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ABSTRACT. One of the many evolved functions of photosynthetic organisms is to synthesize
light harvesting nanostructures from photoactive molecules such as porphyrins. Engineering
synthetic analogues with optimized molecular order necessary for the efficient capture and harvest
of light energy remains challenging. Here, we address this challenge by reporting the self-assembly
of zinc(II) meso-tetrakis(4-carboxyphenyl)porphyrins into films of highly ordered nanostructures.
The self-assembly process takes place selectively at the interface between two immiscible liquids
(water|organic solvent), with kinetically stable interfacial nanostructures formed only at pH values
close to the pKa of the carboxyphenyl groups. Molecular dynamics simulations suggest that the
assembly process is driven by an interplay between the hydrophobicity gradient at the interface
and hydrogen bonding in the formed nanostructure. Ex situ XRD analysis and in situ UV/vis and
steady state fluorescence indicates the formation of chlathrate type nanostructures that retain the
emission properties of their monomeric constituents. The self-assembly method presented here
avoids the use of acidic conditions, additives such as surfactants and external stimuli, offering an
alternative for the realization of light-harvesting antennas in artificial photosynthesis technologies.

1.

INTRODUCTION

Photosynthetic organisms universally exploit antenna systems to capture high energy photons and
funnel this excitation energy toward a coupled reaction centre.1,2 Self-assembled molecular
antennae consisting of multi-layers of chromophores, such as porphyrins, can potentially function
as high efficiency light harvesters due to their exceptionally high molar absorption coefficients
(105 cm–1M–1).3 However, to mimic the evolved efficiency of these antennas and avoid
“concentration quenching” of the excited state at disordered trap sites,3 the supramolecular packing
of the individual chromophores must be precisely controlled and show long-range molecular
order.4,5
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Molecular self-assemblies at “soft” liquid|air or immiscible liquid|liquid interfaces can exhibit
the required macroscale long-range order.6 These soft interfaces are exceptionally smooth, and
have no inherent defects leading to an unrivalled macroscale uniformity in molecule-interface
interactions.7,8 By contrast, the grain boundaries, step defects and edge sites always present at
solid|liquid interfaces can impede diffusion of adsorbed molecules, trapping them in local energy
minima as molecules stick to defect sites.9,10 The uniform templating of adsorbed molecules at
liquid|air or immiscible liquid|liquid interfaces has been exploited to create a variety of porphyrin
assemblies,11–16 yet a facile and robust route to create highly-ordered porphyrin nanostructures
remains challenging.
Here we describe the self-assembly of light harvesting nanostructures from readily available,
water-soluble and symmetrically substituted porphyrins at mild pH conditions. Thus, we avoid
acidic conditions (that would lead to the expulsion of the central metal ion),17 as well as the use of
synthetically challenging amphiphilic porphyrin molecules,18 and more complicated routes using
additives (e.g., divalent cations or surfactants)19–21 or external stimuli (e.g., electric fields).22–24 We
chose zinc(II) meso-tetrakis(4-carboxyphenyl)porphyrin (ZnTPPc) as a prototypical model system
to demonstrate this new means of self-assembly at an immiscible aqueous|organic interface.
Simply contacting aqueous ZnTPPc solutions prepared in citrate buffer at pH values between 5.1
and 6.0 with a neat, immiscible organic phase of -trifluorotoluene (TFT) lead to the
immediate formation of films of porphyrin nanostructures. We rationalise our findings using
molecular dynamics (MD) simulations that highlights the key role of the hydrophobicity gradient
at the immiscible aqueous|organic interface, and carboxylic acid-carboxylate hydrogen bonding
interactions in the formed nanostructure. The latter were found to be maximised at pH values close
to the pKa of the carboxylic groups within the nanostructure (pH 5.8),25 leading to kinetically
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stable interfacial nanostructures. The presence of multi-layers with strong visible light absorption,
and the crystalline macroscale long-range molecular order in the porphyrin nanostructure, suggests
these films as promising light-harvesting antennae in artificial photosynthetic technologies.
2.

EXPERIMENTAL SECTION
2.1. Chemicals. All reagents were used as received without further purification. Meso-

tetrakis(4-carboxyphenyl)porphyrin (H2TPPc, ≥98%) and its zinc(II) derivative (ZnTPPc, ≥98%)
were obtained from Porphychem. Lithium hydroxide (LiOH, ≥98%), citric acid (H3Cit, ≥99.5%),
decamethylferrocene (97%), and 1,2-dichloroethane (DCE, ≥99.0%) were purchased from SigmaAldrich, and α,α,α-trifluorotoluene (TFT, ≥99%) from Acros Organics. All aqueous solutions were
prepared using Milli-Q® deionized water (18.2 MΩ·cm). Aqueous solutions of ZnTPPc were
prepared by directly dissolving the solid in the lithium citrate buffer pre-adjusted to the desired
pH, followed by sonication of the solution for three minutes. Initially, H2TPPc was insoluble in
the buffer at neutral pH. Therefore, the solid was dissolved first in LiOH and the pH subsequently
adjusted with H3Cit. The ionic strength of each lithium citrate buffer solution containing either
porphyrin was maintained at 10 (±2) mM. For the photoelectrochemistry experiments,
bis(triphenylphosphoranylidene)

ammonium

chloride

(BACl,

97%)

and

lithium

tetrakis(pentafluorophenyl)borate diethyletherate ([Li(OEt2)]TB) were obtained from SigmaAldrich

and

Boulder

Scientific

Company,

respectively.

Bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BATB) was
prepared by metathesis of BACl and Li(OEt2)]TB, as described previously.26
2.2. Characterisation methodology. The films of Por-INs were gently transferred to a silicon
substrate for SEM, XRD and Raman characterisation, or an Agar Scientific TEM grid (Holey
Carbon film 300 Mesh Cu) for TEM imaging, by bringing the solid supports into contact with the
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interface. Prior to imaging, the samples were sequentially rinsed with water and TFT, and dried
under a stream of nitrogen gas. TEM images were acquired on a Thermo Fisher double aberration
corrected Titan Themis, spot size 6, on a Gatan Oneview detector. SEM images were obtained on
a FEI Quanta 650 FEG high resolution SEM. X-ray diffraction patterns (XRD) were acquired in
-2 geometry with a Phillips Xpert PW3719 diffractometer using Cu Kα radiation (λ = 0.15418
nm, operation voltage 40 kV, current 40 mA). Patterns were also acquired in -2 geometry using
a PANalytical X'pert PRO XRD. UV/vis absorbance spectra were collected in a Thermo Scientific
Evolution 60S UV/vis spectrophotometer with illumination provided by a Xenon light source
(accuracy ±0.8 nm). Steady-state fluorescence experiments were performed in a LS 55 Perkin
Elmer Fluorescence spectrometer. The experimental configuration implemented to obtain UV/vis
and steady-state fluorescence spectra of the Por-INs is illustrated in Figure S1. Raman
measurements were carried out using a Horiba Jobin Yvon T64000 spectrometer equipped with a
nitrogen cooled CCD detector. The laser wavelength was 532 nm with a power of 13 mW. Raman
spectra were obtained in 10 acquisitions of 30 seconds duration.
2.3. Adsorption isotherms. Vials containing biphasic systems of ZnTPPc or H2TPPc in lithium
citrate buffer (10 mM ionic strength, pH 5.8) at different initial bulk concentrations and TFT as
the organic phase were prepared and left to stand for 24 hours. After this time, the Por-INs formed
and all remaining unadsorbed porphyrin in the bulk aqueous phase was extracted by thoroughly
rinsing with porphyrin-free buffer solution. The solutions containing unadsorbed porphyrin were
collected and analysed by UV/vis absorbance spectroscopy to quantify the porphyrin concentration
therein (final bulk concentration). By subtracting the final from the initial bulk concentrations, the
surface concentration (number of moles adsorbed per geometric area of aqueous|organic interface)
was determined. All quantifications were performed using a calibration curve.
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2.4. Molecular dynamics simulations. Simulations of interfacial adsorption and assembly were
performed using a pre-equilibrated water|TFT interface, consisting water and TFT regions with
4000 water molecules and 1226 TFT molecules, respectively. Full details are provided in the
Supporting Information.
2.5. Photocurrent transient measurements at an electrified aqueous|organic interface.
Photocurrent measurements with a DC illumination were performed using the LED driver
provided by Metrohm Autolab in conjunction with a PGSTAT204 in a 4-electrode configuration
as presented in Figure S2. The overlap of the emission spectrum of the LED with the absorption
spectra of ZnTPPc, H2TPPc and their respective Por-INs is presented in Figure S3. The
determination of the photon flux at the electrified liquid|liquid interface as a function of the LED
driving current is outlined in Figure S4.
3.

RESULTS AND DISCUSSION
3.1. Triggering the formation of interfacial nanostructures. The selective formation of

ZnTPPc nanostructures at the interface between water and TFT was observed upon contacting a
ZnTPPc aqueous solution with neat TFT. A yellow/green colour was observed at the water|TFT
interface within minutes, easily distinguishable from the purple colour of the bulk ZnTPPc aqueous
solution, and associated with the formation of porphyrin interfacial nanostructures (Por-INs)
(Figure 1a). Self-assembly was observed only at pH values where the ratio between neutral,
protonated (H4[ZnTPPc]) and tetra-anionic, deprotonated ([ZnTPPc]4–) species was close to 1
(pH= pKaCOOH = 5.8), see Figure S5. Mono-, di- and triprotonated ZnTPPc species may also be
present. However, only one pKa was observed for the potentiometric titration of ZnTPPc with
hydrochloric acid (Figure S6) suggesting that the different pKa values of the carboxylic groups fall
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within a very narrow interval of pH. Nevertheless, it must be noted that the interfacial protonation
equilibria is complex. Despite using a buffered aqueous electrolyte, an implicit assumption cannot
be made that the pH at the liquid|liquid boundary, where nanostructure formation is initiated, is
the same as in the bulk. Numerous studies have shown that local interfacial pH values can be
several units different from the bulk aqueous phase.27–29 Furthermore, the pKa of the
carboxyphenyl groups may differ from their bulk values, observed previously for other acid/base
equilibria at the water|air interface.30,31
MD simulations show that the hydrophilic, anionic [ZnTPPc]4– species prefer to sit in water at a
distance of ~3-5 Å above the interface due to their hydrophilic nature (Figure 1b), and suggest that
initially, hydrophobic neutral H4[ZnTPPc] species accumulate at the interface driven by the
hydrophobicity gradient at the immiscible liquid|liquid interface (Figure 1b and Figure S7). This
interfacial layer acts as a template structure for the [ZnTPPc]4– species to adsorb via carboxylic
acid-carboxylate hydrogen-bonding and π-π interactions. In this manner, a crystalline film of
ZnTPPc nanostructures builds up layer-by-layer at the interface. Akin to the clathrate crystals of
ZnTPPc developed by Goldberg and coworkers,32–36 the strength of each individual hydrogen bond
or π-π interaction may be insubstantial, but the cooperative effect allows the net enthalpies of these
multivalent interactions to cumulatively rival the strength of a covalent bond and stabilise the PorIN. Ex situ scanning electron microscopy (SEM) images reveal the thickness of the film of ZnPorINs to be approximately 135 (± 5) nm (Figure 1c).
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Figure 1. Formation of porphyrin interfacial nanostructures. a) Optical images of the formation of
Por-INs at the interface between water and TFT. b) Computed potential of mean force or free
energy profiles for translation of ZnTPPc molecules across the water|TFT interface, averaged over
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10 ns of free molecular dynamics, with the carboxylate groups on the 4-carboxyphenylsubstitutents either fully deprotonated, [ZnTPPc]4– (solid red line) or fully protonated H4[ZnTPPc]
(solid blue line). c) Scanning electron microscopy (SEM) image of a film of ZnPor-INs transferred
from the water|TFT interface to a copper grid with a holey carbon substrate. d) Distribution
percentage of neutral H4[ZnTPPc] (blue line) and anionic [ZnTPPc]4– (red line) porphyrin species
in the aqueous phase as a function of pH, with a schematic description of the layered structure of
the ZnPor–INs, and chlathrate structure of ZnPor-INs obtained from ex situ XRD analysis (vide
infra). Note, for clarity, only a simple hydrogen bonding model is displayed for the chlathrate
structure of the ZnPor-INs. However, coordination of carboxyl groups to the central zinc atom is
also important to form a well ordered 3D-structure, as described vide infra.

Control experiments and MD simulations demonstrated that ZnTPPc and free-base H2TPPc
molecules are kinetically stable in solution at pH 5.8, and do not undergo spontaneous bulk
aggregation in the concentration range studied (Figure S8). This indicates that the Por-INs form
only by self-assembly in situ at the water|TFT interface. Thus, to achieve selective Por-IN
formation, the pH of the aqueous solution must be controlled across a narrow pH range between
5.1 and 6.0 (Figure 1d). More alkaline conditions inhibit formation of the Por-INs due to
electrostatic repulsion between tetra-anionic porphyrins. More acidic conditions induce the
spontaneous formation of aggregates in the bulk aqueous phase (Figure S9). This pH dependency
of Por-IN formation indicates that cooperative H-bonding is key for self-assembly of the
nanostructure. This finding is in line with a detailed examination of the photoelectrochemistry of
ZnTPPc and decamethylferrocene at the water|1,2-dichloroethane (DCE) interface by Girault and
co-workers.37 Based on the photocurrent dependence on the angle of polarisation under total
internal reflection, they concluded that the spontaneous 2D coverage of ZnTPPc molecules at the
interface is pH dependent, sharply decreasing above pH 6. While no interfacial nanostructures
were observed by Girault and co-workers,37 their data strongly correlates with our observations
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that spontaneous 2D assembly is the initial step in the generation of 3D interfacial nanostructures.
Furthermore, nanostructure self-assembly is not restricted to a single immiscible biphasic system,
with experiments showing that Por-INs also form selectively at the water|DCE interface (Figure
S10).
3.2. Molecular structure of the Por-INs. Transmission electron microscopy (TEM) and X-ray
diffraction (XRD) analysis confirm the crystalline and layered nature of the porphyrin interfacial
nanostructures. Ex situ TEM images with corresponding selected area electron diffraction (SAED)
analysis, and patterns from ZnPor-INs (Figure 2a-c) were acquired after immobilization of the film
on an amorphous hydrophilized glass substrate. The diffraction pattern for ZnPor-INs bears a
striking resemblance to NAFS (nanofilm on a solid surface) structural models for liquid phase
interfacial synthesis of highly ordered molecular nanosheets (Figure 2a).38 SAED and XRD
estimate a 0.55-0.57 nm interplanar spacing between {110} planes, with a ~1.1 nm periodicity
measured from HRTEM lattice fringes. The intense 220 reflection is consistent with a lack of
layer-on-layer stacking order (due to non-registered stacking), but a highly crystalline nanosheet
material is formed. The (200) reflections indicate strong axial coordination that is a distinct feature
of layering along the c-axis normal to the support. Clearly discernible (hk0) reflections are
consistent with a tetragonal unit cell with preferred growth orientation along the plane of the
liquid|liquid interface (Figure 2b,c). Experiments with nanostructures of the free base H2TPPc
(H2Por-INs) demonstrate the key role of the central metal ion in enhancing the crystallinity of the
film of porphyrin interfacial nanostructures. H2Por-INs grown in the same way also form a
crystalline 2D layered material, and show a similar XRD pattern but with a more pronounced
amorphous background and suppressed reflection intensity compared to the ZnPor-INs (Figure
2d,e). A schematic representation of the crystalline and interdigitated layered clathrate-type
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structure of the ZnPor-INs is illustrated in Figure 2f. This structure assumes interdigitation to
account for the reduced unit cell spacing compared to a NAFS-1 or NAFS-2 tetragonal metalorganic nanosheet crystalline structure.

Figure 2. Characterisation of ZnPor-INs and H2Por-INs ex situ by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). a) TEM image of ZnPor-INs transferred from
the water|TFT interface to a copper grid with a holey carbon substrate, taken at 185 k
magnification. The profile of the lattice fringing shown on the right is taken from the area marked
by the red box in the TEM image. b) TEM image of ZnPor-INs, taken at 185 k magnification at
an accelerating voltage of 300 kV and c) the corresponding diffraction pattern with a 40 μm
selected area aperture and camera length of 580 mm. d) XRD pattern of the ZnPor-INs transferred
to a silicon substrate. Patterns were acquired in ω-2θ geometry and clearly discernible (hk0)
reflections confirms a tetragonal unit cell and dominant c-axis layering. e) XRD of the H2Por-INs.
f) Schematic representation of the crystalline and layered clathrate-type structure of the ZnPorINs. Black balls represent carbon, pink is zinc, blue are nitrogen, and green are oxygen.
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3.3. The interfacial nanostructures represent a kinetically trapped metastable state rather
than a thermodynamically stable state. The interfacial concentration of Por-INs was measured
as a function of the solution concentration of ZnTPPc and H2TPPc, respectively. Over the
concentration range studied (0.5-100 µM), ZnTPPc adsorption followed a Brunauer-Emmet-Teller
(BET) isotherm behaviour, whereas H2TPPc adsorption followed a linear isotherm behaviour
(Figure 3). Using the BET model for liquid phase adsorption reported by Ebadi et al.,39 the
isotherm obtained for ZnTPPc adsorption was fit to Eqn. 1:

Г = Г𝑚 (1−K

𝐾1 𝐶𝑒𝑞.
2 Ceq. )(1−𝐾2 𝐶𝑒𝑞. +𝐾1 𝐶𝑒𝑞. )

(1)

in which 𝐾1 and 𝐾2 are the pseudo-equilibrium constants of adsorption to form the first and second
layers of the ZnPor-INs, Г and Г𝑚 are the equilibrium and monolayer porphyrin surface
concentrations, respectively, and 𝐶𝑒𝑞. is the equilibrium concentration of the porphyrin in solution.
Non-linear fitting determined Г𝑚 as 13.08 (±0.94) nmolcm–2, and 𝐾1 and 𝐾2 as 4.55 x 10–2 (±0.25)
and 8.79 x 10–3 (±2.21 x 10–4) Lµmol, respectively (95% confidence). Thus, the Gibbs free energy
of adsorption (ΔGads. ) of ZnTPPc molecules to form the first and second layers of the ZnPor-INs
are 7.65 kJmol–1 and 11.72 kJmol–1, respectively. These values suggest that the interfacial
nanostructures represent a kinetically trapped metastable state rather than a thermodynamically
stable state. In other words, the interfacial molecular self-assembly process is under kinetic control,
and such out-of-equilibrium self-assembly systems are known to yield porphyrin nanostructures
that are inaccessible through the spontaneous thermodynamic process.40 The latter kinetic control
has also been observed in supramolecular polymerization of porphyrins,41 and the self-assembly
of polyelectrolytes,42 perylenes,43 and other types of nanostructures.44
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Figure 3 Adsorption isotherms obtained at 20 °C of ZnTPPc and H2TPPc at the water|TFT
interface. Inset: Adsorption isotherm data for ZnTPPc at the water|TFT interface, highlighting the
Brunauer-Emmet-Teller (BET) behavior

The difference in the adsorption isotherms for ZnTPPc and H2TPPc further emphasises the
influence of the metal centre during porphyrin interfacial adsorption. Previous studies at an
aqueous|dodecane interface demonstrated that the adsorption of an oil-soluble metalloporphyrin
was highly dependent on the nature of the central metal ion due to the different water coordination
geometries around different metals.45 Also, the study by Girault and co-workers37 noted vide supra,
concluded that there is a direct link between the surface coverage and orientation of ZnTPPc
adsorbed at the interface. A dihedral angle between the porphyrin ring and the surface normal in
the range of 60 to 75° was observed, depending on the bulk ZnTPPc concentration and the
application of a Galvani potential difference at the liquid|liquid interface, and rationalized in terms
of minimizing the contact of deprotonated carboxyl groups to the hydrophobic phase.37 We used
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MD simulations to quantify the influence of the presence or absence of Zn2+, and the protonation
state, on the adsorption of ZnTPPc and H2TPPc at the water|TFT interface. For all model variants,
there is a significant degree of orientational freedom (Figure S11), with all molecules adopting a
range of orientations relative to the interface. This is reflected in the orientational angle probability
distributions which have peaks at a low (<15°) angle but remain non-zero for all angles. (Figure
S11). This suggests that the difference in the adsorption behaviour stems from different
supramolecular packing modes within the Por-INs and not their interaction with the liquid|liquid
interface.
3.4. Influence of nanostructure formation on the photophysical properties of the assembly.
In situ UV/vis absorption spectra of ZnTPPc in solution and ZnPor-INs are shown in Figure 4a
and Figure S12. The λmax. value of the Soret band for the ZnPor-INs is blue-shifted (from 422 to
413 nm with respect to ZnTPPc in solution). Perturbation of the electronic absorption spectra in
terms of shifts and broadening of the Soret band, indicate the presence of multiple structural
domains within the ZnPor-INs. Analogous to ZnTPPc in solution, ZnPor-INs display two Q bands,
indicating that the porphyrin ring remains metallated with Zn2+ and thus retains the D4h symmetry.
Additionally, in solution, ZnTPPc presented one main peak centred at 422 nm (Figure 4a and Table
S1). This peak further indicates the monomeric nature of ZnTPPc under the experimental
conditions used during this work. The latter is supported with the adherence of ZnTPPc in solution
to the Beer-Lambert law across an extensive concentration range (Figure S12), and with previous
studies.46
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Figure 4. Spectroscopic characterisation of the ZnPor-INs by in situ UV/vis absorbance and
steady-state fluorescence, and ex situ Raman spectroscopy. Deconvolution of the Soret absorbance
bands for a) ZnTPPc in solution and ZnPor-INs. b) Comparison of the fluorescence emission
spectra of ZnTPPc in solution and ZnPor-INs for an excitation wavelength (λexc.) of 418 nm. c)
Comparison of the Raman spectra of films of ZnPor- and H2Por-INs transferred from the
water|TFT interface to a silicon substrate (see Table S2 for peak assignments).

In situ steady-state fluorescence spectra was measured for an excitation wavelength (λexc.) of 413
nm (Figure 4b). Comparison of the emission profiles of ZnTPPc in solution and the ZnPor-INs
shows that the Q(0,0) transient is slightly blue-shifted and Q(0,1) transition slightly red-shifted
upon nanostructure formation. Following Kasha’s exciton model, the ZnPor-INs can be classified
as H-type structures (with a blue shifted max., see Figure 4a) where strong − overlap is expected.
− interactions are reported to lower exciton diffusion and fluorescence rates.47,48 However,
energy transfer within these types of molecular assemblies is also affected by other parameters
such as intermolecular distance, molecular packing orientation or molecular crystallinity.49 The
importance of the latter is highlighted in several works where high carrier mobility is observed in
structures with strong − stacking interactions.49,50 For example, Vohra et al.50 reported
crystalline lamellar structures of thiophene polymers with short − stacking distance as highly
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efficient active layers in solar cells. Thus, the retention of fluorescence emission after
nanostructure formation demonstrates how the long-range molecular order in the nanostructure
leads to diminished concentration quenching, a key attribute when designing light-harvesting
antennae in artificial photosynthetic technologies. Additional dependence of the emission
properties of these nanostructures on the excitation wavelength is presented in Figures S13 and
S14.
Since ZnTPPc self-assembles in mild pH conditions, expulsion of Zn2+ was avoided, as
confirmed by analysis of the effect of nanostructure formation on the vibrational modes of the
ZnPor- and H2Por-INs by ex situ Raman spectroscopy (Figure 4c). Prominent differences between
the two are entirely consistent with previous comparisons of metallo- and free-base 4carboxyphenyl-substituted porphyrin Raman spectra (Table S2).51,52 The retention of Zn2+ is a key
advantage of the interfacial self-assembly method described over common aggregation methods
in bulk solution at acidic conditions. The presence of the metal increases the inter-system crossing
(ISC) rate constant, kISC, due to the heavy atom effect, increasing the probability of the forbidden
S1→ T1 transition. From the T1 state, relaxation may occur via phosphorescence or charge transfer.
The long-lived (up to millisecond) excited triplet state lifetimes provides sufficient time for the
excited state to efficiently interact with ground state quencher molecules.53
As a proof-of-concept, the photoactivity of the ZnPor-INs was demonstrated by mediating
interfacial photo-induced electron transfer (PET) between redox species chemically confined to
different sides of a liquid|liquid interface using the methodology pioneered by Girault and coworkers (Figure 5a).37,53–55 The multi-layers of porphyrin in the ZnPor-INs floating at the interface
function as light harvesters. Upon illumination, the generated triplet excited state was reductively
quenched by electron transfer from decamethylferrocene, and the ground state regenerated by hole
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transfer from O2. The charge separation was accompanied by an electrical photocurrent through
an external circuit, and the latter increased on application of a more positive Galvani potential
difference (Figure 5b-c).
Control cyclic voltammograms (CVs) were carried out, in the dark and with chopped LED
illumination, in the presence of the ZnPor-INs at the interface and decamethylferrocene in the TFT
phase (Figure S15). Charge transfer peaks due to the adsorbed ZnPor-INs precluded the study of
applied Galvani potentials less than –0.1 V (Figure S15). Decamethylferrocene is a relatively
strong electron donor, capable of reducing dissolved O2, and consequently leading to a dark current
at positive Galvani potentials with an onset of ~+0.15 V. The mechanism underlying this dark
current has been identified previously as the reduction of O2 by first proton transfer to the organic
phase, followed by formation of a decamethylferrocene-hydride. The latter then reacts with
dissolved O2 in the TFT to generate a peroxyl radical species, HO2•.56 However, as seen in Figure
S15, the photocurrents obtained are superimposed upon this dark current and can be resolved by
background subtraction of the dark current (as is the case for the photocurrent transients shown in
Figures 5b and c).
A major future perspective outside the scope of this article is an in-depth exploration of PET at
electrified liquid|liquid interfaces using this photoactive film. In particular, a detailed analysis on
the potential dependence of the magnitude and line-shape of the photocurrent transient
measurements is required and will lead to an elegantly simple system to realise a new approach to
artificial photosynthesis entirely based on a self-assembled system.
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Figure 5. Photoconversion at the interface between two immiscible liquids. a) Schematic of “softphotoconversion”; converting light energy to chemical energy using dye-sensitised electrified
liquid|liquid interfaces. The donor species (D) is decamethylferrocene and the acceptor species (A)
is O2. The ZnTPPc triplet excited state in the crystalline, layered ZnPor-INs undergoes reductive
quenching by decamethylferrocene, with O2 regenerating the ground state. Thus, light energy is
converted to chemical energy in the form of the oxidised donor (D+) and reduced acceptor (A–)
spatially separated on either side of the water|TFT interface. Photocurrent transients were
measured b) at 0 V and c) at a positive polarisation of the interface (0.5 V), at pH 5.8 and 5 mM
decamethyferrocene in the TFT phase. The ZnPor-INs floating at the water|TFT interface were
illuminated with an LED (470 nm at 50 mW·cm–2) controlled by the potentiostat. The water|TFT
interface was electrified using a specialised 4-electrode electrochemical cell (CEw and CEo are the
counter electrodes in the water and TFT phases, respectively, and REw and REo are the reference

18

electrodes

in

each

phase).

The

supporting

organic

electrolyte

was

5

mM

bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BATB).

4.

CONCLUSIONS
The defect-free nature of the water|organic interface provides an ideal platform to self-assemble

interfacial nanostructures with unique structural arrangements. In this Article, we report the selfassembly of interfacial nanostructures of zinc(II) meso-tetrakis(4-carboxyphenyl)porphyrin. The
nanostructures are stabilised by cooperative hydrogen bonding and, due to the templating
interaction of the interface with adsorbed porphyrin molecules, possess a highly ordered structure.
This approach uniquely harnesses the difference in hydrophobicity between the neutral protonated
and tetra-anionic non-protonated versions of the porphyrin at pKa conditions, combined with the
introduction of a hydrophobicity gradient to trigger interfacial self-assembly. We open a new
avenue to kinetically stable porphyrin nanostructure formation under mild experimental conditions
without the need for acidic pH, designer amphiphilic porphyrin molecules, aggregation-inducing
additives or external triggers. The feasibility of using such nanostructures for light collection and
harvesting was demonstrated in situ by measuring photocurrents associated with interfacial photoinduced electron transfer across the water|TFT interface.
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aqueous solutions (influence concentration and pH on dimerisation or aggregation, respectively),
in situ spectroscopic studies of porphyrin interfacial nanostructures (UV/vis, fluorescence and
Raman).
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