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ABSTRACT 

Mineral nucleation a.t a Langmuir film interfa.ce has been studied by synchrotron x-ray 
scattering. Diluted calcium bicarbonate solutions were used as subphases for arachidic and 
stearic acid monolayers, compressed in a Langmuir trough. Self-assembly of the monolayer 
template is observed directly, and subsequent crystal growth monitored i7~0-~sit~~. 

INTRODUCTION 

A persistent question in biomineralization concerns the interactions between the 
organic molecules and the nucleating mineral. Since mineralization often occurs in 
proximity to an organic matrix having structural regularities that match the mineral lattice 
spacings, the organic material is assumed to act as a template for nucleation.1 However, a 
number of recent experiments emphasize that mineralization can also proceed through 
amorphous presursors, which subsequently crystallize.2?3 In these systems, the importance 
of registry with a macromolecular template is called into question. 

One important model system that addresses this issue consists of a surfactant 
monolayer assembled at t&e air-water interface. These molecules are well known to form 
ordered, two-dirnensional templates, typically with centered rectangular or hexagonal 
lattices.4 With the right choice of surfactant, the intermolecular distances, headgroup 
charges, and so on can be systematically varied. The advantages of t4hese tunable systems 
have been demonstrated in the study of calcium carbonate nucleation, where calcite or 
vaterite formation with specific crystal size distribution, habit, and orient,ation at the 
surface was observed in the presence of various surfactants.” Similar work has been 
pursued with other minerals.“? 7 

In the works cited above, crystal morphology was assessed by optical and electron 
microscopy. These observations were not sensitive to t,he microscopic arrangement of 
surfactant molecules and cations, nor could they directly measure crystal growth during its 
earliest stages. In fact, this has been a common limitation for other studies of 
biomineralizing systems: detailed measurements of lattice spacings of mineral and template 
during early growth times have not been available. Sirnilarly, the pot,ential for 
mineralization to proceed through metastable phases such as amorphous or hyclrated 
precursors can not always be assessed. 

In this paper we describe synchrotron x-ray scattering studies of calcium carbonate 
nucleating frorn solution at fatty acid monoltiyers. Our aim is to give an overview of t*he 
structural information that can be directfly obtained by this method. Possible routes to 
rnineralization in this system are illustrated in Figure 1. First, it is expected that the 
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Figure 1: (a) Fatty acid monolayer assembled on an aqueous calcium bicarbonate subphase. 
The negatively charged headgroups attract a layer of bound cations. The monolayer may 
serve as a template for direct nucleation of crystallites (b), or as a boundary surface that 
collects species for nucleation through another route? such as an amorphous precursor phase 
(c). (d) View of ordered two-dimensional lattice of surfactant molecules, and geometry for 
x-ray scattering measurements. 

charged headgroups will attract a layer of cations (Figure l(a)). If the lattice spacings of 
the surfactant and mineral structures match closely, crystals may form directly at the 
template (Figure l(b)). It is also possible that the monolayer does not interact strongly 
with the nucleating minerals. It may instead simply form a physical boundary that collect,s 
the mineral constituents, which may then nucleate through various routes including 
metastable hydrated and/or amorphous phases. In the following sections we will describe 
how x-ray scattering methods can probe the structure of the nucleating system. 

X-RAY SCATTERING METHODS 

Two surface scattering techniques, x-ray reflectivity and grazing incidence diffraction, 
provide complementary structural information. With x-rays incident onto the sample at an 
angle a! (Figure l(d)), . t m ensity can be detected at reflection angle ,i3 and in-plane scattering 
angle 213. The mornentum transfer components within and normal to the layer plane, which 
relate the scattering angles to scattered intensity in reciprocal space, are given by 

Qy = (2749 [ cos2 Q + co? p - 2 cos Q cos p cos(28)] l/2 ; qz = (27r/X) [sin Q + sin j.31 (1) 

respectively.” 
Reflected beams from the air-monolayer and monolayer-water interfaces give rise to an 

interference pattern which can be analyzed to deterrnine the nature of those interfaces. The 
reflectivity is defined as the ratio of detected to incident intensity, for N = 0 and 28 = 0 and 
is related to the electron densities of the scattering layers: in the Born approximation, the 
reflectivity depends on the Fourier transform of the derivative of t,he den&y profile p(z), 

(2) 

where R&q,) is the Fresnel reflectivity and pzL, is the electron density of water. To 
determine the structure from the reflectivity mea~surement, a model function p(z) is 
parameterized, based upon physical features of the system such as t#he hydrocarbon tails 



and headgroups. The scattering pattern calculated from the model is refined against the 
data, in a manner analogous to the standarcl methods of crystallography, allowing us to 
obtain the monolayer thickness, density, and so on. 

Structure within the layer plane, such as ordered rows of surfactant molecules or the 
atomic planes of underlying rnineral crystals, will give rise to Bragg peaks which are 
detected as a function of the in-plane momentum transfer q,,y. This intensity can be 
detected if the incident angle CP is kept within t.he critical a.ngle for total external reflection 
of x-rays. This limits the x-ray penetration to < 50 A, illuminating primarily the 
near-surface region. Scattered intensity from a strictly two-dimensional structure would be 
detected entirely within the layer plane (6 w 0). Intensity will also be observed at finite p 
values, in the case of ordered tilting of the hydrocarbon tails.” 

EXPERIMENT 

Supersaturated calcium bicarbonate solutions were prepared by dissolving calcium 
carbonate powder in purified water (2 g CaCO:j / 800 ml) with bubbled CO2 gas. The 
solution was diluted to reduce the crystal nucleation rate, poured into the Langmuir 
trough, and chilled to 18°C. Arachiclic acid (CH3(CH2)&OOH) and stearic acid 
(CWCHz)&OOH) monolayers were spread from chloroform solution. After sample 
preparation, the trough was closed within a gas tight box, and x-ray measurements made 
under helium atmosphere, with wavelength X = 1.556 A. X-ray experirnents utilized the 
Harvard/BNL liquid surface spectrometer at beamline X22B at the Nat,ional Synchrotron 
Light Source at Brookhaven National Laboratory. A Bicron single charmel detector was 
used for the reflectivity. Grazing incidence diffraction measurements utilized a linear 
detector with a vertical acceptance of 10” and a horizont,al resolution determined by Soller 
slits. These methods have been described previously.’ 

RESULTS 

The assembly of the template and the collection of cations at the interface comprise 
the first stages of nucleation. To show how the surface pressure and t,he presence of the 
cations affect the monolayer, we compare Langmuir film structures of arachidic acid under 
three different conditions: low surface pressure on pure water; compressed to the highest 
maintainable surface pressure on pure water; and spread at low pressure on a saturated 
calcium bicarbonate solution diluted 1:l with water. Figure 2(a) shows intensity contours 
for in-plane peaks, measured for arachidic acid on water with a low surface pressure of 
P = 8 mN/m. Two diffraction peaks are observed, one having a nonzero qZ component, 
which indicates that the hydrocarbon tails are tilt,ed. This pattern arises from a centered 
rectangular ullit cell with dimensions u = 5.23 w and ZJ = 8.56 A, or an area of 
22.4 A2/rnolecule. The hydrocarbon tails tilt along the b axis at an angle of 26.5” to the 
surface normal. When the film is compressed to pressures above 25 mN/m, only one 
in-plane peak is observed, as shown in Figure 2(b). The corresponding structure is an 
untilted hexagonal phase with a = b/a = 4.75 A, or an area of 19.6 A2/molecule. These 
observations are in agreement with literature values for ajrachidic acid fihns under these 
conditions.4j lo By contrast, when arachidic acid is spread orho the calciurll bicarbonate 
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Figure 2: Left: Intensity contours of in-plane diffraction peaks from arachidic acid Langmuir 
films. Insets: planar unit cells determined from the diffraction data. Solid and doubled 
circles represent mltilted and tilted molecules respectively. Center panel, open circles: X-ray 
reflectivity data, normalized to the Fresnel reflectivity of water. Solid lines: fits from model 
density profiles. Right: model density profiles (shifted for clarity) and the corresponding 
physical structures. (a),(d),(g) P ure water subphase, P = 8 mN/m. (h),(e),(h) Pure water 
subphase, P > 25 mN/m. (c),(f),(i) Dilut,ed calcium bicarbonate subphase, P = 8 mN/m. 

subphase, urltilted domains self-assemble even at low pressure. Although the nominal area, 
calculated from the trough surface area and surfactant, density is 22.7 A’ per molecule and 
the film was not compressed, the diffraction peaks in Figure 2(c) show that ordered 
domains have formed. The lattice constants CL = b/&? = 4.84 A imply an area of 
20.4 A’/molecule, only slightly larger than that of the high-pressure fihn on pure water. 
This observation is important because previous st,udies have sometimes assumed that the 
effect of applied pressure is to make fine adjustments to the intermolecular spacings. In the 
presence of the cations, this is not the case. 

Reflectivity data measured under these conditions are shown in Figure 2(d)-(f) (open 
circles). (Data have been normalized to the Fresnel reflectivity a,nd shifted for clarity.) The 
oscillations a.re due to interference between x-rays reflecting from the molecule-air and 
molecule-water interfaces. For arachidic. acid on pure water, the two data sets are similar 
except for a shift of the minima to lower qZ for the high pressure condition (Figure 2(e)). 
This reflects t,he straightening of the molecular tilt, which makes the surfactant 1aJrer 
thicker along the surface normal. The reflectivity &&a for the calcium bicarbonate 



subphase show a further shift in qz, as well as a dramatic increase in the oscillation 
amplitude (Figure 2(g)). Both of these features can be attributed to the incorporation of 
Ca ions at the headgroups, which increases the electron density significantly. 

Fits to the data (solid lines) allow us to determine length scales and densities along the 
surface-normal direction. The model electron density profiles, shown in Fig. 2(g)-(i), are 
normalized to that of water, p,, = 0.33 electrons/A”. The electron density of the packed 
hydrocarbon tails is fixed to the known value pt = 0.98p,,. 8 Pararneters varied for the fits 
shown are the tail length Lt, headgroup Gaussian amplitude Ai, and width gh, and a 
smearing at the vapor interface characterized by a Gaussian derivative of width crO. Fits 
were explored in which different combinations of parameters were varied, and gave similar 
results; smearing by t,hermal surface waves and the restricted (I- range of the measurements 
limit the extent t,o which fine structural details can be distunguished. The following 
description, while not unique, captures the essential features of the data. 

The tail length Lt = 22.6 A for t$he tilted phase, 24.8 a for the untilted ph<ase on 
water, and 25.9 f! on calcium bicarbonate solution. The ratio 22.6/24.8 = 0.91 is in 
excellent agreement with cos 26.5 = 0.89 corresponding to the molecular tilt obtained from 
in-plane diffraction. The further increase in Lt for the calcium bicarbonate case likely 
arises from t.he incorporation of cations int.0 the headgroup region. The int,erface smearing 
00 = 2-3 A, typical of the thermal roughening of water and of other Langmuir filrns which 
are not too rigid. ’ The Gaussian term describing the headgroup region can be described b,y 
a width gh = 3.5 A for all three data sets. The integratecl area (Ah/ghfi) gives t.he 
excess electron density of the headgroups relative to that of the water. The data agree well 
with assigning the 23 electrons per COOH unit to a 2.7 A thick region between the tails 
and the pure water subphase at both pressures. In the presence of calcium carbonate, the 
amplitude of the Gaussian term is about twice as large. The excess electron density in the 
headgroup region is about 4-5 elect.rons per arachidic acid molecule, suggesting a density of 
one Ca ion per every four or five molecules. This cation binding seems reasonable given the 
near-neutral pH, at which significant ionization of the headgroups is rwt expected. 
Notably, our data are not consistent with the I:1 cation/headgroup ratio irnplied by a 
mechanism of stereochemical matching.” 

We now make some remarks about subsequent crystallization of the systern. The data 
shown in Figure 2(c) and (f) were obtained within four hours of preparing the sample. At 
this point, macroscopic crystallites were already visible on the surface, and calcite Bragg 
peaks were present in the diffraction pattern. During the next 24 hours, increasing 
intensity at vaterite peak positions was also observed. Reflectivit.y measurements indicated 
that the monolayer was becoming rough and inhomogeneous. No evidence was found for a 
well-defined mineral layer beneath the template, or for coherence between monolayer and. 
oriented crgstallites. 

Interestingly, these results are at odds with work by our group on compressed stearic 
acid monolayers (unpublished), and on experiments with poly(acrylic acid) added to the 
subphase (manuscript in preparation). In both of these cases, reflectivit,y measurements 
detect a coherent mineral layer that forms beneath the monolayer on 40-300 A length 
scales. This layer has a low density suggestive of hydrated calcium carbonate, and 
subsequently crystallizes into predominantly vaterite. If such a process is occuring in the 
present system as well, it may be difficult to detect clue t.0 the uneven covera,ge of 



surfactant; rapid nucleation of calcite at the bare water surfaces certainly disrupts the 
homogeneity of the surrounding regions. We believe that along with the detailed structure 
of the monolayer template and the kinetics dictated by the solution chemistry, simple 
aspects such as the monolayer coverage can thus affect mineral morphology. We ant.icipate 
that synchrotron x-ray scattering studies will be significant iu obtaining further 
information about these systems. 

CONCLUSIONS 

We have shown how &situ x-ray scattering studies enable direct measurements of the 
structure of a monolayer template during mineralization from solution. Although 
compression of the Langmuir film has been correlated to mineral morphology in pa.st 
studies, we demonstrate that in the presence of the mineralizing species, surfactant 
molecules assemble into close packed domains even at low surface pressure. Diffraction is 
the most accurate way to obtain t,he molecular spacing. For calcium carbonate nucleating 
at an arachidic acid monolayer, x-ray reflectivity measurements found that the calcium 
binds to the monolayer at a density of one cation per four-five surfa.cta.nt. molecules. The 
low cation binding does not: support the model of template directed nucleation. 
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