the main qualitative features of the force
distribution at large w.

Our results indicate that very strong
contact forces in bead packs are exponen-
tially rare. We do not know whether such
rare fluctuations could account for the het-
erogeneous phenomena that motivated our
study (3, 4), although exponentially un-
common processes are known to dominate
certain other stochastic phenomena (14). It
is also possible that the large boundary ef-
fects apparent in our experiments are inti-
mately connected with the unusual dynam-
ic properties of granular media. Further ex-
periments can address these issues and may
provide a new level of understanding of
these heterogeneities.

REFERENCES AND NOTES

1. H. M. Jaeger, J. B. Knight, C.-h. Liu, S. R. Nagel,
Mater. Res. Soc. Bull. 19, 25 (1994); H. M. Jaeger
and S. R. Nagel, Science 255, 1523 (1992); D.
Bideau and A. Hansen, Eds., Disorder and Granular
Media (North-Holland, Amsterdam, 1993); C. Thorn-
ton, Ed., Powder and Grains (Balkema, Rotterdam,
Netherlands, 1993); A. Mehta, Ed., Granular Matter
(Springer, Berlin, 1993).

2. P. Dantu, Ann. Ponts Chaussees 4, 144 (1967);
A. Drescher and G. de Josselin de Jong, J. Mech.
Phys. Solids 20, 337 (1972); T. Travers et al., Euro-
phys. Lett. 4, 329 (1987).

3. S.B. Savage, Adv. Appl. Mech. 24,289 (1984); R. M.
Nedderman, U. Tuzun, S. B. Savage, G. T. Houlsby,
Chem. Eng. Sci. 37, 1597 (1982); C. S. Campbell,
Annu. Rev. Fluid Mech. 22, 57 (1990).

4. C.-h. Liuand S. R. Nagel, Phys. Rev. Lett. 68, 2301
(1992); Phys. Rev. B 48, 15646 (1993); C.-h. Liu,
ibid. 50, 782 (1994).

5. B. Mandelbrot, The Fractal Geometry of Nature
(Freeman, San Francisco, CA, 1983).

6. T. Wakabayashi, in Proceedings of the 9th Japan
National Congress for Applied Mechanics, Japan
National Committee for Theoretical and Applied Me-
chanics, Nagoya University, Nagoya, Japan, 29 Au-
gust to 1 September 1959 (Science Council of Ja-
pan, Ueno Park, Tokyo, Japan, 1960), pp. 133-140;
A. Drescher, Geotechnique 26, 591 (1976). These
studies did not visualize the individual stress lines in a
3D system.

7. H. Kuno and I. Kuri, Powder Technol. 34, 87 (1983).

8. Analogous boundary effects in free-standing piles
have been explored by J.-P. Bouchaud, in Non-/in-
earity and Breakdown in Soft Condensed Matter,
Lecture Notes in Physics 437, K. Bardhan et al., Eds.
(Springer, Berlin, 1994), pp. 47-53; J.-P. Bouchaud,
M. Cates, Ph. Claudin, unpublished data.

9. S. N. Coppersmith, C.-h. Liu, S. Majumdar, O.
Narayan, T. Witten, unpublished data.

10. Earlier simulations have yielded results consistent with
an exponential distribution of contact forces: P. A. Cun-
dall, J. T. Jenkins, I. Ishibashi, in Powders and Grains, J.
Biarez and R. Gourves, Eds. (Balkema, Rotterdam,
Netherlands, 1989), pp. 319-322; J. T. Jenkins, P. A.
Cundall, I. Ishibashi, ibid., pp. 267-274; K. Bagi, in Pow-
ders and Grains, C. Thomton, Ed. (Balkema, Rotter-
dam, Netherlands, 1993), pp. 117-121.

11. A. Pavlovitch, unpublished data.

12. A. Katz, Principles of Statistical Mechanics: The In-
formation Theory Approach (Freeman, San Fran-
cisco, CA, 1967); L. Rothenburg, thesis, Carlton Uni-
versity, Ottawa, Canada (1980).

13. Within our approximation of placing the grains on a
uniform lattice, the reasonable choice for N is the
dimensionality (d) of the system: For d = a 3D sys-
tem, the grains are approximated as being in trian-
gular lattice layers on a face-centered-cubic lattice.

14. P. M. Duxbury and P. L. Leath, Phys. Rev. Lett. 72,
1805 (1994) and references therein.

15. We thank R. Behringer for showing us his birefrin-

gence experiments and H. Jaeger, J. Knight, and
A. Pavlovitch for many important discussions and
for providing us with (77) in advance of publication.
The work of O.N. was supported by the Society of
Fellows at Harvard University and the Institute for
Theoretical Physics at Santa Barbara (NSF grant
PHY89-04035). S.N.C. acknowledges hospitality

| REPORTS |

as a Materials Research Laboratory visitor at the
University of Chicago. Supported in part by the
Materials Research Science and Engineering Cen-
ter Program of NSF under awards DMR-8819860
and DMR-9400379.

17 January 1995; accepted 31 May 1995

Total Alignment of Calcite at Acidic
Polydiacetylene Films: Cooperativity at the
Organic-Inorganic Interface

Amir Berman, Dong June Ahn, Anna Lio, Miquel Salmeron,
Anke Reichert, Deborah Charych*

Biological matrices can direct the absolute alignment of inorganic crystals such as calcite.
Cooperative effects at an organic-inorganic interface resulted in similar co-alignment of
calcite at polymeric Langmuir-Schaefer films of 10,12-pentacosadiynoic acid (p-PDA).
The films nucleated calcite at the (012) face, and the crystals were co-aligned with respect
to the polymer’s conjugated backbone. At the same time, the p-PDA alkyl side chains
reorganized to optimize the stereochemical fit to the calcite structure, as visualized by
changes in the optical spectrum of the polymer. These results indicate the kinds of
interactions that may occur in biological systems where large arrays of crystals are

co-aligned.

Biological organisms are capable of con-
trolling inorganic crystal growth to a re-
markable degree (1, 2). This exquisite con-
trol is usually achieved with the use of an
organic polymeric “matrix” of highly acidic
macromolecules. In certain cases, the min-
erals that are formed by biological organ-
isms are uniquely oriented or co-aligned
relative to the organic matrix (3). The in
vitro synthesis of novel organic-inorganic
composites with properties analogous to
those produced by Nature continues to
challenge the materials scientist. The use of
simplified surfactant molecular assemblies
(4, 5) resembling biological membranes (for
example, monolayers, multilayers, or vesi-
cles) is one approach toward achieving
this goal. These structures provide modi-
fiable interfacial functionalization and
well-defined spatial organization. A num-
ber of elegant examples demonstrate the
nucleation and growth of organic (6) and
inorganic crystals at monolayer assemblies
(7-9). To our knowledge, the crystals pro-
duced by these methods are oriented only
in the direction normal to the membrane
plane (8, 9). The crystal axes in the plane
of nucleation do not appear to be aligned
with a structural parameter of the nucle-
ation surface.

Previous studies have indicated that ste-
reochemical match between the organic
and inorganic interfaces is a predominant
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factor in determining the specific nucle-
ation face type, in addition to lattice match
and electrostatic interactions (10—12). One
difficulty is that structural information re-
garding the organic template has so far been
obtained in the absence of mineralization at
the monolayer [for example, from grazing
incidence x-ray diffraction, electron diffrac-
tion, and x-ray reflectivity (13, 14)], yield-
ing the average spacing between organic
functional groups and the two-dimensional
unit cell dimensions. Furthermore, it has
been suggested that synergistic changes in
the organic template structure occur upon
interaction with solid interfaces, as is the
case when crystals are forming at the hydro-
philic head-group region (12). In such cas-
es, in situ structural information regarding
the organic template is even more elusive as
dynamic changes in monolayer organization
may occur.

In this report, we demonstrate that co-
operativity at the organic-inorganic inter-
face can result in complete alignment of
calcite crystals along an identifiable struc-
tural feature of the acidic p-PDA matrix.
Lattice match between calcite and p-PDA
dominates along the a axis of the calcite
crystal. Symmetry reduction in the p-PDA
template coupled with proper stereochemi-
cal match ultimately controls the co-align-
ment of the crystals and determines the
nucleation face type. Structural reorienta-
tion of the p-PDA matrix occurs upon cal-
cite mineralization to optimize the stereo-
chemical fit. The reorientation is readily
observed in p-PDA as a blue-to-red chro-
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matic transition in the polydiacetylene
film. A more detailed analysis with Fourier
transform infrared (FTIR) spectroscopy un-
der mineralizing conditions indicates that
rotation of the alkyl side chain about the
single bond (Cg~C,), B to the polydiacety-
lene backbone, may be responsible for the
observed color transition (Scheme 1).

We spread and compressed (15) 10,12-
pentacosadiynoic acid (PDA, 1) on the
surface of a standard trough. Topochemi-
cal polymerization of the diacetylene
monomers to the polydiacetylene (p-PDA,
2) was carried out by ultraviolet irradia-
tion (16, 17).

The polymerization mechanism is well
characterized and proceeds as a radical step-
wise 1,4 addition. The solid-state or topo-
chemical reaction requires that the mole-
cules are regularly packed in a very specific
arrangement producing a highly crystalline
material with long-range two-dimensional
order (17). The crystalline morphology can
be readily observed between crossed polar-
izers in an optical microscope. The p-PDA
domain size varied up to 1 mm, although
some reports indicate that domains as large
as 3 mm can be grown (18). The conjugated
backbone of alternating double and triple
bonds (ene-yne) gives rise to intense ab-
sorptions in the visible spectrum.

The visibly blue films were transferred to
hydrophobized solid supports in a horizontal
manner, such that the carboxylic acid head
groups were exposed at the film-ambient
interface (19). Linear striations typical of
p-PDA films (18) were observed in the
polarizing optical microscope. Calcite crys-
tallization was initiated simply by placing
an aliquot of supersaturated CaCOj solu-
tion on the p-PDA film. The supersaturated
solution was prepared by purging stirred
aqueous suspensions of CaCO; with CO,
followed by filtration. Two significant phe-
nomena were observed upon calcite forma-
tion at the p-PDA films. First, in the re-
gions where calcite crystals were formed,
the crystals were all aligned in the same

CH; —(CHy);;—C =C—C =C—(CH,);~COOH

/COO'
(Hzc\)e
B/CHz
HZC\Ca_C=C_C// eee
(XX ] / \C H2
/
HZC\
£0H2)9
H,C
Scheme 1.
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Fig. 1. Cooperative effects
at the calcite/p-PDA inter-
face. (A) Polarized-light
optical micrograph  of
aligned calcite crystals on
p-PDA. Polydiacetylene
was spread and com-

pressed (75) over deionized water and polymerized with ultraviolet light at an energy dose of 5.0 mJ
cm~2, resulting in a visible blue film. The film was lifted horizontally onto a hydrophobized (40) glass
substrate. An aliquot of supersaturated CaCQO, solution was placed on the transferred PDA film, produc-
ing an immediate film color change to red. Crystals were observed under an optical microscopein 5to 10
min. The micrograph shows the presence of larger (rounded) and smaller (triangular) crystallites. The
larger crystals are of the same morphology and orientation that grew to develop the opposite faces. (B)
Close-up of a single calcite crystal from (A) oriented along the p-PDA backbone striations. (C) Visible
absorption spectra of “blue phase’ PDA fim template before calcite formation (solid ling) and “red
phase’ PDA template after the formation of calcite crystals (dashed line). The spectra are characteristic
of the blue-to-red transition (decreasing intensity at 640 nm and increasing intensity at 540 nm).

direction within the p-PDA domain bound-
ary (Fig. 1A) (20). The morphological sym-
metry axis of the crystals were perpendicu-
lar to and asymmetrically oriented with re-
spect to the linear striations (Fig. 1B). Sec-
ond, the initially blue film changed color to
red-phase polydiacetylene immediately af-
ter the onset of calcite growth (Fig. 1C).

We identified the structural features of
the p-PDA film that induce the calcite
alignment by atomic force microscopy
(AFM). By progressively increasing the mag-
nification (21), we found that the fibrous
structures of the p-PDA observed in the
optical micrographs (Fig. 1B) persisted down
to the molecular scale and correspond to the
direction of the conjugated ene-yne polymer
backbone (Fig. 2). The asymmetry in the
crystal alignment is therefore about the poly-
mer backbone axis. The average periodicity
along a given polymer backbone (intraback-
bone), as measured from a large number of
images (22), was 4.9 = 0.3 A, in agreement
with reported diffraction data (16, 23) and
previous AFM results (24). The interback-
bone distance was 5.1 * 0.5 A.

For identification of the nucleation face
and the absolute orientation of the calcite
crystals with respect to the previously de-
fined p-PDA backbone direction, x-ray dif-
fraction and scanning electron microscopy
(SEM) were carried out. In the oriented
calcite/p-PDA system, reflections of the type
(012) were unproportionably .intense rela-
tive to randomly oriented calcite (Fig. 3A).
All other reflections were absent [except for
the (104) reflection, which was relatively
weak compared to randomly oriented cal-
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cite]. Hence, the (012) plane was oriented
parallel to the p-PDA membrane plane. The
calcite (012) direction consists of alternating
layers of calcium and tilted carbonate mole-
cules. The exact angle that the crystal faces
were inclined with respect to the film plane
was determined by changing the SEM mi-
croscope stage tilt (Fig. 3B). The micro-
graphs also enabled identification of the
cleavage thombohedron dihedral angles that
determine the direction of the calcite sym-
metry (c) axis (Fig. 4). Tilt angle measure-

Fig. 2. Identification of the polymer backbone
direction by atomic force microscopy. Image size:
60 Aby 60 A. Total load F,, = 1.5 nN with a Si;N,,
cantilever (spring constant k = 0.1 N m~"). The
dotted lines indicate the direction of the p-PDA
polymer backbone.
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Fig. 3. Identification of nucleation face and orientation of calcite with respect to the p-PDA polymer
backbone. (A) Powder x-ray diffraction was collected on a Siemens powder diffractometer (CuKa line;
wavelength A = 1.54 A). Axes depict relative intensity versus Bragg diffraction angle (26). The Miller
indices hkl of crystal planes associated with the diffraction lines are indicated below each line. Top:
Diffraction from (012) uniformly oriented calcite crystals grown on p-PDA template. Middle: Diffraction
pattern from randomly oriented calcite powder. Bottom: Calculated positions and relative intensities of
calcite powder diffraction pattemn. (B) Scanning electron micrograph of the (012) uniformly co-aligned
calcite crystals. Larger crystals develop opposite faces yielding the rounded shapes seen in the optical
micrograph of Fig. 1A.

ments yielded a 17° = 1° inclination be-  direction. The carboxylate head groups of

tween the film normal and the (014) face,
which confirms the assignment of the (012)
basal plane, on the basis of the known struc-
ture of calcite (25). The crystal’s a axis [long
direction of the (014) face] was perpendicu-
lar to the projected symmetry axis (c’) and
parallel to the polymer backbone direction
(Fig. 4B). Both the crystal and the p-PDA

the p-PDA film, therefore, fit closely to the
calcite crystal structure along the polymer
backbone, completing the coordination
sphere around the calcium ions, which
would otherwise be occupied by carbonate.
This analysis alone is insufficient to ex-
plain the asymmetric orientation of the crys-
tals relative to the polymer backbone. If

polymer had a periodicity ~5 A along this lattice match alone were important, the cal-

A = 01n2‘ B
(014)

Fig. 4. Schematic showing the potential geometric relation between-the (012) face of calcite and the
p-PDA template. (A) View along the calcite a axis, down the polymer backbone direction, and edge-on
the (012) basal plane. The altemating calcium (gray circles; dark in front, lighter toward the back) and the
tilted carbonate layers characteristic of the (012) plane are depicted. The calcite unit cell is shown as a
dashed, truncated rectangle. The partial structure of the p-PDA film is shown. The polymer backbone axis
is symbolized as ©. The tilt angle of the polymer alkyl chains and head groups (O) emulate the carbonate
stereochemistry and are implicated in the alignment of the crystal about the backbone axis. (B) Top view
schematic of a single calcite crystal with respect to the polymer backbone direction, indicating the
dihedral angles. The (014) face corresponds to that viewed edge on in (A).
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cite crystals would orient symmetrically
about this axis. We postulate that reduction
of symmetry in the p-PDA film structure
induces the observed orientation of the cal-
cite crystals. One such possibility is that the
polymer alkyl side chains are parallel to each
other and tilted with respect to the polymer
backbone axis, resulting in a stereochemical
match between the tilted carboxylates of the
film and the carbonate of the crystal (Fig.
4A). Previous scanning tunneling microsco-
py studies of the carboxylate polar head
groups of p-PDA on graphite indicate a non-
symmetric electron density distribution
about the polymer backbone axes (26). The
average thickness of a large number of the
p-PDA trilayer films used in this study, as
measured by AFM, was 78 + 8 A. Given the
molecular length of 30 A, a tilt of 30° from
the film normal was calculated, in agreement
with previous diffraction studies (16). The
30° tilt of the p-PDA alkyl side chain closely
matches the 28° tilt of the carbonate in the
(012) direction (Fig. 4A), indicating good
stereochemical match between calcite and
p-PDA (27). These results are consistent
with the absence of the (001)-oriented cal-
cite on p-PDA. Although the chemistry of
the (001) face was similar to that of (012)
(alternating layers of calcium and carbon-
ate), the carbonate in the (001) direction is
parallel to the plane and therefore stereo-
chemically mismatched to the p-PDA struc-
ture. The data indicate that lattice match
dominates along the a direction. Stereo-
chemical registry coupled to symmetry re-
duction in the p-PDA template dominates
the interactions in the ¢’ direction and ap-
pears to ultimately be responsible for the
co-alignment and unidirectionality of the
crystals with respect to the polymer back-
bone. The color changes observed upon cal-
cite mineralization suggest that while the
p-PDA may be preorganized into the 30°
tilted structures, further reorganization of p-
PDA occurs, most likely to optimize the
specific stereochemistry of the carboxyl
group. Color changes in polydiacetylenes
have been shown experimentally (28) and
theoretically (29) to be coupled to side-
chain conformation and can be induced by
high temperature (30, 31), mechanical stress
(32), or specific viral binding (19). To ascer-
tain the role of side-chain reorganization
with respect to calcite nucleation, we did an
in situ analysis (33) by Fourier transform
infrared spectroscopy. Vibrational bands
arising from both the growing crystal and the
p-PDA film were observed (Fig. 5). In con-
currence with the onset of calcite deposition,
a significant increase in intensity of ~26%
occurred in the asymmetric CH, vibrational
band (Fig. 5, inset). One explanation for this
observation is a rotation about the single
bond (C8-C9), B to the p-PDA backbone,
bringing the C-C-C plane toward orthogo-
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Fig. 5. In situ FTIR spectra of the polydiacetylene
template and the growing crystal during the course
of mineralization. A small Langmuir trough was fit-
ted into an FTIR sample chamber. Each spectrum
was taken by external reflection method (33) from
ambient gas with a plane-polarized beam irradiat-
ing at 10° from the surface normal. The reflected
signal R was divided by the background signal R,
from a bare water surface. After polymerization of
the film, the subphase was replaced by supersat-
urated CaCO, solution and the blue-to-red color
transition was observed. Upon calcium ion binding
to the carboxylic acid head group, the frequency of
the carbonyl band (v C=0) at 1698 cm ™" shifted to
1538 cm~" (v, COO"), typical of the salt form of the
acid. Calcite crystal formation is identified by in-
creasing carbonate bands (broad asymmetric
stretching v, peaked at 1423 cm~" and out-of-
plane and in-plane deformation & bands at 880 and
712 cm~1, respectively). The observation of these
bands indicate that the carbonate lies at an inter-
mediate angle with respect to the fim plane, as

0.005
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expected for the (012) plane (47). In concurrence with the onset of calcite deposition, the p-PDA membrane
film undergoes reorganization as observed in the methylene stretching bands. Elapsed time after subphase
replacement is indicated in the figure. (Inset) The CH stretching region after baseline correction of the

symmetric (s) and asymmetric (a) vibrations.

nality with respect to the polymer backbone.
Rotations about this bond have been impli-
cated in the thermally induced blue-to-red
color transition of polydiacetylenes (thermo-
chromism) (28). Because the plane of the
carboxylate lies perpendicular to the C-C-C
plane upon calcium binding (34), this rota-
tion would bring the carboxylate into the
optimal position for stereochemical match
(Fig. 4A). Calcium binding alone is insuffi-
cient to induce the color change as evi-
denced by the negative response of the films
to calcium chloride solutions (35).

The morphology of most of the calcite
crystals nucleated at p-PDA (Fig. 3B) indi-
cates faster growth along the a direction
compared with that along ¢', suggesting
different kinetics for growth along the lat-
tice matched direction (a) compared to the
mismatched (and therefore inhibiting) di-
rection (c'). This observation is in keeping
with the stereochemical rule that relates
crystal morphology to different growth rates
arising from growth inhibition at specific
crystallographic directions (36).

The extended range of the co-aligned
crystals (up to 1 mm) and the total control
exerted over their orientation is to our
knowledge unprecedented in crystal growth
at the in vitro organic-inorganic interface.
This degree of three-dimensional control is
observed in many living systems where or-
ganisms control crystallographic orientation
as well as crystal size and morphology. For
example, large arrays of distinct crystallites
are co-aligned in certain forms of nacre (37)
and in the radial segments of coccolith (38).
Interestingly, reduction of calcite crystal
symmetry in calcareous sponge spicules pre-
sumably also occurs through oriented nucle-
ation on the (012) calcite plane (39). Al-
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though simplified, this polymeric model sys-
tem suggests that symmetry reduction of the
organic matrix is a mechanism by which
organisms control the co-alignment and the
precise crystallographic orientation of the
deposited crystals. This mechanism is in ad-
dition to previously recognized mechanisms
such as charge distribution, lattice match,
and stereochemical registry.

Control over the molecular orientation
in material fabrication is a goal of many
studies and research efforts. Polymerized syn-
thetic membranes may provide new models
for biomineralization and new crystalline
materials. By this approach, a variety of ori-
ented crystalline materials may be realized
for technological applications, as well as for
basic scientific understanding of the funda-
mental properties of oriented particulate or
dense crystalline films. This method demon-
strates that new crystalline materials can be
synthesized by taking some cues from Na-
ture. In turn, materials design and synthesis
can also “feed back” into a better under-
standing of Nature’s biomineralization.
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