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ality.ll. A key challenge for the future lies with the reprodu-
cible processing of mesostructured materials, and specifically
with the control of higher order properties such as structural
hierarchy and macroscopic shape. Although mesostructured
nanoparticles,” colloids,®! tubes,*! fibers,”! hollow shells, ]
gyroids, and helicoids”) have been prepared, these rely on
the subtle interplay of extrinsic factors associated with the
growth mechanism, which are often difficult to control. An
alternative strategy is to use molecular structure to direct the
expression of form so that increased levels of morphological
control can be achieved through the transcription of internal
information. In this respect, chiral organic molecules known
to be efficient gelators of organic solvents have been used
recently to prepare helical tapes of silica by in situ coating of
gel filaments.®! However, although these molecules are
capable of self-assembly and directing the surface deposition
of silica, they show no propensity to coassemble with the
inorganic phase at the mesostructural level.

Herein we demonstrate that the diacetylenic-containing
chiral lipid, 1,2-bis(10,12-tricosadiyonyl)-sn-glycero-3-phos-
phatidylcholine (DC;oPC, Scheme 1) can be used simultane-
ously as a structure-directing template, “morphogen” and
photoactive monomer to synthesize high aspect ratio helical

. Oy O
(c H3)3N\/\O§Pio /\/OY(CHz)B%(CHz)QCHS
0
o

o)\(CHz)e%(CHz)QCHs

Scheme 1. Molecular structure of DCgoPC. The polar lipid headgroup is
zwitterionic over the pH range 3 to 13.1%

tubules and ribbons that consist of polymerizable periodic
mesostructured silica-lipid walls with a twisted lamellar
architecture. Although organic tubules formed from DCgoPC
have been extensively investigated,”! and studies on silical'’]
and metallic coatings,'l and surface decoration with gold
nanoparticles!'?! or polypyrrole threads!™® have been carried
out, there are to the best of our knowledge no reports on the
coassembly of periodic hybrid mesostructures using this or
other chiral lipids.

Addition of aqueous HBr to a solution of DCy,PC and
tetraethylorthosilicate (TEOS) in ethanol at room temper-
ature at a TEOS:DCgyPC molar ratio of 8.3:1 resulted in
instantaneous formation of a white precipitate. Transmission
electron microscopy (TEM) studies revealed that over 90 %
of the sample was in the form of open-ended silicified helical
tubules and ribbons with diameters, lengths, and wall thick-
ness of 0.5-1.5um, >5pm, and 50-150 nm, respectively
(Figure 1a). The hybrid microstructures consisted of smooth
external and internal surfaces, which, along with the general
absence of colloidal silica precipitation, suggested that TEOS
acid hydrolysis and condensation were specifically associated
and coupled with self-assembly of the lipid molecules. This
was confirmed by high-resolution TEM images of areas of the
helical tubules in which the lipid bilayers were fortuitously
oriented approximately parallel to the electron beam. Under
such conditions, continuous lattice fringes were observed with
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Figure 1. TEM images of a) silica-lipid helical tubules and ribbons, scale
bar=2 pum, b) tubule edge showing lattice fringes corresponding to a
lamellar hybrid mesostructure. Scale bar =50 nm.

spacings of about 4.5 nm (Figure 1b) that were consistent with
a twisted multilamellar hybrid mesophase in which the lipid
bilayers were intercalated with thin sheets of amorphous
silica. Energy-dispersive X-ray (EDX) analysis showed the
presence of Si, P, and Br associated with the mineralized
tubules, and thermogravimetric analysis (TGA) indicated that
they contained about 70 wt % lipid. Significantly, calcination
at 410°C produced inorganic replicas that consisted of intact
tubes and twisted ribbons of amorphous silica.

Powder X-ray diffraction (XRD) patterns showed three
broad low-angle peaks with d spacings of 4.0, 1.4, and 0.84 nm,
corresponding to the (002), (006), and (0010) reflections of a
partially ordered lamellar mesophase with an interlayer
spacing of about 8.4 nm (Figure 2a). A very broad high-angle
peak centered at 260 =22°, attributed to amorphous silica was
also observed. In contrast, XRD data from a sample of
unmineralized lipid tubules/ribbons (Figure 2b) showed sharp

2000 (004)
(003) (006) b)
(002)

(002 VAN

1600 +

1200

800

400 (©0010)

20/°

Figure 2. XRD data; a) silica-lipid mesophase, b) unmineralized lipid
tubules. / = intensity.
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(002), (003), (004), (006), (008), (0010), and (0012) reflections
corresponding to a lamellar L, mesostructure with 5.6 nm
interlayer spacing and noninterdigitated crystalline chain
packing.['¥l Similar data were obtained for a sample of silica-
coated lipid microstructures produced by adding TEOS to
dispersions of preformed tubules, except that the diffraction
lines were broadened. The results indicate therefore that in
situ acid hydrolysis of TEOS during lipid self-assembly results
in an expansion of the interlayer spacing by about 3 nm due to
intercalation of silica between the DCg,PC bilayers. Given a
wall thickness of 50 to 150 nm, this corresponds to a stack of
five to 15 hybrid sheets, which must be sufficiently flexible to
undergo twisting in response to the stress field associated with
intralayer crystalline packing of the chiral lipid molecules.

FTIR and Raman spectra were consistent with previous
observations on unmineralized tubules!™™ and indicated that
the crystalline packing of the lipid molecules was not
significantly changed by silica intercalation. For example,
FTIR spectra showed DCgoPC bands at 718 (CH, rock), 1469
(CH, scissors), 2849 (CH, str), and 1725 cm™' (C=O str) in
both the unmineralized and mineralized samples. The former
also showed bands between 1175 and 1345 cm~! correspond-
ing to the P—O stretch but these were masked to some
extent in the mineralized tubules/ribbons by additional Si-O-
Si framework vibrations at 1050cm~! (large band)
and 1200 cm™! (shoulder). Raman spectra of the silica—lipid
lamellar mesophase showed a peak at 2263 cm~! correspond-
ing to the monomer C=C stretch of the diacetylene
groups.

Dried samples of the white silicified tubules turned blue
due to diacetylene polymerization when left for two days in
the light under ambient conditions. No changes in the FTIR
spectra were observed, but corresponding Raman spectra
showed a characteristic shift in the C=C stretch from 2263 to
2086 cm~! and the appearance of a new band at 1454 cm™},
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Figure 3. a) Raman spectra of silica-lipid tubules; A) before and B) after
diacetylenic polymerization by exposure to light for two days. I =intensity.
b) TEM image of polymerized silica-lipid tubule showing absence of
helical architecture. Scale bar =2 pm.
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corresponding to the C=C stretch (Figure3a). This is
consistent with the polymerization of the diacetylenic mono-
mer backbone and the formation of conjugated ene-yne
linkages!'! in the self-assembled lipid-silica architecture
(Figure 4). Corresponding TEM images showed that the
silica-lipid tubules were preserved after polymerization but
usually without the helical surface patterning (Figure 3b),
indicating that the side edges of the helical seam become
fused into a continuous wall structure during polymerization.
Diacetylene polymerization in surfactant and lipid bilayers
occurs below the chain melting temperature (7,) and involves
a topotactic reaction in which the adjacent monomers are
fixed at appropriate distances and angles.'”) Moreover, chain
ordering would be best accommodated along the length of the
helical microstructure, rather than around the tubule, because
of the lower curvature associated with the direction of
elongation, and this could explain why diacetylene polymer-
ization results in fusion of the seam edges in the polymerized
hybrid materials.

Finally, addition of ethanol to the polymerized silica-lipid
tubules/ribbons resulted in a blue-to-red solvatochromic
response that corresponded to a shift in the diffuse reflectance
UV/Vis band at 650 nm (blue sample) to two bands at 496 and
536 nm (red material) (Figure 5). The change in color, which
is attributed to shortening of the conjugation length of the
polydiactylenic backbone by solvation stresses,!'¥! was not
reversed when the ethanol was removed by evaporation.
However, the blue-to-red response was also observed when
samples of the polymerized silica-lipid tubules were heated to
above 40°C, exposed to an X-ray beam, or mechanically

0.8 7 b)
A 06 _| ?
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300 400 500 600 700
A/ nm

Figure 5. Diffuse reflectance UV/Vis spectra of polymerized silica-lipid
tubules; a) before (blue material), and b) after addition of ethanol (red
material). A = absorbance.

scratched or sheared, indicating that a range of external stress
fields can induce the chromatic response.

In conclusion, in situ synthesis of silica by acid hydrolysis
and condensation of TEOS in the presence of DCgoPC lipid
molecules results in the synergistic coassembly of a lamellar
hybrid mesostructure containing polymerizable diacetylinic
groups, which is subsequently twisted into high aspect ratio
tubules and ribbons with helical architecture. The resulting
solvatochromic, thermochromic, and mechanochromic re-
sponses suggest that the hybrid materials could have a range
of uses as colorimetric transduction agents, for example in
sensors, thin films, and smart coatings.
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Figure 4. Schematic representation showing silica—lipid lamellar mesostructure and diacetylenic polymerization. a) Helical silica-lipid tubule with twisted
multilamellar architecture; b) 3 nm-thick sheets of silica interspaced with lipid bilayers, 5.6 nm in width; c¢) hypothetical section across the interface showing
interactions between the lipid headgroup, Br~ counterions and protonated silica surface; d) formation of ene-yne linkages.
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Experimental Section

DC;,4PC was obtained from Avanti Polar Lipids and used without further
purification. TEOS was obtained from Aldrich and used as received.
Mineralized lipid tubules were prepared in situ as follows. Typically,
DC;,PC (40 mg) was dissolved in ethanol (2 mL) by sonication (lipid
concentration, 0.044 mm), and TEOS (82.4 uL) was added to give a
TEOS:lipid molar ratio of 8.3:1. A solution (0.38 g) prepared from H,O
(0.8 g) and 48 wt% aqueous HBr (3.0 g) was added to the lipid/TEOS
mixture (final pH 0.5) and a white precipitate formed instantly. The sample
was stirred for 5 min, left sealed overnight, and then centrifuged at
5000 rpm for 10 min and the supernatant decanted. Similar preparations
were undertaken at TEOS:ipid molar ratios between 4:1 and 1:4.
Polydiacetylenic derivatives were prepared by leaving samples of the dried
mineralized lipid tubules for two days under ambient conditions in the
laboratory. Unmineralized lipid tubules were prepared by addition of H,O
(I1mL) to a solution of DCy4oPC (0.0044 mm) in ethanol (1 mL). Lipid
microstructures were also coated externally with silica by addition of TEOS
(82.4 uL) to a suspension (20 mgmL") of preformed tubules.

Samples were characterized by TEM (JEOL 1200EX), SEM (JEOL JSM
5600 LV), EDXA (Oxford Instruments, ISIS300), and XRD (Siemens D500
diffractometer, Cug, radiation, A =0.15405 nm). Samples were prepared
either as a suspension in ethanol in a quartz cuvette or evaporated from
ethanol onto a quartz slide for UV/Vis (800-200 nm) and diffuse
reflectance UV/Vis spectroscopy (Perkin Elmer Lambda II with Labsphere
titania mirrors), respectively. FT-IR spectroscopy (Perkin Elmer Spec-
trum 1) was carried out using KBr discs. Raman spectra (Renishaw System
2000) were recorded using a 35 mW HeNe laser at an excitation frequency
of 632.8 nm, and probe size of about 1 um. TGA (Netzsch TG409EP) was
carried out at a heating rate of 5Kmin~! from room temperature to 600°C
in air with a flow rate of 90 mL min~'. Calcined samples were prepared at
410°C for 2 h using a heating rate of 3Kmin~.
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