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MATERIALS

source wis used and Lhe sample loculed reluatively far away in order ta ob-
taim mild coaling venditions. ) :

Deviee churacterization wus performed under mitrogen almosphere in
the Furward-bias configuration (with 1TO positive); the emitied fight was de-
tected lhrough Lthe transparemt FT'O elecirode and substrate. The L1 inten-
sily was meswred using 2 calibeuded sificon phoiodiode and » Keilhley
617 Eleclrometer, while the current-valiage (I-¥) curves using u Keilhley
230 Voltage Source and a Keithley 2001 digital wultimeter. PL aud EL spec-
tru were reeordid by a Perkin Elmer 1.5-30 spectrophotoweter, All (he
measurements were performed at room temperature.
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Template-Directed Synthesis of Aragonite
Under Supramolecular Hydrogen-Bonded
Langmuir Monolayers**

By Arkadi L. Livvin,* Suresh Valivaveettil,
David {.. Kaptan* and Stephen Mann

The calcium carbonate polymaorph aragoaite (CaCQy) is
metastable under ambient conditions, vet it is found as
a natural componcnt in fish otoliths®? human brain
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stones, | gallstones, and, notably, in the nacreous layer of
mollusc shells.!# This structural selectivity has long been
an intrighing aspeet of biomincralization, and recent stnd-
ies suggest that specific biological macromolecules arc
involved in controlling aragonite nucleation.* In compar-
ison, the laboratory synthesis of aragonite from super
saturated solutions al room tempcerature has not been
achicved without the use of soluble additives such as Mg*®
or small organic molecules.™ Here, we demonstrate (hat
the spreading of S-hexadeeyloxyisophthalic acid (CiISA)
at the airfwater interface results in the specific nucleation of
aragonite from supersaturated calcium bicarbonate solation
not doped with additives. We show that the [$10] axis of ara-
gonite is prelerentially aligned perpendicular to the mono-
layer surface and suggest that a close structural correspon-
dence between the ac face of aragonite and the hydrogea-
bonded netwaork of the self-assemnbled templale is responsi-
ble for interfacial molecular recognition at the organic/inor-
ganic interface during crystallization. The results illusirate
the possibility of designing supramolecular templates to
direct the synthesis of organized inorganic materials.

The template-directed nucleation of inorganic materials
by organic supramolecular frameworks is an overarching
principle in biomineralization. Nacre biomineralization, for
example, 15 a highly controfled process that involves ar
icnted nucleation, growth and organization of plate-like
aragonite crystals within a complex organic matrix./>"

The abifity of organized organic surfaces to induce or-
iented inorganic nucleation and polymorph selectivity has
been madelled by investigations of calcium carbonate erys-
tallization wnder Langmuir monolayers! " These studies
clearly showed that oriented nucleation ither calcite or va.
terite is dependent on the structural and chemical proper-
lies of the monomolecular films. However, nonc of the sur-
factants studied 1o datc sclectively induced nucleation of
aragonite unless Mg’ jons are introduced into the super-
saturated subphase.!’!

Scanning electron microscopy (SEM) micrographs of the
CaCO; crystals grown under compressed CISA maono-
layers {Tig. 1) showed discrete 100 pm bundles ot aragounite
needles that developed from a central crystallite which was
in direct contact with (he monolayer surface. The primary
crystals grew to approximately 10 pm in size before see-
ondary nucleation of the crystalline needles gave rise to a
splayed oulgrowth into the supersaturated solution. The
carly stages of crystal growth were investigated by sludying
samples extracted aller 5~15 min of crystallization at the
manolaver/subphase interface. Transmission electron mi-
croscopy (TEM) micrographs showed incipient crystals as
hezagonal tablets with roughencd edges (Fig. 2). Selected
area electron dilfraction patterns recorded from individual
purticles suggested that the nucleated aragonile crysials
were oriented with the [010] crystullographic axis perpendi-
cular to the monolayer surface (Fig. 2). The data suggest
that aragonite is nucleated specifically from the ac crystal
face.
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Fig. 1. SEM image of aragonite crystals grown under a CiISA monolayer.
Crystals were deposiled on wluminum SEM stubs by dipping through the
monolaverfsubphase mterface. The view showa corresponds (o a divection
[rom below the mosolayer. Calcile crystak with an unmedified rhamhohe-
dral habil are also observed. The stubs were coated with a thin'layer of gold
(abouz 100 A under viguum Lo minimize charge on the samples. Scale bar
= ) pen {fap) and 1 mm {bottom). . ' :

Fig. 2. TEM wiugraph of an immalure aragonite crystsl aucleated under
compressed CgISA munoliyer {2 — 7 min). The scale bar - ¢ nm. Tnset
shuws efectron diffraction pattern of crystal imaged above. The pattern cor-
responds 10 the [(D) zone of aragonite. Reflections: A = 102 (248 A), B=
102 {248 A), € = 200 (2.48 A). Aangles: (102) * (103) - 118.9% (102) ~
(200 = $9.95°. Crystal structure of aragonite, Pmen(62), « = 4.96, & - 7067,
¢ =574 A. A Philips EMA0UL TEM was used for low and high resolution
imaging, Individual crysiuls were stuthied by convergent beam clectron dif-
Traction.
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To clarity the role of the CiISA template in aragonite
nucleation, we built a model for the Langmuir monolayer,
based on experimental evidence from X-zay crystallogra-
phy!'" Fourier transform infrared (FTIR) spectroscapy,
and atomic force microscopy (AFM). FTIR was used fo in-
vestigate hydrogen-bondingin the Ci5ISA monolayer, The
monolaycr was deposited on ZnSe substrates from either
water or calcium bicarbonate subphases. ln both cases,
broad bands from the OH-groups werc observed at
2650 cmx”', which indicate hydragen boading between the
adjacent carboxylic acid groups and water!® (data not
shown). We -constructed our CiISA monolayer modet
bused on the crystal structures of CalSA - B:OHEY and
Ci:ISA - HR0. In our madel each molecule resides in a rec-
tangular fattice and interacts wilh two neighbors through
hydrogen bonding along the ¢-direction and a further two
molecules via van der Waals forces along the a-direction
(Fig. 3). The AFM images showed thal the arrangement of
CioISA molecules within a monolayer resulted in periodic
domains of carboxyl groups spaced a1 44 and 5.5 A along
the a- and c-directions, respectively (Figs. 3 and 4), These
measuicments are in good agreement with synchrotron X-
ray diffraction studies of monolayers of a long-chain alkyl
surfactant with an aromatic headgroup'” and with the
stacking of flal aromatic organic molecules within three-di-
mensional crystals (4.7 A)H¥

Surtace pressure~area isotherms [or CieISA monolavers
compressed on either water or calcium bhicarbonate soha-
tions were identical (data not shown). Similarly, Brewster
angle microscopy data also showed that sclf-assembly of the
Ci6ISA monolayers was not influenced by Ca*® ions in the
subphase {data not shown), These results, although contrary
to previous work on other surfactant monolayers in which
significant increase in area per molecule {~4.5-5 A?) were
recarded in the presence of Ca*®-containing subphases 'Y
indicale that the siructural network of the CISA mono-
layer is preorganized. The main reason for this is probably
due to the significant cross-sectional mismatch between
hexd and tail regions of the CisISA molecule. The head
groups occupy a relatively large molecular area in the
packed array, such that Ca*® ions can be accommodated
without significant changes in intermolecular distances (4.4
and 5.5 A). At least two binding medels are plausible:
firstly, carboxylate groups of individual molecules form
double-chelate complexes with Ca?® ions,!' or secondly, a
bridging mode in which Ca®® jons interact with carboxvlate
groups of different molecules™ [n both cases, our model
gives a close match belween the experimental parameters
of the Ci5ISA template and Ca-{a distances and angles in
the ac plane of aragonite (Fig. 3), suggesting that geometric
correspondence is important in determining polymorph se-
lectivity, A further possibility is that the bidentate motif of
the meta-disposed carboxylates compleménts the steren-
chemical arrangement of the carbonate anions in the ae-
face. In this regard, we note that in the presence of Mg® -
ioms, long-chain alkyl sulfaic or phosphonate monolayers
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Fig. 3. Schematic representation of the spa-
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Fig. 4. AFM image at atomic resolution of 4 Cy,1SA monaobayer deposited al 10 mN/m on bydrophitic silicop surface (fop). Fourder iransform image of the mono-
tayer imuged sbove (holtom}.
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induce nucleation of the {001) (ab) face of aragonite,’”! pos-
sibly by correspondence between the tridentate headgroup
and planur carbonates of this face.

Finally, we note that the CISA monolayer functions in
an analogous manner to the B-pleated sheet matrix of nacre
biomineralization. In both cases, the supramolecular orga-
nization s produced by hydrogen bonding and the surface
periodicities are commensurate with Ca—Ca distances in
the specific crystal faces of aragonite, A laboratory analo-
gie based on biomimetic principles provides an opportu-
nify 1o improve our understanding of aliernative synthetic
pathways to the controlled formation of inorganic materials
with sclected polymorph structures.

In summary, it has been demonstrated that aragonite can
be selectively nucleated without the use of additives. This
result strongly supports the concept that fuactionalization
and supramolecular organization play a key syncrgistic role
in controlled crystallization in biclogical and synthetic sys-
tems.

Experimental

Oricated aucleation of arugonile was achieved by spreading and com-
pressing a Langmmir monelayer of CiglSA un the surface of 4 supersatu-
rated calcium bicarbonate solution {plI~58-60, T = 21°C, [Co™®] = ¢
9.5 mM). The latter was prepared by purging CO; gas for 1 h throogh a sus-

* pension of calciom carbonate in water. followed by fillering and purging
again for 0.5 h. We chose {71438 A as the organic templute because it was a
likely candidate for a hydrogen-bonding network as observed from cryslal-
lographic data of CypISA - EtOH [21]. This network forms due to the pres-
ence of the meta-disposed carboxyl groups of the CraISA benzene rings, und
was expected therefore to provide a preorganized supramolecular motil sig-
mficantly different from the pseudo-hexagonal tattices of conventional sur-
factamts nsed previously to induce nucleation of inorganic crystals al the
marotayerisolution interfaces.

After 12 b, a white sheot of CaCO4 crystals was visible under the CISA
monolayer. X-ray diffraction of samples collected from the surface showed

. that 7595 % of the crystals werce aragonite (observed d-spacings in A: 340
(111}, 328 (021), 2.88 {002), 2.74 (121}, 2.73 (0i2), 249 (200), 2.41 (031),
238 (142), 2.34 (130), 2.33 (122), 2.19 (211). 2.1 {2203, 1.98 {221}, and 1.88
(202}, In comparisou, erystals grown in the absence of the monokeyer were
predominumily calciie. The specificifly for aragostite nucication was highty
sensitive 1o 1he structural nature of the momnofayers, For exampie, the high-
est nucleation densily of aragonite (122 3 /mm?) was observed under mono-
Iayers compressed within the pressure range 10-15 mN/m. This was consis-
tent with AFM studies, which showed a well-defined uniform C,ISA mono-
layer deposited un 2 hydrophilic sificon substrate at this surface pressure. In
contrast, broken CialSA monolayers were deposited at 20 mMNfm, although
this pressure is well below the collapse point.
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Efficient Blue LEDs from a Partially
Conjugated Si-Containing PPV Copolymer
in a Donble-Layer Confignration**

By Frank Garten, Alain Hilberer, France Cacialli,

Eddy Esselink, Yvonne van Dum,

Bart Schiatmann, Richard H. Friend, Teun M. Klapwijk,*
and Georges Hadzlioannou*

Color tunability towards the blue part of the visible spee-
trum has proven to be one of the hardest goals to achicye
for bath organic and inorganic emitters. Although easy tun-
ability in the blue is not a specibe peculiarity of organics,
cost eriteria and the drive to scale-up dimensions of possi-
ble applications makes organic blue emitters the focus of
technological interest. Eleetroluminescence (ELY in
these (macro}molecular systems can be rationalized in
terms of radiative relaxation of m-w+ singlet excitons whose
nature depends on the spatial extent of the excited stale
wavefunction, described by means of the so-called effective
conjugation fength. 1n organics, the concept of color tun-
ability cowards the blue part of the visible spectrum has so
far revolved around the control and limitation of this pa-
rameter, for example by choosing short oligomers such as
distyrylbenzenc,P# which may be dispersed in a transport
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