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ABSTRACT
The nature of the chemical interactions between organic species and mineral surfaces and interlayers has signiÞcant implications for many geochemical processes and for medical and materials
applications, but the molecular-scale characteristics of such interactions are poorly understood. Here
we describe an experimental investigation of citrate-hydrotalcite (HT) that is designed to investigate
the structural environments and dynamical behavior of carboxylic species interacting with the protonated surfaces of positively charged materials such as layered double hydroxides (LDHs). X-ray
diffraction, compositional analysis, and thermal analysis conÞrm successful intercalation of trivalent
citrate anions into the interlayers of the Mg/Al hydrotalcite using an ion-exchange method. The basal
spacing changes from 8.9 Å at relative humidity (R.H.) = 0% to 11.3 Å at R.H. = 75%, to 18.9 Å at
100% R.H., consistent with reorientation of the citrate from parallel to the hydroxide layers at low
water contents to perpendicular to them at higher water contents. At the largest water contents, the
citrate may lose contact with one of the hydroxide layers, in contrast to the behavior of LDHs containing small, inorganic species. The similarity of the 13C nuclear magnetic resonance (NMR) chemical
shifts for citrate-HT and sodium citrate solution demonstrates the absence of grafting (covalent bond
formation) between the citrate molecules and the metal hydroxide layers, and the dominance of
Coulombic and H-bond interactions in stabilizing the structure. Decreasing 13C NMR peak widths,
decreasing signal/noise ratios in the 1H-13C CPMAS NMR spectra, and increasing basal spacing with
increasing R.H. are consistent with increasing dynamical disorder of the interlayer citrate sites in a
progressively more water-rich interlayer.
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INTRODUCTION
The interaction of solute species with mineral surfaces and in
conÞned aqueous environments such as clay interlayers has been
the subject of intense investigation for many years (Macewan
and Wilson 1984; Hochella and White 1990; Valli et al. 1995;
Alsaaran and Olyphant 1998; Brown et al. 1999; Savenko 2001),
but focus has been principally on inorganic species (Miyata 1975;
Ookubo et al. 1994; Badreddine et al. 1999; Xu and Zeng. 2001;
Hou and Kirkpatrick 2002; Hou et al. 2003). With the exception
of organic cations in clay interlayers, which have been studied
for many years (e.g., Hoffmann and Brindley 1960; Hang and
Brindley 1970; Yariv and Cross 2002), much less is known about
the interaction of organic species with minerals, especially at
the molecular scale. Many organic species, such as carboxylic
acids, amino acids, peptides, proteins, and natural organic matter
(NOM), occur as anions at most natural pH conditions, and are
thus expected to interact with positively charged sites. Layered
double hydroxides (LDHs) are among the few groups of minerals
with permanent, positive structural charges, and they are known
to intercalate and adsorb organic- and bio-molecules. Due to their
large anion ion-exchange capacities (Houri et al. 1998; Badreddine et al. 1999), they offer an opportunity to investigate in detail
the structural environments and molecular-scale dynamics of
organic anions at mineral surfaces and in nano-conÞnement.
LDHs are an important class of clay-like minerals with
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structures based on metal hydroxide layers (Cavani et al.
1991; Ookubo et al. 1994). Replacement of a fraction of the
octahedrally coordinated, divalent cations by trivalent cations
results in positive layer charge that is compensated by surface
and interlayer anions and associated hydrogen-bonded water
molecules. Most LDHs have the general structural formula
3+
x+
n–
2+
[M2+
(commonly Mg,
1–xMx (OH)2] (A )x/n·mH2O, where M
Fe, Co, Cu, Ni, or Zn) and M3+ (commonly Al, Cr, Ga, Mn, or
Fe) are di- and trivalent cations, respectively, x is the molar
M2+/(M2+ + M3+) ratio and is in the range of 0.2–0.33, and An– is
the interlayer anions.
There is a growing body of evidence that the interaction of
many organic species with LDHs is weaker than that of small
inorganic anions, potentially facilitating their use as, for instance,
carriers of drug molecules. For LDHs containing a wide variety
of inorganic anions, Hou et al. (2003) have shown that many
compounds, such as Mg3Al-CO3 LDH, do not incorporate interlayer water and swell at any relative humidity at atmospheric
pressure and that even those that do, such as Mg3Al-SO4 LDH,
do not swell more than about 3.0 Å. In contrast, Leroux et al.
(2001) have observed delamination of the hydroxide layers of
Zn/Al LDH containing the surfactant dodecylsulfate by reßuxing
in alcohol. Hibino and Jones (2001) and Hibino and Kobayashi
(2005) also reported similar exfoliation of glycine-Mg/Al LDH
in formamide and lactate-containing LDHs in water. These
observations suggest that the expansion behavior and thus the
structural environments, dynamical behavior, and energetics

