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ABSTRACT

Photoresponsive nanoporous membranes, composed of monosized pores modified with azobenzene ligands, were prepared on an ITO working
electrode using an evaporation-induced self-assembly procedure. They exhibited the size-selective photoregulated mass transport of two
ferrocene-based molecular probes through the membrane to the electrode surface as determined using a chronoamperometry technique. The
measured oxidative current increased and decreased in response to alternating UV and visible light exposure correlating strongly with the
photoisomerization state of the azobenzene ligands. This indicates that the optically switchable conformation (trans or cis) of azobenzene
ligands controls the effective pore size and, correspondingly, transport behavior on the nanoscale.

Materials that respond predictably to pH,1-3 temperature,4,5

light,6-8 biomolecules,9-11 or electric fields12,13 are of po-
tential interest for applications in microfluidics, microvalves,
controlled drug release, sensors, optical switches, pho-
tomemories, light-driven displays, optical storage, and op-
tomechanical actuation. For example, pH-responsive hydro-
gels have been integrated into fluidic devices where their
volumetric response to pH was used to control flow.1-3

However, in this case the hydrogel valves were defined on
the micrometer scale (using soft lithography), and the
response was controlled with macroscale precision. Here we
describe a nanocomposite architecture with the potential to
control pore size and, correspondingly, transport behavior,
with nanometer-scale precision. Our approach exploits the
well-known responses of azobenzene ligands to light and
heat.7,8,14-17 Trans T cis isomerization of azobenzene
moieties changes not only the molecular dimension (molec-
ular length of the cis isomer is ca. 3.4 Å shorter than that of
the trans isomer on the basis of a molecular simulation using
ChemBats3D Pro 5.5 software) but also the dipole moment
(0.5-3.1 D). For materials incorporating noncovalently
bonded azobenzene ligands, these switchable properties have
been used to control the gas permeation of a microporous

zeolite membrane,18 to change thed spacing of intercalated
nanocomposites,19 to direct the self-assembly of supramo-
lecular structures in trans or cis forms,20 and to control the
flux of a synthetic ion channel.21

However, to best utilize photoisomerization to control pore
size accurately, we need to anchor azobenzene ligands to
the pore surfaces of a nanostructured scaffold composed of
monosized pores. This allows the rigid inorganic scaffold
to position azobenzene ligands precisely in nanostructured
3D configurations where switching results in a well-defined
change in pore size. (See Figure 1.) The 3D composite
architecture should also enhance the mechanical and thermal
stability of the switchable ligands, which is important for
their integration into devices.

Surfactant-directed self-assembly22-25 has been extended
to form films with monosized pores and controlled surface
chemistries. Recently we reported a photoresponsive nano-
composite thin film formed by (evaporation-induced) sur-
factant-directed self-assembly (EISA) of an azobenzene-
modified silane, 4-(3-triethoxysilylpropylureido)azobenzene
(TSUA) and tetraethyl orthosilicate (TEOS).26 In EISA, the
amphiphilic hydrolyzed TSUA molecules function as cosur-
factants, positioning hydrophobic propylureidoazobenzene
groups in the hydrophobic micellar cores and co-organizing
the hydrophilic silicic acid groups with hydrolyzed TEOS
moieties at the hydrophilic micellar exteriors. After catalyst
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or thermally promoted siloxane condensation, TSUA is
anchored to the surfaces of monosized pores with the
azobenzene ligands disposed toward the pore interiors. (See
Figure 1.) The as-synthesized crack-free thin films (∼260
nm in thickness) showed not only a highly ordered mesos-
tructure but also a reversible photoresponse to alternate UV
and room light exposures as monitored by UV/vis spectros-
copy.

Herein we report on our continuing investigation of the
mesostructure and function of a photoresponsive nanocom-
posite film using transmission electron microscopy (TEM),
2D grazing incidence small-angle X-ray scattering (GISAXS),
and electrochemical methods. We show for the first time
optically mediated control of mass transport in a self-
assembled inorganic nanocomposite.

Figure 2 shows a representative TEM cross-sectional
image of an as-prepared photoresponsive nanocomposite
film, which exhibits a highly ordered cubic mesostructure.
The average center-to-center pore spacing is 5.6 nm. The
2D GISAXS data (Figure 2 inset) confirms that the pores
are arranged in a body-centered cubic mesostructure (bcc,
Im3hm space group) with a unit cell dimension ofa ) 5.7
nm (d200 ) 2.85 nm). The 2D GISAXS data indicates that
the (100) plane of the bcc mesotructure is oriented parallel
to the silicon substrate. The slight distortion of the bcc
mesostructure is due to the greater shrinkage in the direction
normal to the substrate than parallel to the substrate resulting
from laterally constrained siloxane condensation.

As illustrated in Figure 1, we expect the azobenzene-
functionalized nanocomposite films to have optically swit-
chable effective pore sizes. Under UV irradiation, isomer-
ization of the azobenzene ligands from the thermodynamically
stable trans form to the metastable cis form causes their
retraction, increasing the pore size and thus the mass transport
rate through the nanocomposite films. Exposure to lower-
energy radiation or heat has the reverse effect.

To demonstrate optical control of mass transport, we
performed a chronoamperometry experiment using an azoben-
zene-functionalized nanocomposite membrane to modify the
working electrode in an electrochemical cell. See the setup
in Figure 3. The chronoamperometry experiment uses

ferrocene dimethanol (FDM, Fe(C5H5CH2OH)2) or ferrocene
dimethanol diethylene glycol (FDMDG, Fe(C5H5CH2-
(OCH2CH2)2OH)2) as a molecular probe and provides a
measure of mass transport through the nanocomposite
membrane by monitoring the steady-state oxidative currents
at constant potential for the reactions (Scheme 1) taking place
on the working electrode surface (indium tin oxide, ITO).
At constant potential, the effective pore size limits the
diffusion rate of probing molecules to the electrode surface
during electrolysis. (Because FDM and FDMDG are un-
charged molecules, the electromigration effect can be
ignored.) Under dark conditions, the azobenzene moieties
are predominately in their extended trans form. Upon UV
irradiation (λ ) 360 nm), the azobenzene moieties isomerize
to the more compact cis form, which should increase the
diffusion rate and correspondingly the oxidative current.
Exposure to visible light (λ) 435 nm) triggers cisf trans
isomerization of the azobenzene moieties, decreasing the
current to the pre-UV exposure level.

In a typical chronoamperometry experiment performed
using a potentiostat (BioAnalytical Systems, model CV-
50W), photoresponsive nanocomposite membranes were
spin-coated onto an ITO substrate that was mounted in a
homemade electrochemical flow cell as a working electrode
(WE). A Ag/AgCl reference electrode (RE) and a Pt
counterelectrode (CE) were placed in a solution containing
1 mM FDM (or FDMDG) and electrolyte (10 mM pH 7.0
tris buffer + 50 mM KCl). A peristaltic pump was used to
pump fresh solution into the cell and to help maintain steady-
state concentration profile conditions at the surface of the

Figure 1. Schematic drawing of the reversible change in size of
azobenzene-modified pores in response to environmental stimuli
(light or heat). The trans or cis conformation of the azobenzene
ligands was calculated using ChemBats3D Pro molecular modeling
analysis software. Surface coverage was calculated on the basis of
the surface area and weight loss of the nanoporous film. Atomic
legend: gray (C), red (O), dark blue (N), blue (Si); H atoms are
omitted.

Figure 2. Cross-sectional TEM image of a photoresponsive
nanoporous film. Inset is a 2D GISAXS pattern shown in reverse
grayscale. The lower half of the plane is in the shadow of the silicon
substrate, and the scattering spots are attenuated.
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working electrode. One end of the cell was a quartz window,
designed to allow the illumination of the working electrode
with UV or visible light and acquisition. The cell was placed
in a Faraday cage made of copper mesh to screen the
magnetic and electrical noise. A Hg-Xe arc lamp (ORIEL,
model 66002) with a fiber optic was used as the light source.
Optical filters were used to select UV (360 nm, band pass)
or visible (435 nm, long pass) light.

Figure 4 shows typical current-time photoresponses of
the membrane-modified electrode measured at a constant
potential of 650 mV. In the curve using FDM as the
molecular probe, we observed that after an initial decay due
to electrode charging and the formation of a depletion layer
of FDM through the membrane the oxidative current of FDM
reaches the steady state after about 360 s. Upon UV (λ )
360 nm) irradiation, the current increases progressively
because of transf cis isomerization, which increases the
pore size before reaching a new plateau after 270 s,
corresponding to the photostationary state of transf cis
isomerization. Visible light (λ ) 435 nm) exposure decreases
the oxidative current due to cisf trans isomerization, which
decreases the pore size. After 200 s of this light exposure,
the current is reduced to its pre-UV exposure level, corre-
sponding to the photostationary state of cisf trans isomer-
ization. Three cycles of alternating UV/visible light exposure
were performed to show the reversibility and repeatability
of this process. In the last cycle, much weaker visible light
(0.5 mW) was used instead of stronger visible light (5.6
mW). We observed a much slower decrease in current,
demonstrating the slower response under lower illumination
levels. Control experiments were performed on a bare ITO
electrode and a mesoporous silica-coated ITO electrode (2.5-
nm pore diameter). However, no photoresponse was observed
in either of these systems, demonstrating that the photore-
sponse in the present electrode/film architecture is not an
artifact of the ITO electrode or the mesoporous silica film
but is a true effect due to the isomerization of azobenzene
moieties attached to the nanopore surfaces.

To correlate the observed current changes with the actual
isomerization state, a UV/vis spectroscopy study was per-

Figure 3. Schematic drawing of the electrochemical cell (top) and
mass transport of probing molecules through the photoresponsive
nanocomposite membrane integrated on an ITO electrode (bottom).
(A) Diffusion through smaller pores with azobenzene ligands in
their trans configuration; (B) diffusion through larger pores with
azobenzene ligands in their cis configuration. Legend: red ovals
(FDM or FDMDG), green ovals (FDM+ or FDMDG+), orange
ovals (azobenzene in cis form), orange elongated oval (azobenzene
in trans form).

Scheme 1. Electrochemical Reactions Taking Place on the
ITO Working Electrode Surface

Figure 4. I-t behavior of a photoresponsive nanocomposite film
under alternate exposure to UV (360 nm) and visible light (435
nm). (Last cycle uses room light, 400-700 nm.) Inset is the
absorbance at 356 nm (π-π* transition of the trans isomer) of the
same film immersed in the buffer solution containing 1 mM FDM.
The time scale of the UV/vis data corresponds to that of the first
cycle in theI-t response curve using FDM as the molecular probe.
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formed in which the nanocomposite film used for chrono-
amperometry was immersed in the electrolyte solution and
illuminated exactly as for the firstI-t cycle in the chrono-
amperometry experiment using FDM as the molecular probe.
As shown in the inset of Figure 4, the absorbance of the
nanocomposite film at 356 nm (λmax of theπ-π* transition
of azobenzene in the trans form) decreases progressively
under UV (λ ) 360 nm) irradiation and reaches a plateau,
which corresponds to the photostationary state of transf
cis isomerization. The following visible light (λ) 435 nm)
exposure causes the reverse cisf trans isomerization,
increasing the absorbance gradually before reaching the pre-
UV state. This data exactly correlates the conformational
changes of azobenzene moieties in the nanocomposite film
with the oxidative current changes measured in the chrono-
amperometry experiment. This demonstrates for the first time
optical control of mass transport through a nanocomposite
thin film.

To investigate the influence of the size of the probing
molecules on mass transport, we synthesized FDMDG
according to a previously reported procedure27 and performed
a chronoamperometry experiment using FDMDG as the
molecular probe. TheI-t curve (Figure 4) of the photo-
responsive nanocomposite film shows similar photoresponses
to that of the FDM probe (i.e., the oxidative current increases
under UV light (360 nm) irradiation and decreases under
visible light (435 nm) exposure). For FDM and FDMDG
probes, the ratios of maximum current change to the original
steady-state current are 40% (0.62µA/1.54 µA) and 47%
(0.16 µA/034 µA), respectively. As calculated using CS
Chem 3D Pro software, the Connolly solvent-excluded
volumes of FDM and FDMDG are 269 and 392 Å3,
respectively. From Figure 4, it is apparent that increasing
the volume of the probe molecule lowers the overall mass
transport, thereby decreasing the oxidative current, but
increases the selectivity as evidenced by the greater normal-
ized current ratio. Current work is investigating changing
the overall pore size or probe size to demonstrate “on/off”
control with these nanovalves.

In conclusion, we showed that ordered azobenzene-
functionalized nanoporous films prepared as supported
membranes exhibit dynamic photocontrol of their pore size,
which in turn enables the photoregulation of mass transport.
We can anticipate their potential applications in nanofluidic
devices, nanovalves, nanogates, smart gas masks, membrane
separation, and controlled release.
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