperatures from +80 °C to
–100 °C using a liquid nitrogen cooling system and a resistance heater heating system. For spectra collected at room temperature and controlled R.H., the samples were placed in an
open glass tube, equilibrated for 4 weeks over saturated salt
buffers (Lide 1998), and quickly sealed in the glass tube with
epoxy just before data collection. 15N NMR spectra were also
collected for the following samples: (1) HT mixed with D2O to
make a thick paste; (2) HT dehydrated at 200 °C in air for 2
hours, resulting in the removal of surface and interlayer water;
and (3) HT dehydrated at 200 °C in air for 2 hours then rehydrated with D2O.

RESULTS AND DISCUSIONS
SEM and XRD
The two HTs prior to hydrothermal treatment are compositionally similar, except that HT-1 has higher Fe. The structural
formulae based on elemental analysis are [Mg 0.731 Al 0.256
Fe0.013(OH)2][(CO3)0.018(NO3)0.233·nH2O] for HT-1 and [Mg0.745
Al0.252Fe0.003(OH)2][(CO3)0.025(NO3)0.205·nH2O] for HT-2. The hydrothermally treated HT-2 has a structural formula essentially
the same as the unrecrystallized sample, Mg 0.745Al0.252Fe0.003
(OH)2][(CO3)0.029(NO3)0.197·nH2O]. All samples contain considerable carbonate, even though we synthesized them under strong
nitrogen flow. Microscopically, the samples are poorly dispersed
and occur mostly as aggregates of circular or irregular platelets. The crystallites are typically 500 nm across and up to 30
nm thick in the recrystallized sample, but smaller and thinner
in the unrecrystallized samples. Well-crystallized hexagonal
platelets are also observed in the recrystallized sample.

F IGURE 1. Powder XRD patterns for nitrate hydrotalcite-like
compound (NO3-HTs). Note peaks for KGa-1 kaolinite added as an
internal standard. (a) HT-1 before hydrothermal treatment. (b) HT-2
before hydrothermal treatment. (c) HT-2 after hydrothermal treatment.
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Random orientation powder XRD patterns (Fig. 1) show
that all samples are phase pure HTs. The significant decrease
in (003) peak width and increased resolution for all peaks after
hydrothermal treatment indicates improved crystallinity. An
approximate evaluation of crystallite thickness in the [001] direction using the Scherrer equation (Warren 1990) gives a value
of ca. 9 nm for the two untreated samples and 19 nm for the
hydrothermally treated sample. The (003) lattice spacings,
which represent the thickness of a single structural layer, are
0.823 nm, 0.822 nm, and 0.795 nm for HT-1, HT-2, and the
hydrothermally treated HT-2, respectively. All of the XRD data
are comparable to those previously obtained for NO–3-HTs prepared under similar experimental conditions (Marcelin et al.
1989).
Room temperature NMR
At room humidity and room temperature, the static 15N spectrum of HT-2 (Figs. 2i and 2j) contains a sharp symmetrical
peak and a broad, low asymmetrical peak. The sharp peak has
a chemical shift of 374 ppm, the same as nitrate in Na15NO3
solution (Fig. 3b). Because 15N in nitrate is always coordinated
to three O atoms and the bonding of the nitrate ion to other
species is highly ionic, the chemical shift does not vary much.
The MAS spectrum of this sample (Fig. 2k) shows only one
central peak and associated spinning side bands. Thus, under
MAS the broad peak is fully averaged and had a chemical shift
unresolvable from that of the narrow peak. At room temperature and variable R.H., the broad, asymmetric component is
always present, and the width of the symmetrical peak narrows
progressively with increasing R.H. (Figs. 2a–2f). At R.H. =
0% it is unresolvable from the broad peak. At 11% R.H., its
full-width at half-height (FWHH) is 42.4 ppm, and at 100%
R.H. the FWHH is 3.2 ppm. The broad (R.H. independent) peak
is well simulated by a uniaxial chemical shift anisotropy (CSA;
Stebbins 1988) pattern with principal components of 448 ppm,
448 ppm, and 226 ppm, yielding an isotropic chemical shift of
374 ppm, the same as the maxima of the sharp peaks in the
static spectra and in the MAS spectrum. This is the pattern expected for rigid NO–3 such as that in crystalline Na15NO3 (Fig.
3a). 15N has spin I = 1/2, and thus CSA is expected to dominate
the static line shape of rigidly held sites. The peaks should narrow substantially under MAS and by isotropic molecular motion at frequencies larger than ca. 10 kHz, as in Na15NO3 solution
(Fig. 3b). Thus, the narrow peak is readily interpreted as due to
nitrate undergoing isotropic dynamical averaging. The static
spectrum of the sample heated at 200 °C (Fig. 2g) is essentially the same as at R.H. = 0 (Fig. 2a), but it has sharper features. Rehydration of the heated sample with D2O (Fig. 2h)
causes the sharp peak to return, but the broad one remains unchanged. Based on thermal gravimetric analysis (TGA) data
(not shown), NO3-HT loses all of its surface and interlayer water
by 200 °C. Sample HT-1 gives spectra similar to HT-2 except
that they are slightly broader because of the higher iron content (spectra not shown).
The 15N NMR spectra of the recrystallized samples contain
the same peaks (Fig. 4). The line shape of the broad component is again well simulated by the CSA pattern with principal
components of 448 ppm, 448 ppm, and 226 ppm as for
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unrecrystallized sample, and there is a narrower symmetrical
peak at 374 ppm. At a recycle time of 2 s, the relative intensity
(peak area) of the broad peak increases from 10% for the
unrecrystallized sample to 62% for the recrystallized one.
Accurate quantitation of the atomic ratio of the two sites is
not possible in this study because of the long 15N spin-lattice
relaxation time T1 (Saluvere and Lippmaa 1970). The dominant mechanism for 15N relaxation in our HTs is probably the
interaction between 15N and the unpaired electrons of Fe3+ paramagnetic centers (so-called paramagnetic relaxation), although
other mechanisms including the 1H-15N dipolar interaction and
15
N CSA probably contribute. Not all individual 15N nuclei are
affected equally by these mechanisms. Some nitrates are closer
to the paramagnetic centers than others, and the e–-15N relaxation rate, T–11, is proportional to r–6, where r is the distance
between 15N and Fe3+ (Martin et al. 1981). In experiments with
variable recycle time, the intensity ratio of the broad to narrow
peaks for the recrystallized sample changes from 1.6 at a recycle time of 2 s to 2.2 at 60 s, and to 3.2 at 603 s. Clearly, the
narrow peak has a shorter T1 relaxation time than the broad
peak, and even at the prohibitingly long recycle time of 1000 s,
peak areas probably underestimate the abundance of the broad
peak. Static 15N NMR spectra for a sample containing well separated solid Na15NO3 and Na15NO3 solution with a 15N atomic
solid/solution ratio of 3.7 yield broad/sharp peak area ratio of
only 2.1, even at a recycle time of 1003 s. Thus, 15N in solid
Na15NO3 is not fully relaxed even at this long recycle time,
confirming that 15N T1 values are a routine problem for solids.
The peak widths and positions, however, do not vary with recycle time, allowing interpretation to be based on them. Despite the lack of quantitative peak areas, the increase in relative
abundance of the broad peak at a recycle time of 2 s after recrystallization indicates that it represents interlayer nitrate, and
that the narrow peak represents surface nitrate. The assignment
is similar to that for surface and interlayer 35Cl in hydrocalumite
(Kirkpatrick et al. 1999), except that for hydrocalumite the peak
due to interlayer Cl is broad due to unaveraged second-order
quadrupolar interaction rather than CSA. Crystallite growth during hydrothermal treatment leads to decreased surface area as
demonstrated by both XRD and SEM. Both surface and interlayer
15
NO3– are expected to be observable because of the large surface area of the HT samples (e.g., Titulaer et al. 1996)
Several lines of evidence strongly support this interpretation. 15NO3-HTs quickly washed with natural isotopic abundance NaNO3 and NaCl solutions (exposure time less than 10
s) yield greatly reduced intensity for the surface sites. Such
washing should exchange surface nitrate but not significantly
affect interlayer nitrate. This is because exchange of the
interlayer sites requires long-range diffusion, and the Coulombic potential in the interlayer is larger than on the surface. In
addition, surface nitrate should have a shorter T1 value than
interlayer nitrate because faster reorientational motion should
lead to increased relaxation via CSA and possibly 15N-1H dipolar interactions. Thus its signal should be enhanced at short
recycle times, as observed. The decreasing peak width with
increasing R.H. (Fig. 2) is also consistent with this interpretation and demonstrates the different dynamical behavior of surface and interlayer nitrate. Because of its uniaxial symmetry,
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Chemical Shift (ppm)

Chemical Shift (ppm)

FIGURE 2. 15N NMR spectra for nitrate hydrotalcite-like compounds (HT-2) under different relative humidities (RH) and treatments. Spectrum
h is the heated sample re-saturated with D2O. Spectrum j is the same as i but much expanded in vertical scale to highlight the broad component.
All spectra were collected under static conditions and room temperature except k, which is a magic angle spinning (MAS) spectrum at room
temperature. Inset spectra in a–f are normalized to the height of the broad component.
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FIGURE 3. 15N NMR spectra for solid Na15NO3 (a) and Na15NO3
solution (b).

FIGURE 4. 15N NMR spectra for recrystallized HT-2 at room
temperature and room humidity. (a) Observed and calculated spectra.
The calculated line is the sum of two components in b. (b) Calculated
components used in fitting the observed spectra.

rigidly held nitrate exhibits a well defined CSA powder pattern
(Fig. 4a). The only way for a sample to yield a narrow isotropic peak in a static spectrum is for the nitrate to be undergoing
isotropic reorientation at a frequency greater than ca. 10 times
of rigid peak width, here ca. 105 Hz. The observed decreasing
peak width with increasing R.H. for this component is expected
for surface nitrate as the amount of surface water increases. In
contrast, changing R.H. has little effect on the interlayer spacing (Martin and Pinnavaia 1986), indicating that the local structural environment of the interlayer nitrate does not change, and
consistent with the assignment of the R.H. independent CSA
dominated line shape to interlayer nitrate. We have assigned
the CSA pattern for interlayer nitrate to rigidly held sites, but
in fact, both rigid nitrate and nitrate rotating rapidly on its threefold axis would yield the same CSA pattern. In both cases the
symmetry is axial, and NMR line shape analysis cannot distinguish the two possibilities. There is no evidence that the
interlayer nitrate is not rigidly held, but variable temperature
17
O NMR of nitrate would distinguish these two possibilities.
Based on the current data it is not possible to distinguish surface nitrate held on planar sites (external basal surface) and

edge sites (broken edges of sheets), which can be very different for montmorillonite and illite (Keren and O’Connor 1982).
This is because the ranges of isotropic 15N chemical shifts and
static CSA values are small due to the invariant structure of the
anion. This situation also contrasts with previously observed
133
Cs NMR results for Cs on illite, for which broken edge and
basal planar surface sites can be distinguished (Kim et al. 1996).
The average particle diameter of about 500 nm and thickness
of about 20–30 nm inferred from the XRD and SEM observations described above suggest that most of the exposed surface
in our samples occurs on basal surfaces.
Variable temperature NMR and surface nitrate dynamics
Variable temperature static 15N NMR spectra collected at
room humidity for the recrystallized HT-2 sample (Fig. 5) further confirm these interpretations and provide significant insight into the dynamical behavior of the surface nitrate. The
line shape of the broad component remains essentially unchanged at all temperatures examined, again indicating that the
interlayer nitrate is rigidly held or rotates around only on its
threefold axis. The peak width of the component due to the
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(β2−βh2) / (β l2–β h2) = 2/π arctan (β/νc)

(1)

where βh and βl are the smaller and larger limits for β, and νc is
the reorientational frequency (1/correlation time), which varies with temperature as
νc = ν0 exp(–Ea/k T)

(2)

We take βh to be 25 ppm (FWHH at 80 °C), and β l to be the
static peak width, 234 ppm. The reorientation frequency νc at
each temperature can be obtained from Equation 1 (Fig. 6).
The fit of νc to Equation 2 yields an apparent activation energy
Ea of 12.6 kJ/mol and a ν0 of 2.1 × 107 Hz (or τ = 1/ν0 = 4.7 ×
10–8 s). This apparent activation energy is in the range expected
for processes controlled by hydrogen bonding (Jonas and Brown
1982; Kalinichev and Bass 1997). Jonas and Brown (1982) investigated the dynamical behavior of water in kaolinite-water
suspensions using 1H and 2D NMR. Their reported activation
energy for reorientation of water molecules on the kaolinite
surface is 4.6 kJ/mol, which is much lower than the corresponding value of 21.3 kJ/mol for bulk water. Dupuis et al. (1990)
reported Ea = 9.6 kJ/mol and ν0 = 1.2 × 108 Hz for water in HT.
Our nitrate activation energy is comparable but higher, perhaps
due to the larger size of nitrate and its negative charge, which
causes Coulombic attraction to the hydroxide layers, in addition to hydrogen bonding. The reduced ν0 for nitrate compared
to water on HT is again probably due to Coulombic interactions. Similarly, Equation 1 can be applied to the variable humidity 15N NMR data in Figure 2 to derive reorientational
frequencies at room temperature and variable R.H. Here the
correct βh is the Na15NO3 solution peak width of 0.89 ppm because at 100% R.H. the humidity condition is essentially bulk
solution. β l remains the static peak width of 234 ppm. The
calculated νc values increase progressively with increasing R.H.
from essentially zero at R.H. = 0% to ca. 4.2 × 104 Hz at R.H.
= 11%, to 6 × 105 Hz at R.H. = 100% (Fig. 7). The trend of

FIGURE 5. Static 15N NMR spectra of recrystallized HT-2 at room
humidity and the indicated temperature.

surface nitrate increases with decreasing temperature, indicating a decreasing frequency of reorientational motion with decreasing temperature. At –100 °C, this component shows a broad
CSA pattern and is unresolvable from the component due to
interlayer nitrate, although the signal to noise ratio is poor. Thus,
at –100 °C random reorientation on the kHz time scale has
essentially stopped. The reorientation rate of the surface nitrate can be estimated from the temperature dependence of its
NMR peak width (Gutowsky and Pake 1950; Moroz et al. 1998).
The experimental line width β (FWHH) obeys the following
equation:

FIGURE 6. Temperature dependence of the reorientation frequency
of the surface nitrate. Analytical precision is less for the reorientational
frequency than the symbol size.
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ing reorientational frequency with increasing temperature at temperatures above –80 °C (Kirkpatrick et al. 1999). This motion
averages the local electric field gradient and thus decreases the
apparent quadrupole coupling constant. A poorly defined structural phase transition occurs for Cl-HT over the temperature interval from –97 °C to –40 °C. In contrast, isotropic reorientation
of interlayer nitrate is not observed. This is probably a steric
effect due to the non-spherical shape of the nitrate, but greater
hydrogen bonding to the three O atoms may contribute.
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FIGURE 7. Relative humidity dependence of the reorientation
frequency of the surface nitrate. Analytical precision is less for the
reorientational frequency than the symbol size.

increasing νc at low R.H., less variation at intermediate values,
and a large increase at high R.H. parallels the variation in
amount of adsorbed water commonly observed for oxide materials (Parks 1990). For instance, for quartz there is one statistical monolayer at R.H. = 10%, at about 80% 5 layers, and at
100% about 50 layers (Parks 1990). Similar variation occurs
for other materials and is expected for HTs. At R.H. near 0%,
little surface water is present, and nitrate is probably strongly
hydrogen-bonded to surface OH– groups as inner-sphere complexes. At R.H. = 11%, the presence of some surface water
decreases the relative importance of NO3–-OH– hydrogen bonding and increases the probability of NO–3 motion such that its
reorientational frequency is in the kHz range. Higher R.H. leads
to more surface water and progressively less hydrogen bonding to the OH– groups, making the nitrate even more mobile.
At 100% R.H., the surface nitrate is probably present dominantly as outer sphere complexes and behaves almost the same
as in bulk water. Although surface NO3– is isotropically mobile
when water is present, it cannot be washed away with deionized water. It is required for charge balance and Coulombic
interaction keeps it attracted to the surface.
The mobility of interlayer nitrate in HT is intermediate
between that of carbonate and chloride. The 13C NMR spectra
of Van der Pol et al. (1994) indicate that carbonate is rigidly
held. They proposed that it is hydrogen bonded to the OH groups
of the main layer and that the C2 symmetry axes of water and
the C3 axes of carbonate are perpendicular to the layer. We believe that this is also true for nitrate HTs, although the nitrate
may be undergoing rapid threefold rotation. However, interlayer
nitrate can be readily exchanged for anions such as Cl–, SeO2–
3
and SeO42–, whereas interlayer carbonate cannot be easily substituted by these anions (e.g., Miyata 1983; Parker et al. 1995;
Hou et al. 1998). We attribute this different behavior to the
difference in charge and ionic radius between nitrate and carbonate. Carbonate is divalent and is smaller than nitrate. Thus
its Coulombic attraction to the main layer is greater, increasing
the strength with which it is held. 35Cl NMR spectra for
hydrotalcite show that interlayer Cl– is mobile, with an increas-
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