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Abstract

X-ray diffraction studies performed during the nucleation of hydrocerussite (PbCO3 ÆPb(OH)2) from a supersatu-
rated aqueous solution, at a floating fatty acid monolayer template, reveal (

p
7 ·

p
7)-R19.1� reconstruction at the

(001) surface of hydrocerussite. Reordering of surface atoms into epitaxial superstructures is thought to require extre-
mely clean surfaces (cleaned electrochemically or under UHV). At this organic–inorganic interface, the organic mono-
layer relaxes to form an epitaxial match with the reconstructed lattice just below it. We speculate that this lattice match,
along with the ion-specific interactions of the monolayer, provide the clean nucleation environment.
� 2005 Elsevier B.V. All rights reserved.
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The process of biomineralization [1] is charac-
terized by molecular control of crystallographic
structure, orientation and particle size at the or-
ganic–inorganic interface. Organic-template-direc-
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ted inorganic crystal nucleation mimics this
biological process. Monomolecular layers of insol-
uble surfactants, floating at the surfaces of super-
saturated aqueous solutions, are widely used for
studying nucleation and growth of minerals at or-
ganized organic surfaces [2]. These monolayers,
because of their ordered two-dimensional hydro-
philic head groups, are thought to form templates
for the inorganic lattice. Such Langmuir monolay-
ers form excellent systems for studying organic–
inorganic interface phenomena, because of the
ed.
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ease of experimental control and accessibility to
structural probes such as X-ray diffraction [3]. Ori-
ented crystal growth of CaCO3 [4], PbS and CdS
[5], BaSO4 [6], BaF2 [7], SrF2 [8], etc. from super-
saturated solutions under Langmuir monolayers
has been reported. We have grown hydrocerussite
(lead dihydroxide carbonate) in the same way, but
also performed in situ grazing incidence X-ray dif-
fraction scans during the nucleation process.

Monolayers of heneicosanoic acid, C20H41-
COOH, were spread over subphases prepared by
mixing equal volumes of aqueous solutions of lead
chloride (4 · 10�5 and 8 · 10�5 M) and sodium
bicarbonate (8 · 10�5 and16 · 10�5 M).Themono-
layers were then compressed by a mechanical
barrier until the surface pressure rose slightly
above 0 dynes/cm. This ensures that the mono-
layer is all in a single phase rather than a coexis-
tence of a gas phase and a condensed phase. The
pH of the subphase was left unadjusted and was
measured to be 5.7 (±0.3) at the time of sample
preparation. The temperature was maintained at
20 �C during all measurements. A beam of syn-
chrotron X-rays with k = 1.5498 Å was incident
upon the water surface in the grazing incidence dif-
fraction geometry. Vertical and horizontal soller
slits in front of the detector defined a horizontal
resolution Kxy � 0.01 Å�1 full width at half
maximum (FWHM) and a vertical resolution
Kz � 0.05 Å�1 FWHM. Other details of the exper-
Fig. 1. Schematic diagram of the nucleation process being studied: (a)
molecules are oriented along the interface normal; (b) during inorgani
from the surface normal.
imental setup can be found in Ref. [9]. As Lang-
muir monolayers are powders in the horizontal
plane, the in-plane momentum transfer vector
Kxy cannot be decomposed into x- and y-compo-
nents. However, the important vertical component
Kz can be measured separately.

Before commencement of inorganic nucleation
at the interface, three in-plane peaks at Kxy =
1.484, 1.520 and 1.635 Å�1 are observed. These
peaks are due to the organic monolayer; this struc-
ture is known to occur in carboxylic acid monolay-
ers on lead ion solutions [10] above a threshold
concentration. As also previously reported, an or-
dered inorganic monolayer forms under the organ-
ic film; we observed the strongest of the diffraction
peaks (appearing in the region 0.3–0.6 Å�1) due to
this superlattice. (These data are not shown here,
but see Ref. [10].)

The schematic drawing (Fig. 1) summarizes the
nucleation process. As a thicker inorganic layer
grows at the water surface, the organic monolayer
assumes a different structure. Two first-order dif-
fraction peaks are now seen, one in-plane (01)
and one out of plane ((10) + (1�1)) (Fig. 2). These
peaks can be identified as due to the organic film
because the diffraction peaks have a width in the
z-direction (Bragg rod widths) consistent with
the thickness of heneicosanoic acid monolayer
(�30 Å). The diffraction peaks indicate that the
organic head groups arrange in a symmetrically
before inorganic nucleation at the interface, the floating organic
c nucleation, the organic molecules rearrange and also tilt away



Fig. 2. Langmuir monolayer structure, during hydrocerussite
nucleation: (a) in-plane scan at Kxy = 0, showing the two first-
order diffraction peaks; (b) intensity contours in the Kz/Kxy

plane for these peaks, showing that the first peak is above the
monolayer plane while the second is in the plane.
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distorted hexagonal pattern with the molecule tails
tilted at an angle of 7.2� in the nearest neighbor
direction. The primitive cell of the monolayer has
lattice parameters ja�mj ¼ 4.99 Å, jb�mj ¼ 4.45 Å,
cm = 124.1�, and an area, Am = 18.39 Å2/mole-
cule. These conclusions are confirmed by the
observation of three second-order diffraction
peaks (20), (2�1) and ((�12) + (11)); these are
not shown here. The average lateral size of the or-
ganic domains estimated from peak widths is
�200 Å.

We also see diffraction peaks arising from the
nucleating inorganic material. These peaks can
be distinguished unambiguously from organic
peaks, as they are much sharper in the horizontal
plane. The diffraction peaks arise from two distinct
structures. The six peaks due to the known bulk
structure of hydrocerussite [11] have resolution
limited widths in the horizontal direction corre-
sponding to lateral crystallite size >550 Å.

Gaussian fits to the out of plane scans indicate a
inorganic layer thickness >150 Å, which is higher
than the e-folding penetration depth (�100 Å) of
the X-rays. Thus, the X-ray penetration depth lim-
its the estimation of the thickness of this bulk
layer. Two of these peaks are shown in Fig. 3(a).
The positions of these peaks show that the bulk
crystals are oriented with their (001) crystal planes
parallel to the interface. The unit cell parameters
for the hexagonal face of hydrocerussite (the
(001) plane) are ja�bj ¼ 5.24 Å, cb = 120�, and unit
cell area, Ab = 23.78 Å2.

The remaining peaks are much weaker than the
bulk hydrocerussite peaks. They are sharp in the
horizontal plane (lateral domain size (�400 Å)
but broad along the Bragg rods, indicating that
they are due to a thin (�40 Å) layer, presumably
at the surface. Two of these peaks (both at the same
Kxy) are shown in Fig. 3(b), and all observed peaks
are shown in Fig. 3(c). The horizontal components
of the momentum transfer vectors from all the
weaker reflections can be indexed in fractions of
the corresponding components of the hydrocerus-
site reciprocal lattice vectors (Fig. 3(c)). The index-
ing is consistent with a (

p
7 ·

p
7)-R19.1� supercell,

i.e., a hexagonal structure with an area 7 times that
of the (001) oriented plane of the bulk nucleate.
The peak positions also show that the surface hex-
agonal lattice is oriented with its c-axis normal to
the liquid plane. The lateral lattice parameters for
this superlattice are, ja�sj ¼ 13.87 Å, cs = 120�, and
area As = 166.6 Å2.

The relationship between the (001) plane of the
bulk crystal and the reconstructed structure is
shown in real space in Fig. 4(a). The surface layer
basis vectors ða�s; b�sÞ are related to the bulk lateral
basis ða�b; b�bÞ by a�s ¼ 2a�b � b�b; b�s ¼ a�b þ 3b�b. These
relationships are accurate to 0.1%.

It can be seen from the contour plots in
Fig. 3(c), and more clearly in the rod scans shown
in Fig. 5(b), that the fractional-index reflections
from the surface superlattice have distinct features
in the z-direction; they are not from a two-dimen-
sional array of points. The in-plane peaks are ob-
served only for reciprocal lattice vectors with
horizontal-plane indices for which h � k = 3n/7,



Fig. 3. Comparison between diffraction peaks from bulk and surface inorganic lattices: (a) vertical scan through the hydrocerussite
(110) and (113) peaks. Inset shows a horizontal scan through the (110) peak; (b) vertical scans through the (11/7,1/7) peak due to
surface layers. Inset shows the (11/7,1/7) peak at its Bragg position. The intensity of the hydrocerussite peaks is an order of magnitude
higher than those from the surface structure. Further, the intensity falls off sharply as a function of Kz in (a), implying that the peaks
are due to a thicker film (>100 Å) compared to the Bragg rod in (b), which indicates a thickness of �40 Å; (c) intensity contours
constructed from diffraction data during hydrocerussite nucleation from a supersaturated aqueous solution subphase. The six peaks
labeled with integer indexes correspond to bulk hydrocerussite. The fractional order peaks (all of which are very broad in the
z-direction) are from a

p
7 ·

p
7 interfacial superlattice �40 Å thick.
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indicating that the superlattice structure along the
c-axis is a hexagonal close-packed structure with
multiple layers arranged in some combination of
A, B and C type layers.

Since our peak positions are perfectly reproduc-
ible but the peak intensities vary somewhat from
scan to scan, we cannot follow the usual methods
of three-dimensional crystallography such as Patt-
erson function analysis or the calculation of struc-
ture reliability index. Instead, we have fitted the
data assuming that all the layers are the same
and the differences between the Bragg rods arise
strictly from the relative geometric arrangement
of these hexagonal layers.

The reciprocal lattice positions with h � k5

3n/7 have negligible or zero intensities in the plane
of water; these maxima occur at Kz > 0. This
implies that the number of A, B and C type layers
are the same. Moreover, these peaks are not at
the same values of Kz. The symmetry between
these peaks must be broken by allowing for lateral
displacements between the layers. The effective
geometrical structure factor can thus be written
as



Fig. 4. Real space inorganic and organic lattices: (a) real space
lattices of bulk hydrocerussite (- - -) (unit vectors a�b,b�b) and thep
7 ·

p
7 reconstructed surface (—) (unit vectors a�s,b�s); (b) real

space lattice of the reconstructed surface (—) and the fatty-acid
headgroups (- - -) (unit vectors a�m,b�m). The ratio of the unit cell
areas is very close to 9.0. A close geometrical match is shown
here, with the basis vectors for the two unit cells related by
2a�s ¼ 5a�m � b�m, 2b�s ¼ a�m þ 7b�m.
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whereCj represents the distance between the jth and
the j � 1th layer and n1j and n2j represent the lateral
displacement along the two superlattice vectors in
the jth layer. The last term represents the additional
Fig. 5. Model for the reconstructed hydrocerussite layers that give a re
a 2 · 2 · 1 cell of the ABCBCA type arrangement within the reconstru
solid curves are the results of simultaneous fits based on the six-layer
phase factor depending whether the layer is type A,
B or C. There are 10 combinations of A, B and C
type layers such that no layer is the same as adjacent
layer. The best reproduction of peak positions and
widths is obtained for ABCBCA type packing
(Fig. 5(a)) with spacing between layers as 7.6,
8.1, 8.2, 8.9 and 9.2 Å and lateral displacements
along the surface lattice vectors as 0:036a�s;
�0:016b�s for the second and the third layers and
0:25a�s and 0:08b�s for the remaining three layers.

It is important to emphasize that our model is a
simplified one and that other more complex and/or
more realistic models can be proposed that will
also fit the data. Our point is that the rod scans
can be reasonably well fitted using a simple model
with six atomic layers. The average interlayer spac-
ing is consistent with the layer spacing for bulk
hydrocerussite (8.2 Å).

Modification of the bulk hydrocerussite struc-
ture in a �40 Å layer at the surface is the only
plausible explanation for results described above.
In studies of clean metal and semiconductor sur-
faces under UHV, similar surface superstructures
have been identified, and attributed in various
cases to rearrangement of surface bonds, coverage
and arrangement of adsorbates, or vacancies and
stacking faults in the surface layers [12–15]. In
particular, (

p
7 ·

p
7)-R19.1� surface reconstruc-

tion is quite familiar in UHV surface science
[16,17].
asonable fit to our rod scan data: (a) real space representation of
cted layers; (b) Bragg rod scans of six surface lattice peaks. The
model shown.
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The structure of the organic monolayer tem-
plate is also of interest. The ratio of the in-plane
unit cell area of the surface structure to the area
of organic lattice unit cell is very close to an integer
(9.06). Organic lattices have been observed to
adapt to adjacent surface structures [7]. This result
suggests that the observed surface structure is at
the upper surface of the hydrocerussite nucleate,
between the organic monolayer and the bulk crys-
tal. A close relationship between the organic and
surface lattices consistent with an area ratio of 9
can be found (Fig. 4(b)), with a supercell twice that
of the

p
7 ·

p
7 lattice.

This is the first report of surface reconstruction
under ambient conditions, without the use of
UHV or high electrochemical potentials to keep
surfaces clean. Our results show that bioinspired
organic-template-directed growth can be just as
precise a way of growing thin films as UHV meth-
ods are known to be. The reconstructed surface
structure is stable during the full course of data
accumulation (�6 h), indicating that the surface
modification takes place in a relatively inert envi-
ronment. Due to their acidic nature, fatty acid
Langmuir monolayers do not interact strongly
with aqueous anions, nor with monovalent aque-
ous cations below pH � 7 [18]. In addition, the
existence of a lattice match may make the observed
nucleation process energetically favored and thus
selective, with impurities that might cause disorder
or generate incommensurate structures being ex-
cluded from the interface. In other words, the or-
ganic–inorganic interface appears to be capable
of providing a very clean and well-defined environ-
ment for the growth of inorganic films.
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