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ABSTRACT

The **ClI NMR spectroscopy of Glintercalated hydrotalcite and the Ca-aluminate hydrate
hydrocalumite (Friedel's salt) demonstrates dynamical behavior of interlayath€lpresence of
dynamical order-disorder phase transitions in these phases, and significant differences in the transi-
tion temperatures and temperature interval over which the transitions occur. In hydrocalumite, the
Ca,Al distribution is ordered, the interlayer water is directly coordinated to Ca in the hydroxide layer
(creating sevenfold-coordinated Ca), and the interlayesut@ water sites are well ordered. Fi@

NMR data show that the interlayerGite has uniaxial or nearly uniaxial symmetry above ab®@t 0

and reduced (triaxial) symmetry at lower temperatures. Differential scanning calorimetry (DSC) data
show this change to be due to a structural phase transition at iéhutiee NMR and XRD data
suggest that this phase transition is due to dynamical order-disorder involving a rigid interlayer atomic
arrangement at low temperatures and dynamically averaged interlayer species at high temperatures.
In contrast, in hydrotalcite Mg and Al are disordered over the octahedral sites, and the interlayer is
disordered. The&Cl NMR data for it show poorly resolved signal indicating a range oéi@liron-

ments and a change from triaxial to uniaxial or nearly uniaxial symmetry atc@irring over a

broad temperature interval below =40 DSC data for our sample shows a broad and poorly defined
endothermic anomaly in the —100 to =T5range. These data suggest the presence of a phase transi-
tion that occurs over a larger temperature range due to its disordered interlayer structure. The results
suggest that similar variable temperature NMR behavior previously observed for interlayer cations in
smectites can be thought of as due to comparable phase transitions that lack well-defined critical
temperatures due to the disordered interlayer structures.

INTRODUCTION silicate-based clay minerals, the structural environments and

Mixed-metal layered hydroxides (MMLHSs) are among thquamical behavior of the interlayer species in MMLHs are
few oxide-based materials that exhibit substantial, permanéifficult to study and poorly understood, and NMR spectros-
anion exchange capacity due to isomorphic substitution, afRPY is likely to be an effective probe of both (e.g., Kim et al.
hydrotalcite-like compounds have been often suggested as a6 and references therein). For interlayer species in MMLHs,
ion exchange materials for environmental remediation (MiyabIR has been used only fCOs* and*H.0 in hydrotalcite
1983: Parker et al. 1995; Wada and Masuda 1995: Pinnavéayiarcelin et al. 1989; van der Pol et al. 1994), although many
1995; Ulibarri et al. 1995; Amin and Jayson 1996; Hermosfilionic species can be observed. We report here thé@fst
et al. 1996; Olguin et al. 1998). Ca-based MMLHs are al®VIR study of MMLHs, with emphasis on the contrasting be-
important phases in Ca-silicate and Ca-aluminate cement f\_/ior of interlayer chloride in hydrotalcite-like compounds
tems, where they play an anion binding role and can also pl&own as HTs, here molar Mg/(Mg+Al) = 0.75) and the lay-
an important structural role (Taylor 1997). Use of the Ca-bas@tfd Ca-aluminate MMLH, hydrocalumite (also known as
MMLHs for environmental applications has not been well ifE"iedel’s salt; nominally GAI(OH):Cl-2H,0). Layered Ca-

vestigated, but like hydrotalcite they may be useful. As for magjiminate hydrates are known collectively as AFm phases in
the cement science literature (after the Al,Fe,Ca-mono-sulfate

compound), and we use that term here. In nature, hydrocalumite

*E-mail: kirkpat@hercules.geology.uiuc.edu is a CF,OH- solid solution [C8AI(OH)e]*[(Cl)1_(OH)x
tCurrent address: Korea Environment Institute, 1049-1 Sadaflg.O)..,] ", and the carbonate AFm phase and silicate AFm phase
Dong, Dongjak-Gu, Seoul, 156-090, Korea. (stratlingite) are also known (Taylor 1973; von Hentschel and
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Kuzel 1976; Fischer et al. 1980; Passaglia and Sacerdoti 198&atures. For spectra collected at room temperature and con-
Sacerdoti and Passaglia 1988) trolled relative humidity (R.H.), the samples were placed in an
The structures of both HT and AFm phases can be thougpen glass tube, equilibrated for several days over saturated
of as being based on those of simple hexagonal layered &gt solutions (Lide 1998), sealed quickly with a stopper, and
droxides such as brucite or portlandite (Terzis et al. 198hen with epoxy. Temperature was calibrated relative to the
Bellotto et al. 1996). Positive, permanent layer charge is devphase transition of hydrocalumite i@
oped by, e.g., Al for Mg or Ca substitution, resulting in incor-
poration of interlayer anions and associated water molecules.
In hydrotalcite, the Al and Mg of the main hydroxide layer are )
disordered over one site but retain the sixfold coordination gydrocalumite
Mg in brucite. The distribution of anions and water molecules The®*Cl NMR spectra for hydrocalumite are quite well re-
in the interlayer space is, thus, disordered. In contrast, dalved, as expected from its ordered Ca,Al distribution, and
hydrocalumite and other AFm phases for which structures ateow substantial changes with changing temperature and rela-
known (Allmann 1977; Terzis et al. 1987; Sacerdoti antive humidity (Figs. 1 and 2). At room temperature and vari-
Passaglia 1988), the Ca and Al are ordered in the hydroxalgle relative humidity, the spectra contain at least two
layer, and the interlayer water molecules are coordinated to tteenponents. The largest one is quadrupole dominated and con-
Ca atoms, creating sevenfold-coordinated Ca-sites. The lodalns the two maxima at 149 and —239 pf5@l. has spir = 3/2
ization of the interlayer water at the Ca-sites results in a wedlRd a quadrupole moment of —7.83072 (units of 16% cnr?).
ordered interlayer structure, which we show here yields betf#nus, quadrupolar effects on the line shape are expected for all
defined Ctstructural environments and a sharper structurblt the most symmetrical unaveraged environments. This com-

RESULTS AND DISCUSSION

phase transition than for HT. ponent is well simulated by a site with an isotropic chemical
shift of 30+ 5 ppm, a quadrupole coupling constant (QCC) of
EXPERIMENTAL METHODS 2.87 MHz, and a nearly zero asymmetry parameter. This small

Hydrotalcite was synthesized by mixing Mg@nd AICE  asymmetry parameter indicates that thes@é is axially sym-
solutions using the coprecipitation method of Miyata (1975netric or nearly so under these conditions. Because of the quan-
The sample used here was then recrystallized at@00 a titative dominance of this resonance, its lack of variation with
Parr bomb under autoclave conditions for 10 days. The solid
sample was centrifugally separated from the solution, washed
and vacuum filtered to remove excess surface Cl, dried°at 70
for 24 hours, and stored in a dry nitrogen atmosphere. Chemi-
cal analysis by inductively coupled plasma (ICP) emission spec-
troscopy, titration and CHMnalyzer (UIUC School of w
Chemical Sciences Microanalytical Lab) yields a structural

formula of [Mg 76Al 023 OH)[(COs)o.00Clo22 NHQ]. This
composition is in agreement with the nominal Mg/(Mg+Al)

ratio but shows a small amount of carbonate, which is prob- 84%
ably from exposure to the atmosphere. Powder XRD shows it
to be phase-pure hydrotalcite. Its surface area obtained using
BET methods is quite large, 31.2/m 75%

The hydrocalumite was made by hydration of crystalline
CaAl,Og in 1M CaCl, solution at a solid/solution ratio of 1/100
at 40°C for three days in a sealed &tmosphere. The hydration
product was washed and filtered with a millipore filter, dried 51%
over BOsfor 8 hours and stored in dry,NChemical analysis
yields a structural formula of GgAl1.0{(OH)sCloss
(C0Os)0142.10HO, in agreement with expectation. Powder X-
ray diffraction shows it to be phase-pure. Its BET surface area is
less than for our hydrotalcite, 3.%/m

These**Cl NMR spectra shown here were collected under
static conditions at 48.99 MHz using a spectrometer equipped 11%
with a Tecmag Aries data system, Doty scientific and homebuilt
probes, and an 11.7 T superconducting magnet. A two-pulse  ———————— 1+
spin-echo pulse sequence with 16-step phase cycling was used 1500 1000 500 0 500 -1000 -1500
(Kunwar et al. 1986) Spectra were collected at temperatures
varying from +130 to —10T0C using a liquid nitrogen cooling ppm
system and a resistance heating system. For these spectra trEIGURE 1. Static 48.991 MHZ°CI NMR spectra of hydrocalumite

sample container was covered loosely with Teflon sheet to pi@nected at room temperature and the indicated relative humidities
vent explosion by increased water pressure at elevated tgy ).
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face water evaporates. Under these conditions, the signal is sim-
ply lost in the main peak. The singularities in these spectra are
quite well defined, but a line broadening of 50 ppm is required
for reasonable simulations.

Below 0°C the observed line shape is significantly differ-
ent, and the bulk of the intensity is reasonably well simulated
at all temperatures using a peak with a QCC of 3.0 MHz, an
asymmetry parameter of 0.9, and an isotropic chemical shift of
26+ 5 ppm. This chemical shift does not significantly differ
from that in the high-temperature phase. Other smaller compo-
nents exist but are difficult to characterize due to peak overlap.
Most importantly, the larger asymmetry parameter clearly in-
dicates a change to a non-axially symmetric interlayesi@.

DSC shows a sharp thermal anomaly nedt,@ndicative
of a well-defined structural phase transition at this temperature
(data not shown). At a heating/cooling rate oCminute,
the peak is about®® wide at half height. On heating the onset
of the peak occurs at#3°C and on cooling at 8 3°C, con-
sistent with the change in the NMR asymmetry parameter.

Together, the NMR and DSC data suggest that there is a
well defined, essentially first order phase transition ne&r 6
at which the symmetry at the Glite changes from triaxial in

W/\\‘N -70°C

T T T 1

1500 1000 500 0 -500  -1000  -1500

the low-temperature phase to uniaxial or nearly so in the high-
temperature phase. We interpret these results, in combination
with X-ray structure refinement (Terzis et al. 1987), to indicate
ppm that this phase transition is of the dynamical order-disorder type,
FIGURE 2. Static 48.99 MHZ5CI NMR spectra of hydrocalumite comparable in many ways to those of tridymite and cristobalite
collected at the indicated temperatures. The top spectrum is a singRhillips et al. 1993 and references therein). In phase transi-
site simulation of the observed I8Dspectrum; see text for parameterstions of this type, atoms that are rigidly held in the low-tem-
perature phase become mobile in the high-temperature phase.
R.H., and the relatively small surface area of this sample, Wé¢his mobility occurs at a frequency greater than approximately
interpret it to represent interlayer chloride. The smaller spe2-l times the peak width, it causes changes in the NMR peak
tral component is more variable and is more difficult to charashape (called dynamical averaging; see, e.g., Stebbins 1988;
terize because of peak overlap. At low relative humidity theWeiss et al. 1990; Kim et al. 1996). In structure refinements
are multiple peaks in the central part of the spectrum and sob@sed on diffraction data, the thermal parameters for the atoms
additional intensity on the outside, consistent with quadrupolérat are in motion are large. In hydrocalumite the thermal el-
contribution to the shape of this peak. With increasing relatilipsoids for the water molecules and chlorides are significantly
humidity this component narrows, and at 100% R.H. it is quiterger than those of the Ca, Al and O sites of the hydroxide
narrow, indicating dynamical peak narrowing (see, e.dayer (0.0333 to 0.0646%A/s. 0.0104 to 0.0143%ATerzis et
Stebbins 1988, and Kim et al. 1996). This complex componeait 1987) consistent with this interpretation. In the room tem-
probably represents surface chloride which takes on a progreerature structure refinement of Terzis et al. (1987), thésCl
sively more symmetrical environment as the amount of surfatemfold coordinated by H, forming a continuous hydrogen bond-
water increases. Near 100% R.H. or with bulk solution preseng network in the interlayer, but does not have uniaxial sym-
it becomes dynamically averaged with the surface or bulk wasetry. The discrepancy between the XRD and NMR data can
ter in a manner similar to Cs on illite surfaces (Kim anble reconciled by proposing that relative motion of the waters
Kirkpatrick 1998b). and Cf results in a time-averaged uniaxial symmetry. ACO
The elevated-temperature spectra (Fig. 2) are generally tfee thermal energy, R 2.3 kJ/mol and becoming on the or-
semble the room temperature spectra abo¥€ 16ut dramatic der of typical hydrogen bond strengths (10—20 kJ/mol). Thus,
differences occur at lower temperatures. In the higher tempeltze onset of breaking and reforming hydrogen bonds is expected
ture range, the principle component is well simulated withand is, indeed, observed at even lower temperatures for
QCC that decreases from 2.87 MHz atCQo 2.22 MHz at interlayer metals in smectites (e.g., Weiss et al. 1990).
130°C, a temperature independent isotropic chemical shift of The decrease in tHCl QCC with increasing temperature
30+ 5 ppm, and a temperature independent asymmetry paramthe high-temperature phase also supports a dynamical inter-
eter of zero. The simulation (Fig. 2, top) matches well the spgretation. QCC is a measure of the electric field gradient at the
trum observed at 13C. Again, the zero asymmetry parameteobserved nucleus, and in rigid crystal structures it is normally
indicates axial or nearly axial symmetry. The smaller, centrqiliite insensitive to temperature, as in the low-temperature
component disappears at higher temperatures, probably dubydrocalumite phase here or in the low-temperature phase of
increased peak width caused by an increased QCC as the AlRO, cristobalite (e.g., Phillips et al. 1993). In phases in which
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there is dynamically averaging, such as analcime at elevated
temperatures (Kim and Kirkpatrick 1998a), time averaged
QCCs can change dramatically with varying temperature. In 100°C

hydrocalumite, the dynamics in combination with the con-
straints of the structure leads to near uniaxial, rather than iso-
tropic, symmetry.
Changes in NMR spectral shape require temporal fluct 80°C
tions in the local structural environment (e.g., chemical shift or
symmetry), which can result from either relative atomic mo-
tion at a site or site hopping. It is difficult to separate contribu- R 60°C

tions from these effects. One possibility for hydrocalumite is

that the uniaxial Cl-symmetry in the high-temperature phase is
due to motion of the chlorides and water molecules in place
(e.g., vibration, rotation, or libration), and that the decreasi 40°C
QCC with increasing temperature is due to an increased rate of

hopping among sites. Significant hydroxyl for chloride ex-

change occurs for our sample in 5 min at room temperatu -~

Laaa's rm
indicating a relatively large diffusion coefficient and the possi-
bility of rapid site exchange. In this model, the reduced (triaxial)
symmetry in the low-temperature phase is due to the chloride o°c

ions and water molecules becoming locked into position or wi
their frequency of motion reduced to less than approximately 2
kHz (0.1x the static peak width; see, e.g., Weiss et al. 1990).
Low-temperature structure refinements and variable-tempe(as 22°C
ture!H, 2H, and’0O NMR observation of the water molecules

would provide confirming evidence of this interpretation.
To our knowledge these data are the first to strongly sup-

. . . v o
port a well-defined dynamical phase transition related 3 -40°C
interlayer species in layered oxide materials with interlayer
water (e.g., smectites or MMLHS). It occurs because the well-
ordered structure of hydrocalumite allows the coordinat -61°C

atomic motion required for such a phase transition (see, e.g.,
Salje 1990).

0
Hydrotalcite -80°C

The®*CI NMR spectra for hydrotalcite are less well resolved
than those of the hydrocalumite and contain only one broad
peak, which changes significantly with temperature (Fig. 3 97°C
These changes are best interpreted in terms of changing qua-
drupole coupling constant and asymmetry parameter, as for
hydrocalumite. At —97 and —8C, the observed peak is fea- I I I l I I
tureless but skewed to the right indicating the presence of
unaveraged quadrupolar line broadening. The peak 4G-80 300 100 -100 -300 -500 -700 PPM
narrower than at —97C, suggesting the onset of detectable
atomic motion. Because of the lack of singularities, spectral FIGURE 3. Static 48.99 MHZ*CI NMR spectra of hydrotalcite
simulation is difficult, but the broadest components have a Q¢ellected at the indicated temperatures.
of about 2.4 MHz, and all reasonable fits require a large asym-
metry parameter approaching 1. At &l the peak is even dominant site with a QCC of 1.2-1.5 MHz and an asymmetry
narrower and less skewed to the right. Between°€4@nd parameter close to zero along with other components with larger
room temperature, the peak has an unusual flat-topped shape smaller QCCs. These other components add to the width
that is best interpreted as a quadrupole-dominated peak vattd fill in between the singularities, such as those observed for
significant disorder. The squared shape indicates a low asymgdrocalumite (Figs. 1 and 2). We have observed such spectra
metry parameter (approaching zero), as for the high-tempef@r hydrocalumite with mixed Cland OH in the interlayer
ture phase of hydrocalumite. The QCCs of the components t{adta not shown). Many of the less well-defined sites are prob-
are related to the edges of the flat top decrease with increasibty on the surface, because this sample has a specific surface
temperature from about 1.5 MHz at *4Dto about 1.2 MHz area almost 10 times that of the hydrocalumite. The disordered
at room temperature. Mg, Al distribution in the main hydroxide layer may also con-
The flat-topped spectra can be understood in terms ofréoute. Above 40C the peaks are less obviously flat-topped,
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and the weak singularity near —9 ppm suggests some quadrubydrat 3Ca0-Al0;-Ca(OH)-12H,0. Neues Jahrbuch fur Mineralogie

| tribution to th k. Th idth t cc Monatshefte, 1980, 322-334.
pole contribution to the peak. e wi sques S .a Q IQerosin, M.C., Pavlovic, I., Ulibarri, M.A., and Cornejo, J. (1996) Hydrotalcite as
about 1.0 MHz at 100C. In contrast to the simulations for  sorbent for trinitrophenol: sorption capacity and mechanism. Water Resources,
hydrocalumite, the poor resolution of these spectra requires lipe39: 171-177.

. . Kim, Y. and Kirkpatrick, R.J. (1998a) High-temperature multi-nuclear NMR inves-
broadening of about 90 ppm for reasonable fits at most tem- tigation of analcime. American Mineralogist, 83, 339-347.

peratures, although it decreases to about 50 ppm &tCL00 (1998b) NMR T relaxation study of*Cs and™Na adsorbed on ilite, Ameri-
Much of this line broadening must be due to the presence of 3" Mineralogist, 83, 661- 665

5 . . X X - ,'Y., Kirkpatrick, R.J., and Cygan, R.T. (19961Cs NMR study of cesium on
CI-on surface and interlayer sites with different chemical shifts  the surfaces of kaolinite and illite, Geochimica Cosmochimica Acta, 60, 4059—

and quadrupolar parameters. Line broadening dde-&Cl 4074.

. . . nwar, A.C., Turner, G.L., and Oldfield, E. (1986) Solid-state spin-echo Fourier
dipolar coupling should be at most about 30 ppm for an mté%' transform NMR of%K and®®Zn salts at high field, Journal of Magnetic Reso-

nuclear H—CI distance of 2 A, and this broadening is reduced nance, 69, 124-127.
by any reorientational molecular motion Lide, D.R. (1998) CRC Handbook of Chemistry and Physics,Eeition. CRD
’ . ., Press, p. 15-25.
DSC data (not shown) for the recrystallized hydrotalCit@aycelin, G.. Stockhausen, N.J., Post, J.E.M., and Schutz, A. (1989) Dynamics and

sample show a weak thermal anomaly centered atG-&m ordering of interlayered water in layered metal hydroxides. Journal of Physical
: : [P Chemistry, 93, 4646—4650.

mc:easmg temperature. In contrast to hydrocalumlte, itis ab _&ata, S. (1975) The synthesis of hydrotalcite-like compounds and their structures
25°C broad. The low temperature of these thermal effects IS and physico-chemical properties-I. Clays and Clay Minerals, 23, 369-375.

consistent with the observed changes It BeENMR spectra (1983) Anion-exchange properties of hydrotalcite-like compounds, Clays and
in this tem t Clay Minerals, 31, 305-311.
pera,ure range. Olguin, M.T., Bosch, P., Acosta, D., and Bulbulian, S. (199B¥orption by ther-
The change in th&CI quadrupole asymmetry parameter from — mally treated hydrotalcites. Clays and Clay Minerals, 46, 567-573.
near 1 at the lowest temperatures to near 0 at abodC-40 Parker, L.M., Milestone, N.B., and Newman, R.H. (1995) The use of hydrotalcite as

. . . an anion absorbent. Industrial Engineering and Chemical Research, 34, 1196—
combination with the observed broad DSC anomaly, suggests;ogo. 9 9

that Cl-hydrotalcite undergoes a dynamical order-disorder struRessaglia, E. and Sacerdoti, M. (1988) Hydrocalumite from Monalto di Castro,
it imi ; i« Viterbo, Italy. Neues Jahrbuch fir Mineralogie Monatshefte 1988, 454—461.

tural _p_hase transition similar to hydrocalumlt_e’ but that thﬁlillips, B.L. and Kirkpatrick, R.J. (1995) High-temperafiig2 MAS NMR spec-

transition occurs at a lower temperature and is spread over aroscopy of anorthite (Ca$,0,) and its P1-11 phase transition. Physics and

larger temperature interval. The broader temperature interval Chemistry of Minerals, 22, 268-278.

L . . N . Phillips, B.L., Thompson, J.G., Xiao, Y., and Kirkpatrick, R.J. (1993) Constraints
for the transition is expected from the disordered distributions” ;"o siructure and dynamics of feristobalite polymorphs of Sicand
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disorder on the dynamicalB phase transition of cristobalite 254
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’ Cambridge University Press, Cambridge, U.K.
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; 405-429.
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