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Nature abounds with intricate composite architectures composed
of hard and soft materials synergistically intertwined to provide
both useful functionality and mechanical integrity. Recent
synthetic efforts to mimic such natural designs have focused on
nanocomposites1±5, prepared mainly by slow procedures like
monomer or polymer in®ltration of inorganic nanostructures6,7

or sequential deposition8,9. Here we report the self-assembly of
conjugated polymer/silica nanocomposite ®lms with hexagonal,
cubic or lamellar mesoscopic order using polymerizable amphi-
philic diacetylene molecules as both structure-directing agents
and monomers. The self-assembly procedure is rapid and incor-
porates the organic monomers uniformly within a highly

ordered, inorganic environment. Polymerization results in poly-
diacetylene/silica nanocomposites that are optically transparent
and mechanically robust. Compared to ordered diacetylene-con-
taining ®lms prepared as Langmuir monolayers10 or by Lang-
muir±Blodgett deposition10, the nanostructured inorganic host
alters the diacetylene polymerization behaviour, and the resulting
nanocomposite exhibits unusual chromatic changes in response
to thermal, mechanical and chemical stimuli. The inorganic
framework serves to protect, stabilize, and orient the polymer,
and to mediate its function. The nanocomposite architecture also
provides suf®cient mechanical integrity to enable integration into
devices and microsystems.

Owing to extended p-electron delocalization along their back-
bones, conjugated organic polymers exhibit electronic and optical
properties of interest for applications ranging from light-emitting
diodes to biomolecular sensors11. For example, in blue-coloured
polydiacetylene, the optical absorption blue-shifts dramatically
when stress is applied to the backbone through the pendant side
chains, and this thermally, mechanically, or chemically induced
chromatic (blue ! red) response has been explored as a colori-
metric transduction scheme in a variety of chemically and physically
based sensor designs12,13. Further improvements of the electronic
and optical performance of conjugated polymer devices may require
polymer incorporation in nano-engineered architectures14 that
could provide alignment, control charge and energy transfer,
mediate conformational changes and prevent oxidation. Recently
control of energy transfer was demonstrated in a poly[2-methoxy-
5-(29-ethyl-hexyloxy-)-1,4-phenylene vinylene] (MEH-PPV)/silica
nanocomposite7. However, this nanocomposite, prepared by MEH-
PPV in®ltration of a pre-formed, oriented, hexagonal, silica
mesophase, was heterogeneous, exhibiting two distinct conjugated
polymer environments, that is, polymers inside and outside the
hexagonally arranged pore channels of the silica particles. In
general, because polymer in®ltration into a pre-formed porous
nanostructure depends on the partitioning of the polymer from
the solvent, we expect it to be dif®cult to control polymer concen-
tration, orientation and uniformity in the corresponding nano-
composite. Further, when the nanostructure pore size is less than the
radius of gyration of the solvated polymer, in®ltration proceeds by a
worm-like motion referred to as reptation, requiring long proces-
sing times at elevated temperatures7.

We use a series of oligoethylene glycol functionalized diacetylenic
(DA-EOn) surfactants (structure 1, with n � 3, 4 5, or 10), pre-
pared by coupling ethylene glycols with the acid chloride of PCA
(structure 2)

both as amphiphiles to direct the self-assembly of thin ®lm silica
mesophases15 and as monomeric precursors of the conjugated
polymer, polydiacetylene (PDA). Beginning with a homogeneous
solution of silicic acid and surfactant prepared in a tetrahydrofuran
(THF)/water solvent with initial surfactant concentration co much
less than the critical surfactant micelle concentration CMC, we use
evaporative dip-coating, spin-coating, or casting procedures to
prepare thin ®lms on silicon h100i or fused silica substrates
(Fig. 1). During deposition, preferential evaporation of THF
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concentrates the depositing ®lm in water and nonvolatile silica and
surfactant species. The progressively increasing surfactant concen-
tration drives self-assembly of diacetylene/silica surfactant micelles
and their further organization into ordered, three-dimensional,
liquid crystalline mesophases. Ultraviolet-light-initiated polymeri-
zation of the DA units, accompanied by catalyst-promoted siloxane
condensation, topochemically converts the colourless mesophase
into the blue PDA/silica nanocomposite, preserving the highly
ordered, self-assembled architecture.

The choice of surfactant greatly in¯uences the resultant meso-
structure. This is evident from the X-ray diffraction (XRD) patterns
and TEM micrographs shown in Figs 2 and 3 for nanocomposites
prepared from diacetylenic surfactants with tri (n � 3), penta
(n � 5) and decaethylene (n � 10) glycol head groups. Increasing
values of n increase the surfactant head group area ao. This in
turn reduces the value of the surfactant packing parameter,
g � v=aol, where v is the surfactant volume and l the tail length16,
favouring the formation of progressively higher-curvature meso-
phases: lamellar �n � 3� ! hexagonal �n � 5� ! cubic �n � 10�.
From the highly ordered nanocomposite mesostructures observed
by transmission electron microscopy (TEM), we infer that the
surfactant monomers/structure-directing agents are uniformly

organized into precise spatial arrangements before polymerization.
These arrangements establish the proximity (topochemistry) of the
reactive diacetylenic moieties and thus strongly in¯uence the PDA
polymerization process. This is best illustrated by comparing their
polymerization behaviour, as shown by the blue (or red) colour of
nanocomposite ®lms prepared with different mesostructures (that
is, the hexagonal, cubic, and lamellar mesostructures shown in
Fig. 3) and contrasting these behaviours with those of planar self-
assembled monolayer and trilayer ®lms formed by Langmuir±
Blodgett deposition of the neat DA surfactants.

Figure 4 shows a patterned blue PDA/silica nanocomposite ®lm,
with a hexagonal mesostructure (prepared using structure 1, with
n � 5), formed by ultraviolet exposure through a mask; the corre-
sponding patterned red ®lm was formed subsequently by heating to
100 8C (Fig. 4b). Whereas lamellar mesophases (prepared using
structure 1 with n � 3) show qualitatively similar behaviour, cubic
mesostructures (prepared using structure 1 with n � 10) and
Langmuir monolayers and trilayers (prepared using neat 1 with
n � 3, 5 or 10) remain colourless upon ultraviolet exposure and
during heating. The different behaviour of lamellar and Langmuir
®lms emphasize the importance of the nanostructured inorganic
host on PDA polymerization. In both systems the diacetylenic
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Figure 1 Schematic representation of the PDA/silica nanocomposite evaporation-induced

self-assembly process. a, Steady-state ®lm thickness and surfactant concentration

pro®les developed during dip-coating, with vertical axes representing distance and time

above reservoir surface and horizontal axes showing ®lm thickness and surfactant

(structures 1 or 2) concentration for co � 0:034 M. Beginning with a homogeneous

solution prepared with co , CMC, preferential THF evaporation induces micellization and

further self-organization of silica±surfactant composite micelles into ordered thin-®lm

mesophases. The shape and concentration of the DA surfactants in¯uence the

mesophase established at the drying line (lamellar, hexagonal or cubic). b, Section near

asterisk shows a hexagonal mesostructure and hypothetical arrangement of DA

surfactants adjacent to the cylindrically structured silicic acid framework. c, Hypothetical

structure of polymerized PDA/silica nanocomposite formed upon exposure to ultraviolet

light and continued acid-catalysed siloxane condensation. d, Ultraviolet±visible spectra of

cyclic polydiacetylene oligomers determined by INDO/S (Intermediate Neglect Differential

Orbital Spectra) quantum calculations after energy-optimization and 10 ps of molecular

dynamics. The 16-membered oligomer with diameter of about 2.4 nm absorbs in the red

region of the visual spectrum with spectral characteristics commensurate with the blue

form of PDA (compare with Fig. 4e). The higher-curvature 14-membered PDA oligomer is

strained and has a blue-shifted absorption spectrum consistent with the red form of PDA

(compare with Fig. 4e).
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surfactants are organized into highly oriented planar con®gurations
with the EO headgroups disposed toward the hydrophilic interface,
either water (Langmuir ®lms) or polysilicic acid (nanocomposites).
Despite these similar organizations, we suggest that Langmuir
®lms do not polymerize because the reactive DA moieties are
spaced too far apart, as indicated by the molecular areas measured
at 30 mN m-1 in a Langmuir trough: DA-EO1 � 24 ÊA2,
DA-EO3 � 38 ÊA2, DA-EO5 � 46 ÊA2. Closer spacing of the EO
headgroups (and correspondingly the diacetylenic moieties)
within the self-assembled nanocomposites (lamellar, hexagonal
or cubic) is anticipated from the requirement for charge
density matching at the R-EOn 2 y�EO×H3O��y××yX 2 ××wId� inter-
face (where R � alkyl chain, y # n, X � Cl 2 , Id� � the silica
framework carrying a partial charge of d�, and w is the `concen-
tration' of framework needed for charge balance) that reduces the
optimal EO headgroup area ao (ref. 17). This closer spacing is
re¯ected in measurements of the biaxial stress resulting from PDA
polymerization, where, for nanocomposites, we observe develop-
ment of compressive stress upon polymerization (®lm turns blue)
and during the solvatochromic or thermochromic blue ! red
transformation; this indicates a net expansion of the PDA relative
to the silica host (see Fig. A in the Supplementary Information).
The corresponding neat DA surfactants prepared as Langmuir
monolayers do not polymerize and develop no stress upon
ultraviolet irradiation. Polymerizable DA Langmuir monolayers
and multilayers (prepared using surfactants with smaller head-
groups) contract upon polymerization and the magnitude of this

contraction is used to assess the extent of polymerization18.
The importance of the proximity of the DA moieties on poly-

merization is further illustrated by our inability to polymerize DA
within the cubic mesophase prepared with n � 10 (see Fig. 3b and
c). The large EO10 surfactant headgroups are necessary to direct the
formation of the cubic mesophase, but they also serve as spacers
preventing polymerization. Introduction of structure 1, with n � 3
or 5 or structure 2 as co-surfactants with smaller headgroups (30±
50 wt% relative to EO-DA10) allows us to form cubic mesophases
and to polymerize the mixed surfactant assemblies into the blue and
red forms of PDA. (We expect that, owing to phase separation19, this
is not possible in Langmuir monolayers or Langmuir±Blodgett
®lms).

The polymerization of the surfactant is highly dependent upon the
topological alignment of diacetylenic units within the supramol-
ecular assembly20,21. Additionally, for colorimetric materials to form
(especially blue-coloured materials), the degree of polymerization
and conjugation length of the `ene'±`yne' backbone must be
considerable22. The micellar structures that template the silica sol±
gel material must thus contain highly oriented, densely packed
surfactants. This packing will allow facile topochemical polymer-
ization of the diacetylene units to give coloured polydiacetylene.
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Figure 2 X-ray diffraction (XRD) patterns of nanocomposite thin ®lms prepared using DA-

EOn (where n � 3, 5, and 10) surfactants. Increasing values of n increase the surfactant

head group favouring the formation of progressively higher-curvature mesophases:

lamellar �n � 3� ! hexagonal �n � 5� ! cubic �n � 10�. a, Film prepared using

1.86% of DA-EO3 (wt% DA-EO3 relative to the solution weight without surfactant) shows a

lamellar mesostructure with (001) diffraction peak at 48 AÊ . The presence of higher-order

diffraction peaks (002), (003) and (004) indicate the formation of highly ordered

alternating silica/PDA layers. b, Film prepared with DA-EO5 (2.23%) shows a hexagonal

mesophase with strong (100) and (200) diffraction peaks at 56 AÊ and 28 AÊ , respectively.

c, Film prepared using 2.23% DA-EO10 surfactant exhibits a cubic mesophase with unit-

cell parameter a � 108:1 ÊA. The presence of the (111) diffraction peak at 62.4 AÊ and the

(200) diffraction peak at 54.1 AÊ clearly establishes a face-centred or primary cubic

structure. The presence of higher-order peaks (220) at 38.2 AÊ and (400) at 27.3 AÊ provide

further evidence of the primary or face-centred cubic mesophase. Introduction of

structure 1, with n � 3 or 5 or structure 2, as co-surfactants with smaller headgroups

(30±50 wt% relative to EO-DA10) was necessary to polymerize PDA in the blue or red

forms within the cubic mesophase. The XRD patterns were essentially unchanged by

these co-surfactant additions.
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Figure 3 Representative transmission electron microscope (TEM) images of

nanocomposite thin ®lms (prepared as in Fig. 2b and c) and particles (formed by a related

aerosol-assisted evaporation-induced self-assembly approach32). a, Hexagonally ordered

nanocomposite prepared using 2.23% DA-EO5 surfactant, showing a striped [110]-

oriented mesophase with repeat distance around 48 AÊ and a region of the corresponding

hexagonally patterned mesostructure characteristic of the [001]-orientation (right edge).

The smaller spacing measured by TEM versus XRD (48 AÊ versus 56 AÊ , compare a and

Fig. 2b) may be due to the over-focus condition used to achieve high contrast in TEM or

electron-beam-induced shrinkage (normal to the substrate) which can occur in general for

uncalcined, mesostructured materials. b, c, Two orientations of a cubic nanocomposite

®lm prepared using 2.23% DA-EO10 surfactant. A highly ordered [100] orientation with

unit-cell parameter at 108 AÊ , agreeing well with the XRD results. c, The corresponding

[111] orientation with repeat distance of 62 AÊ . As for the corresponding XRD patterns, the

cubic mesostructures revealed by TEM were quite comparable with and without the

addition of co-surfactants (structure 1, with n � 3 or 5, or structure 2) needed to

polymerize the blue or red forms of PDA within the cubic mesostructure. d, PDA/silica

nanocomposite particles prepared using an aerosol-assisted evaporation-induced self-

assembly technique32. The particle exhibits an ordered multi-lamellar exterior and a

disordered worm-like mesostructured interior, consistent with a radially directed self-

assembly process.
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Figure 1 illustrates a postulated length-wise polymerization of
surfactants within a cylindrical rod-like micelle to yield the blue
form of PDA. Circumferential polymerization, although favoured
on the basis of proximity of reactive DA moieties, would impose a
high curvature on the PDA backbone because of the small pore size
of the mesostructured host (2.5±3.0 nm in diameter, see Fig. B in the
Supplementary Information). Although DA surfactants organized
into ellipsoidal liposomes (40 nm 3 15 nm) are known to polymer-
ize in the blue and red forms23 we questioned whether circumfer-
ential arrangements of DA surfactants (within spherical or
cylindrical micelles) could polymerize with the proper `ene'±`yne'
conjugation to produce coloured materials. Molecular mechanics
and dynamics calculations indicate that cyclic arrangements of up
to 19 DA monomers around the periphery of the 3.0-nm-diameter
pore are possible and that an energy-optimized 16-membered
cyclic PDA oligomer can exhibit absorption behaviour consistent
with the blue form of PDA (see Fig. 1d). Helical conformations24

represent an alternative con®guration that might satisfy DA
proximity requirements without severely disrupting the conjuga-
tion. In general, nonlinear conformations may be needed for
polymer propagation within these self-assembled nano-structured
hosts. Such conformations are presumably rare or impossible for
Langmuir monolayers and Langmuir±Blodgett ®lms.

The PDA/silica nanocomposite ®lms are optically transparent
and mechanically robust. Modulus values measured by nano-
indentation (3:50 6 1:00 GPa) are compared to those of calcined
mesoporous silica ®lms that have been successfully integrated into
microelectronic devices as low dielectric constant ®lms (Y.L. and

C.J.B., unpublished work). Nitrogen sorption experiments per-
formed using a surface acoustic wave technique25 show the nano-
composite ®lms to be nonporous to nitrogen at -196 8C (Type II
sorption isotherm, see Fig. B of the Supplementary Information),
meaning that the PDA completely ®lls the pore channels and that
the composite architecture may impart some degree of oxidation
resistance (important for extension to other conjugated polymer
nanocomposites).

The blue PDA/silica nanocomposites thus exhibit solvatochro-
mic, thermochromic, and mechanochromic properties. When con-
tacted with the series of polar solventsÐ2-propanol, acetone,
ethanol, methanol and dimethylformamideÐthe ®lms transform
to the red, ¯uorescent form and the differential absorbance (A) at
645 nm (Ablue 2 Ared) scales linearly with the dielectric constant of
the solvent: A645 nm � 0:003 �dielectric constant�2 0:005; for a cor-
relation coef®cient of 0.992 (see Fig. 4f), suggesting applications in
sensing. We suggest that polar solvents diffuse within the polar,
hydrophilic EOn pendant side chains. The accompanying solvation
stresses are transferred to the PDA backbone (evidence for solvation
stresses are presented in Fig. A of the Supplementary Information),
reducing its conjugation length, and therefore inducing the blue !
red transformation26 as understood by recent molecular mechanics
simulations27. The solvatochromic behaviour shows very slow
reversibility. Heating to temperatures in excess of 47 8C can also
cause the blue ! red transformation, and preliminary results have
shown this thermochromic behaviour to be rapidly reversible
(several seconds). This may arise from hydrogen-bonding
interactions26 of the pendant side chains with the silanol moieties
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Figure 4 Patterned polymerization induced by ultraviolet irradiation and the

thermochromic and solvatochromic transition of a hexagonal PDA/silica nanocomposite

®lm. a, Schematic representation of the ultraviolet patterning procedure. b, Patterned

blue/colourless ®lm formed by ultraviolet irradiation for 2 min. c, Patterned red/colourless

®lm formed by heating the ®lm in b to 100 8C for 1 min. d, Patterned red/blue ®lm formed

by ultraviolet exposure of ®lm in c for 2 min. e, Ultraviolet±visible spectra of the blue PDA/

silica hexagonally ordered nanocomposite, the corresponding red ®lm formed by heating

at 100 8C, and the ¯uorescence emission spectrum of the red ®lm (excited at 500 nm).

Film formed from structure 1, with n � 5. f, Differential absorbance at 645 nm resulting

from the solvatochromic transition of blue PDA/silica nanocomposite ®lms to the

corresponding red ®lms upon immersion of the blue ®lms in the series of solvents: hexane,

2-propanol, acetone, ethanol, methanol, or dimethylformamide. Immersion times were

3 s followed by drying in nitrogen at room temperature. Without consideration of the non-

polar solvent, hexane, the regression equation is A 645 nm � 0:003 (dielectric constant)

-0.005, correlation coefficient � 0:992.
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of the surrounding inorganic mesophase, supplying a restoring
force and enabling recovery of the original side-chain orientation.
Mechanical abrasion of the blue nanocomposite ®lm causes local
transformation to the red ¯uorescent form. Thus we envision
mechanochromic barrier coatings that could sense excessive
mechanical damage by changing from the blue form to the red
¯uorescent form.

The use of polymerizable surfactants as both structure-directing
agents and monomers in the various evaporation-driven self-
assembly schemes developed recently28,29 represents a general, ef®-
cient route to the formation of robust and functional nanocompo-
sites. Synthesis of surfactants with polymerizable thiophene,
acetylene or phenylenevinylene groups should enable the self-
assembly of conductive, conjugated polymer/silica nanocomposites
in thin-®lm forms suitable for integration into devices. Conductive
polymers con®ned within rod-like micellar channels of an electrical
insulator conjure ideas of molecular wires. Unlike conduction
measurements with two-dimensional ®lms, such as bilayers30 and
monolayers31, hexagonally ordered nanocomposite mesophases are
nearly one-dimensional structures that could allow ef®cient con-
ductivity along the channel direction. M

Methods
Precursor solutions were synthesized from tetraethylorthosilicate (TEOS, Si(OC2H5)4),
diacetylenic surfactants (structure 1 with n � 3, 4, 5, 10; structure 2, or combinations
thereof) and HCl catalyst prepared in a THF/water solvent. The ®nal reactant mole ratios
were 1 TEOS:31.4±57.9 THF:4.96 H2O:0.013 HCl:0.06±1.41 DA surfactant. Films were
prepared by casting, spin-coating at 2,000 r.p.m., or dip-coating at a rate of 40 cm min-1.
Polymerization of PDA to the blue form was done by ultraviolet exposure at 266 nm for
times ranging from 30 s to 30 min. Subsequent transformation to the red form was
accomplished by heating at 100 8C for times ranging from 30 s to 2 min or by exposure to a
solvent.

Molecular simulations were performed using Cerius2 and Polygraf software and the
Burchart±Dreiding 2.21 force ®eld. Ultraviolet±visible spectra of the PDA oligomers were
calculated from the transition wavelengths and oscillator strengths obtained from INDO/S
calculations on the terminated polymer backbone structure obtained from the molecular
dynamics calculation.
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Dating the onset of deep-water ¯ow between the Arctic and North
Atlantic oceans is critical for modelling climate change in the
Northern Hemisphere1,2 and for explaining changes in global
ocean circulation throughout the Cenozoic era3 (from about 65
million years ago to the present). In the early Cenozoic era,
exchange between these two ocean basins was inhibited by the
Greenland±Scotland ridge3,4, but a gateway through the Faeroe±
Shetland basin has been hypothesized3,5. Previous estimates of the
date marking the onset of deep-water circulation through this
basinÐon the basis of circumstantial evidence from neighbour-
ing basinsÐhave been contradictory5±9, ranging from about 35 to
15 million years ago. Here we describe the newly discovered
Southeast Faeroes drift, which extends for 120 km parallel to the
basin axis. The onset of deposition in this drift has been dated to
the early Oligocene epoch (,35 million years ago) from a
petroleum exploration borehole. We show that the drift was
deposited under a southerly ¯ow regime, and conclude that the
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