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Highlights 

• Lyotropic liquid crystals are unique media via reagent diffusion-partition. 

• Structure and orientation as well as dopant nature are significant. 

• First report of liquid nanotechnology for biomimetic artificial photosystems. 
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Abstract 

Normal lyotropic liquid crystals (in the lamellar or hexagonal phases) are investigated as a route to 

afford a structured, three-dimensional, quasi-biphasic framework within which electron transfer 

cascades may take place using cyclic voltammetry.  For model systems, we show that these can take 

place through reagent partitioning between the hydrophobic and hydrophilic subphases, and illustrate 

how the structure and its orientation, the nature of the ionic doping of the framework, and the 

hydrophobicity of the redox analyte may give rise to changes in the observed voltammetric waveshape.  

For the case of an artitifical mimic of the first few stages of Photosystem I, we demonstrate that photo-

induced electron transfer is likewise affected by the orientation, and develop a system of photon 

efficiency of ~0.1%. 

 

 

Keywords:  lyotropic liquid crystal, artificial photosynthesis, liquid nanosystem, cyclic voltammetry, photoelectrochemistry 
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1.  Introduction 

Photosynthesis, the process by which solar light energy is harnessed to drive biochemical reactions, is 

the key to life on Earth [1-4].  Electron transfer cascades play a central rôle within this complex and 

sophisticated process, not least in allowing the transfer of electrical potential energy from the 

photoexcited reaction centre to long-term energy storage.  In green plants, photosynthesis takes place 

in chloroplasts (lens-shaped structures 10 μm in diameter) [2,3], specifically within the thylakoid 

membrane.  The whole process effects the synthesis of hexose sugars from carbon dioxide and water, 

through a series of “dark” reactions coupled with two light-based processes (in the so-called Z-

scheme):  Photosystem II actuates the oxidation of water (to produce oxygen) coupled with, 

ultimately, the reduction of cytochrome f through a series of proton-coupled electron transfer 

pathways in bound redox-species [2], which allows for the reduction of the freely-diffusing small blue 

copper protein plastocyanin.  This species acts to regenerate the “special” chlorophyll a-chlorophyll a’ 

dimer of Photosystem I (P700) through reduction of P700+• (in a timescale of ca. 200 μs), which is 

formed after photoexcitation of P700 and electron transfer to a bound chlorophyll a (A0) in a 

timescale of ca. 3 ps.  Continuation of the downhill electron transfer series of Photosystem I occurs 

with A0-• reducing vitamin K1 (A1, phylloquinone) within 40-200 ps, followed by electron transfers to 

three iron-sulfur proteins and eventually ferridoxin, which allows for the proton-coupled reduction of 

NADP+.  In seeking to develop artificial mimics of the photosynthetic pathway, it is therefore essential 

to design supramolecular, three-dimensional ensembles of both photochemically and 

electrochemically-active systems which are held in a close proximity with good electronic couplings 

for fast and efficient charge transfer cascades, but, crucially, with channels for proton transfer to occur 

with the electron transfer [5].  Inasmuch as the engineering of such systems (dyads, triads, etc.) is 

possible [6-8], they are ultimately synthetically-expensive, generally requiring the additional 

involvement of redox species to allow for proton translocation [9], and do not allow for the ready-

probing of the underlying molecular mechanisms [8], so are not facile to optimise in terms of energy 

conversion efficiencies [10,11]. 

 

[Figure 1 here] 

 

In this work we explore the use of normal lyotropic liquid crystal mesophases [12-15] (q.v. Figure 1) 

formed at ca. 50 wt.% of surfactant in water as a “backbone” structure for the development of an 

inexpensive, self-reconstructing, flexible, and self-assembling soft matter-based three-dimensional, 

dynamic, artificial photoactive nanosystem, to a proof-of-concept, in which the surfactant 

pseudophase is populated with hydrophobic molecules such as chlorophyll a and vitamin K1, with the 

aqueous subphase containing acidic electrolyte to allow facile ionic conduction, and so that the elastic 

properties of the surfactant system are not adversely affected by the presence of multiple types of ionic 

species [16].  Indeed, the micellar palisade layer allows for charge transfer processes to occur within a 

medium of attractive dielectric constant (εs~30) [14], which compares favourably with that of 

photosynthetic vesicles (εs~3) [17], and the surfactant medium allows for the probing of micellar 



Page 5 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

5 
 

orientation effects on the charge-transfer process;  these are seen to play a major rôle in both the 

voltammetry of model compounds, and photochemically-induced electron transfer processes. 

 

 

2.  Theory 

The use of birefringent lyotropic liquid crystal frameworks causes the possibility of anisotropic 

diffusion of redox analytes doped within the phase.  In previous works [14-18], we have examined the 

use of ultramicroelectrodes (which probe flux in two dimensions) to determine the extent of 

anisotropy within such systems.  In this work, however, we are concerned with effects due to the 

orientation of the phase relative to the electrode.  Accordingly, in this work, we probe the flux within 

these structured liquid nanosystems within merely one dimension.  This necessitates the analysis of 

the experimental results with the approximate theories that have been previously reported [19-21];  we 

detail this briefly for the case of the Lα phase in this section. 

 

[Figure 2 here] 

 

2.1  Extraction of diffusion coefficients from cyclic voltammetry within the Lα phase 

If we consider the idealised case of Figure 2a where the electrode is immersed within a lamellar phase 

which is aligned such that the infinite micellar bilayers are parallel with the surface of the electrode, 

planar, one-dimensional diffusion of any redox analyte that is free to partition between both aqueous 

and surfactant pseudophases to the electrode will be observed voltammetrically provided the 

following condition is upheld [14]:  0 1
r

r Fv
RTD

℘= , where r0 is the electrode radius, F is the 

Faraday constant, v is the voltage sweep rate, R is the molar gas constant, T is the absolute 

temperature and Dr is the diffusion coefficient in the direction tangential to the electrode surface.  

This occurs whenever any one of the following limiting criteria is met:  0 , , 0rr v D→ ∞ → ∞ → .  In 

practice, this is achievable using electrodes of millimetric dimension, since the maximal size of the 

aqueous or surfactant subphase is between 10-100 Å (viz. five to six orders of magnitude smaller than 

the electrode size).  The waveshape of the resulting voltammogram then follows the predictions from 

classical theories for voltammetry within isotropic media [14], where the peak potential depends on 

the ratio of the diffusion coefficients of the oxidised and reduced forms of the redox species provided 

the heterogeneous electron transfer kinetics are sufficiently fast (“reversible”).  However, importantly, 

since the products of the electron transfer process may partition to a different extent to the reactants, 

with or without the further occurrence of inter-subphase electron transfer, deviations in the peak-to-

peak separation to that predicted by conventional studies (~60 mV for a one-electron transfer) may 

occur [14].  This means that under conditions of negligible Ohmic loss, the temporal-independence of 

the peak potentials is a direct marker for fast, electrochemically reversible, heterogeneous electron 

transfer kinetics, irrespective of the size of the peak-to-peak separation.  Thus, provided electron 

transfer is fast, apparent diffusion coefficients of the redox analyte may be obtained through the 
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gradient of Randles-Sevčik plot, since, for a one-electron transfer, 00.446 ap
p

D F
i FSc v

RT
= , where 

ip is the peak current, S is the electrode area, c0 is the effective homogeneous concentration of the 

initial redox analyte and Dap is the apparent diffusion coefficient. 

 

This experimental transport parameter depends on two factors, under the assumption of no transport 

of the surfactant framework:  the structure of the phase (since this controls the weighted ratio of 

analyte diffusion in aqueous c.f. surfactant subphases), and the partition coefficient of the analyte 

between surfactant and aqueous pseudophases (since this controls their relative concentrations).  We 

illustrate these relationships explicitly within the next section. 

 

2.2  Relationship between apparent diffusion coefficient to the structure and orientation of the Lα 

phase 

In noting that small-angle X-ray scattering of lamellar phase lyotropic liquid crystals enables the 

observation of between two and five peaks with Bragg spacings in the ratio 
1 1 1 11: : : : : .... .
2 3 4 5

etc , the 

fundamental repeat distance (labelled d in Figure 2a) is readily determined experimentally.  This 

value corresponds to the sum of the surfactant bilayer thickness (ds) and that of the water layer (dw), 

and allows for the calculation of the surfactant bilayer thickness  through the relationship 

water

surfactant

1
s

dd
ϕ

ϕ

=
⎡ ⎤

+⎢ ⎥
⎣ ⎦

 in which ϕi represents the volume fraction of pseudophase i.  Assumption of an 

ideal swelling behaviour (the change in the volume fraction water swells the crystal spacing distance d 

without change in ds) enables estimation of dw with surfactant concentration present in the lyotropic 

liquid crystal. 

 

Thus, for the case of partitioning-diffusion of redox analytes within these structured systems, if the 

transfer of electroactive species at the pseudophase | pseudophase interface occurs rapidly compared 

with any electron transfer, then the distribution equilibrium is always maintained and the apparent 

diffusion coefficient may be expressed as [14,20] 
2

A S
ap

w s
P s S w A

P P

d D DD
d dK d D d D
K K

=
⎧ ⎫⎧ ⎫

+ +⎨ ⎬⎨ ⎬
⎩ ⎭⎩ ⎭

 in which 

DA is the diffusion coefficient of the redox analyte within the aqueous subphase, DS corresponds to 

that within the surfactant pseudophase, and the partition coefficient, S
P

A

cK
c

=  is the ratio of analyte 

concentration in surfactant (s) to aqueous (a) layers.  Note that DA is not necessarily identical to that 

observed in bulk solution, owing to the nano-restricted environment of the hydrophilic channels;  

indeed, Owen and co-workers [22] suggest that DA could be as much as an order of magnitude lower 
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than in bulk solution.  Note that this expression does not hold when inter-subphase electron transfer 

is faster than cross-pseudophase material transport [14,21]. 

 

Now, considering the orthogonal orientation of the Lα phase as illustrated in Figure 2b, where the 

aqueous and surfactant pseudophases are aligned so that they are parallel to each other and 

perpendicular to the electrode surface, the differential diffusivity of the partitioned redox probe within 

the two subphases may allow for the electro-generated product in one subphase (typically the aqueous 

subphase) to mediate the redox process in the more viscous subphase.  Under the assumption that this 

can be treated as a self-exchange process, it has been demonstrated [13,14] that this impacts on the 

apparent diffusion coefficient through the relationship 
1
A P S

ap
P

D K DD
K

+
=

+
, whereas the following 

expression describes the convolution of diffusion in both phases without inter-subphase electron 

transfer [14]:  

2

1
A P S

ap
P

D K D
D

K

⎛ ⎞+
= ⎜ ⎟⎜ ⎟+⎝ ⎠

.  Thus, the determination of apparent diffusion coefficients 

may be employed to determine whether the phases orient in the idealised ways illustrated in Figure 2. 

 

 

3.  Experimental 

3.1  Chemical reagents 

All chemical reagents were purchased from Sigma-Aldrich or Fisher Scientific in the purest 

commercially-available grade, and used as received.  Water, with a resistivity of not less than 

18 MΩ cm, was taken from an Elgastat system (Vivendi, Bucks., UK).  Oxygen-free nitrogen was 

obtained from BOC Gases, UK. 

 

3.2  Extraction of Plant Pigments 

Plant pigment (a mixture of chlorophylls a and b) was obtained following previously-employed 

protocols [23-26].  Briefly, fresh spinach leaves (Spinacia oleracea) were cut into strips and stirred at 

room temperature in an aqueous acetone solution (4 : 1 vol./vol. acetone/water) for ca. 120 min.  

Following filtration, the solvent was removed using a rotary evaporator, and the resulting solid 

examined via UV/visible spectroscopy in methanol.  It was estimated from the spectra of several 

solutions diluted from a 22 mg L-1 plant pigment methanolic solution that [26] the solutions contained 

15 wt.% chlorophyll (3.4 mg L-1 total chlorophyll, present as 2.5 mg L-1 of chlorophyll a and 0.9 mg L-1 

of chlorophyll b, using the 

relationships[ ] -1
650 665Total Chlorophyll /mg L 25.5 4.0A A= +

,

[ ] -1
665 650Chlorophyll a /mg L 16.5 8.3A A= −  and  [ ] -1

650 665Chlorophyll b /mg L 33.8 12.5A A= − , 

where Ai is the observed absorbance at a wavelength of i nm.  The plant pigment was stored in the 

dark at 277 K when not in use. 
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3.3  Synthesis and Characterisation of Au Nanorods 

A two-step process, adapted from Zubarev et al. [27] was employed to synthesise gold nanorods.  

First, a seed solution was prepared by mixing cetyltrimethylammonium bromide (CTAB, 364 mg, 

1 mmol) in water (5 mL) with hydrogen tetrachloroaurate (1 mg, 2 μmol) in water (5 mL) at room 

temperature.  An aqueous solution of ice-cold sodium borohydride (0.6 mL, 0.01 M) was added with 

vigorous stirring (at 1200 rpm).  A colour change from yellow to brown was observed, and stirring 

continued for 2 min.  CTAB-coated gold nanoparticle seed solutions were used within 5 min of 

preparation. 

 

The growth solution was prepared by dissolving AgNO3 (25.5 mg, 0.15 mmol) in water (37.5 mL), and 

added to a solution of CTAB (54.66 g, 0.15 mol) in water (750 mL), and mixed before leaving at 298 K 

for 10 min without stirring.  Hydrogen tetrachloroaurate (295.5 mg, 0.75 mmol) was dissolved in 

750 mL water and added to the CTAB/AgNO3 mixture, with aqueous ascorbic acid (10.5 mL, 

78.8 mM) added after 3 min.  The resulting solution was hand-stirred for 3-5 s until it had become 

colourless.  Growth solutions were typically used immediately after preparation. 

 

The seed solution (2.4 mL) was added to the growth solution, and stirred for 30 s, before placing in a 

water bath at 300 K without stirring.  A red-brown colour developed within 10 min, and the solution 

was left for 1 h for the reaction to reach completion. 

 

UV-visible spectrophotometric analysis revealed the presence of absorption peaks attributed to the 

transverse plasmon band (TPB) at 519.44 nm and the longitudinal absorption band (LPB, λmax) at 

659.87 nm, with a ratio of the band absorbances LPB : TPB = 1.04 : 1, indicating the presence of more 

nanorods to spherical nanoparticles [28], and allowing aspect ratios (AR) of the nanorods to be 

estimated to be 2.5 – 2.8, through the relationships [29], max / 96 418nm ARλ = + , or, [30] 

max / 96.9 385nm ARλ = + . 

 

3.4  Formulation of Normal Lyotropic Liquid Crystals 

Lyotropic liquid crystals in the lamellar (Lα) or hexagonal (H1) phases were prepared in flat-bottomed 

sample containers, employing Brij 30 or Triton X 100 surfactants, respectively, using procedures 

previously reported [12-15].  Briefly, surfactant/aqueous electrolyte mixtures in the mass ratio 

required by the published phase diagrams were homogenised in the presence of the required amount 

of redox dopant, through heating, under a stream of nitrogen to approximately 320 K, with stirring, so 

as to form the micellar isotropic phase, for about one hour.  The samples were then allowed to cool, 

slowly to 294 ± 2 K, before further experimentation in the presence of a magnetic field:  for both 

phases studied, the sample was then split into two, with one sample placed into a 3.13 G horizontal 

magnetic field, or a 1.12 G vertical magnetic field afforded by two permanent ferromagnets [12,14].  

For the case of ferrocene-derivate or N,N,N’,N’-tetramethyl-para-phenylenediamine (TMPD) 

dopants, various concentrations were employed with 0.1 M aqueous KCl or NaClO4 acting as the ionic 

dopant;  experiments involving gold nanorods employed a set volume of the nanorod solution with 
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water, such that the aqueous component was 0.1 M aqueous KCl;  for experiments on the artificial 

photosystem developed herein, 0.1 M aqueous HCl acted as the ionic dopant, with a known amount of 

vitamin K1 (fixed at 112.6 mg) and/or plant pigment (67.5 mg) added.  The density of the liquid 

crystals was estimated to be ca. 1.04 g cm-3 (Lα phase using Brij 30) or 1.07 g cm-3 (H1 phase using 

Triton X 100) at ambient temperatures.  As these systems constitute single thermodynamic phases, 

the concentration of redox-active species are reported in moles per unit volume of the relevant phase. 

 

3.5  Instrumentation 

The field strengths of the magnets employed for sample alignments was undertaken using a home-

made Hall probe.  Optical microscopy was undertaken using an Olympus BX-51 polarising 

microscope.  UV-visible spectrophotometry employed a Perkin-Elmer Lambda 25 UV/VIS 

spectrophotometer in conjunction with UV WinLab software.  Samples were measured in 

CEL 1600 UV quartz cuvettes with a 10 mm path length.  Transmission electron microscopy (TEM) 

was undertaken using a JEOL 2010 running at 200 kV.  Images were acquired using a Gatan 

Ultrascan 4000 digital camera, and X-ray microanalysis was performed using an Oxford Instruments 

Inca analyser.  Measurements of nanoparticle dimensions for statistical analysis were performed using 

Digital Micrograph software.  Solution resistivity was measured using a CDM210 conductivity meter 

equipped with a four-pole CDC511T conductivity cell (Radiometer) inserted vertically into the sample. 

 

Electrochemical measurements were undertaken using a commercially-available computer-controlled 

potentiostat (μAutolab Type III, Eco Chemie, The Netherlands), with the media thermostatted at 

294 ± 2 K.  The working electrode was a 3.0 mm diameter glassy carbon disc electrode (purchased 

from BASi, UK) and was cleaned and polished on a napped polishing pad using an  aqueous alumina 

(0.3 μm, Presi, France) slurry.  The working electrode was introduced carefully into the liquid crystal 

phase, such that its surface was always horizontal and parallel to the bottom of the flat-bottomed 

sample container, and placed in different positions for every change in experimental parameter, so as 

to encompass any effects due to sample polycrystallinity.  A nickel wire spiral formed the counter 

electrode, and a saturated silver/silver chloride electrode was employed as the reference electrode.  

Photoelectrochemical investigations employed a red light pen (“laser pointer”) of 650 nm (centre 

band), of bandwidth 30 nm purchased from Staples, Kingston-upon-Hull for irradiation.  A glassy 

carbon electrode was illuminated with this light source through a 1.0 mm thickness of the required 

lyotropic liquid crystal;  the photon flux density was estimated as being 20 μeinstein m-2 s-1, using a 

Skye Instruments PAR Quantum light meter.  All electrochemical experiments were undertaken at 

ambient temperatures (294 ± 2 K). 

 

 

4.  Results and Discussion 

We first consider the voltammetry of two model one-electron donor systems (one hydrophobic, 

bis(ethylcyclopentadienyl)iron (Et2Fc), and a second which partitions easily between aqueous and 

surfactant subphases, TMPD) within two types of lyotropic liquid crystal phases (Lα and H1, q.v. 
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Figure 1), with different orientations, to understand which phase is better suited for the development 

of a three-dimensional biomimetic for Photosystem I. 

 

4.1  The Lα phase of Brij 30/H2O 

Brij 30 is a non-ionic surfactant with main component being tetraethylene glycol dodecyl ether.  The 

homogeneisation of 55:45 wt.% mixtures of Brij 30 and water yields, at ambient temperatures, the Lα 

phase consisting of detergent bilayers 37.8 Å thick (with micellar palisade layer of 9.2 Å thick) [31] 

separated by aqueous subphases 23.1 Å in thickness.  As the bilayers of this phase are able to slip past 

each other, the viscosity of the phase is low [32] – the phase pours readily as the container in which it 

is placed tilts.  Nevertheless, it is optically anistropic, allowing the phase to exhibit birefringence when 

viewed through crossed polarisers.  The presence of electrolyte may alter the phase boundaries 

governing the specific phase of the liquid crystal, with lyotropic (“salting-out”) electrolytes (such as 

potassium chloride) effecting the decrease in mutual solubility between surfactant and aqueous 

components.  Indeed, in preliminary experiments, we observed that characteristic Lα textures were 

observed for Brij 30/0.1 M KCl(aq) in a 40:60 wt.% ratio.  Accordingly, this system together with a 

framework 50:50 wt.% ratio of Brij 30/0.1 M NaClO4 Lα phase were employed in this work.  Based on 

the ideal swelling model (q.v. §2.2), and ignoring electrolyte effects, we calculate the water thickness 

to vary from 37.6 -60.3 Å in increasing the water content of the phase. 

 

We first consider the voltammetry when the phase was doped with Et2Fc by mixing the relevant 

species thoroughly at room temperature with heating to form the isotropic micellar phase, and 

subsequent slow cooling in the presence of an horizontal magnetic field (of strength 3.13 gauss), so 

that the molecular long axis of Brij 30 (which is the axis of the most negative diagmagnetic 

susceptibility) aligns perpendicular to the applied magnetic field [33], thereby allowing for the 

formation of lamellæ stacks parallel to the bottom plane of the container. 

 

[FIGURE 3 HERE] 

 

4.1.1  Voltammetry of Et2Fc within the Lα phase 

Figure 3 illustrates voltammograms corresponding to the oxidation of 2.5 mM Et2Fc within the Lα 

phase of Brij 30/H2O doped with 0.1 M KCl(aq) at a glassy carbon disc electrode, scanned at rates in 

the range 0.01 ≤ v/V s-1 ≤ 0.4.  It is clear that a primary set of oxidation and reduction waves are seen, 

as anticipated for the chemically reversible one-electron oxidation (and re-reduction) of the ferrocene 

derivative.  However, these waves are broad with large (typically ~100 mV) peak-to-peak separation.  

Inasmuch as there is no clear trend in peak oxidation potentials with electrochemical timescale, the 

large peak-to-peak separation observed is not necessarily attributable to slow heterogeneous electron 

transfer;  conductivity studies of the medium doped with varying amounts of Et2Fc afforded 

resistivities (ρ) in the range 0.4 – 0.8 kΩ cm, comparable with dichloromethane solutions containing 

0.1 M tetrabutylammonium perchlorate [34], and affording an uncompensated resistance, 
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04sR
r
ρ

= ~1 kΩ.  Moreover, at low scan rates, significant shoulders are observed on each of the waves.  

Although it is surprising to observe well-defined voltammetry of the extremely hydrophobic Et2Fc 

species [35], given that this species is, like most aromatic systems [12,14], a palisade layer resident, 

this is consistent with work by Murray on the less hydrophobic derivatives ferrocene and 1,1’-

dimethylferrocene [20].  Consistent with that earlier work, we observed the occurrence of diffusional-

type behaviour (the peak oxidation currents are directly proportional to the voltage sweep rate, data 

not shown);  we observed an apparent diffusion coefficient (extracted using the method outlined in 

§2.1) of 1.9 x 10-8 cm2 s-1.  Given that the superexchange attenutation parameter for alkyl systems is 

[36] ~1 Å-1, electron transfer between surfactant lamellæ is likely to be kinetically slow – the aqueous 

pseudophase is simply to wide.  To account for the observation of diffusional behaviour, we suggest 

that since oxidised ferrocene species are more soluble in aqueous media [35], and in noting the 

presence of shoulders on the voltammograms, especially at longer experimental timescales, propose, 

assuming fast reconstruction of the phase after electrode-immersion, electro-generated cation 

mediation playing a rôle in the charge propagation process, through a quasi-self-exchange process, as 

outlined in an earlier work for a species that partitions between the two subphases [13,14]: 

Et2Fc(surf, core/palisade) – e- ℑ Et2Fc+(surf, palisade)      (1) 

Et2Fc+(surf, palisade) ℑ Et2Fc+(aq)        (2) 

Et2Fc+(aq) + Et2Fc(surf, core/palisade) ℑ Et2Fc(surf, core/palisade) + Et2Fc+( surf, palisade) (3) 

where the symbols (aq) and (surf) refer to the aqueous and surfactant pseudophases, respectively.  

Note that, strictly, the equilibrium constant (K) for the mediated reaction is not unity – this will 

actually depend on the difference in formal electrode potential of Et2Fc+ within both subphases (ΔE0’):  

0 '

e
F E

RTK
Δ

= , where F is Faraday’s constant, R is the molar gas constant and T is the absolute 

temperature.  Nevertheless, the occurrence of the diffusion-partition and inter-subphase reaction 

process is manifested in the value of the apparent diffusion coefficient, which can be thought of in 

terms of a “bounded-diffusion” model as outlined elsewhere [12,13]. 

 

In order to examine partition-diffusion behaviour within well-oriented micellar systems, we next 

examined the voltammetry of TMPD within both types of Lα phase, each oriented in two orthogonal 

directions. 

 

[Figure 4 here] 

 

4.1.2  Voltammetry of TMPD within the Lα phase 

Figure 4a,b,e,f depicts voltammograms corresponding to the one-electron oxidation of TMPD within 

Brij 30/aqueous electrolyte liquid crystals.  The voltammograms appeared to shift wildly when the 

concentration of analyte doping changed.  At the smaller electrochemical timescales used, these data 

give rise to peak potentials that were invariant of the voltammetric timescale (q.v. Figure 4c,g), 

suggesting fast electrode kinetics.  Note that although under these conditions, a fraction of the TMPD 
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species could exist as the protonated form, it is known that TMPD voltammetry (at least in 

homogeneous solution) occurs exclusively through the free base form [37].  Accordingly, apparent 

diffusion coefficients were extracted from Randles-Sevčik plots (Figure 4d,h), as outlined in §2.1 only 

using data that was determined to be commensurate with electrochemical reversibility;  these are 

reported in Table 1, where it is clear that in both ratios of Brij 30/aqueous electrolyte employed, the 

systems tend towards diffusional isotropy, as expected from earlier work [14].  This is especially the 

case when salting-in ions (ClO4-) are present, however this appears to give rise to smaller transport 

coefficients which are relatively invariant with analyte concentration compared with the salting-out 

ion (Cl-) where diffusion coefficients increase with concentration.  Treating the data as outlined in 

§ 2.2, employing a bulk value for DA = 4.4 x 10-6 cm2 s-1 and lgKP = 2 [14], these trends reflect in the 

variation of DS (see Table 1).  Notably, the estimated values of Dap either with or without the 

occurrence of self-exchange process do not match-up with those estimated experimentally for the case 

when the bilayers are to be aligned perpendicular to the electrode surface.  We suggest this may be a 

result of poor alignment in this direction.  Furthermore, we attribute the slower diffusion coefficients 

for the case when the surfactant and aqueous subphases are better mixed as being due to micelle-

bound analyte diffusion with the phase. 

 

[Table 1 here] 

 

In order to determine whether similar effects are observed within a more viscous phase, we next 

examined the voltammetry of both molecules within the H1 phase made using Triton X 100/aqueous 

electrolytes. 

 

[Figure 5 here] 

 

4.2  The H1 phase of Triton X 100/H2O 

Triton X 100 ((tert-octylphenoxy)-polyethoxyethanol) is also a non-ionic surfactant which, at ca. 

50 wt.% of Triton X 100 in aqueous 0.1 M KCl or 0.1 M NaClO4, self-assembles into the normal 

hexagonal lyotropic mesophase at ambient temperatures [14].  For the lamellar lyotropic mesophase 

of the related surfactants nonylphenol decaethylene glycol ether and nonylphenol hexaethylene glycol 

ether, Johansson and Drakenberg [38] observed that the anisotropy in the diamagnetic susceptibility 

of the surfactant momomers is such that the lamellar phase is “aligned in the magnetic field with its 

optical axis parallel to the magnetic field direction” [38], viz. the molecular long axis is preferentially 

aligned parallel to the magnetic field during slow cooling.  This causes the formation of an 

homeotropic alignment of the H1 phase, in agreement with work by Breyer [39] who noted that such 

alignment also occurred spontaneously in unaligned H1 phases of Triton X 100 after a few days of 

storage of the phase in an NMR tube at 277 K, where “rodlike detergent clusters are oriented parallel 

to the tube axis” [39].  The H1 phase prepared consists of cylindrical micelles arranged into an 

hexagonal lattice, as has been demonstrated through X-ray scattering studies [40-44].  For the 

concentrations employed herein, the lattice parameter (the centre-to-centre distance between 
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micelles), 100
2
3

a d=  where d100 is the measured Bragg spacing between {100} planes, has been 

measured to fall in the range 43.7 – 60.7 Å [40-44], leading to cylinders of diameter 

water

surfactant

2

2 1
3

c
ad

ϕπ
ϕ

=
⎛ ⎞⎧ ⎫

+⎜ ⎟⎨ ⎬⎜ ⎟⎩ ⎭⎝ ⎠

 in the range 42.7 – 59.3 Å, with micellar palisade layer being calculated 

to range between 10.4 – 18.7 Å, employing an estimated hydrocarbon core radius of 11 Å [43], and 

leading to aqueous subphase thicknesses between 1.0 – 1.4 Å.  This stiffer phase allows for the ready 

formulation of two types of aligned lyotropic structure:  an homeotropic alignment (with respect to 

the bottom of the sample container) occurs when the magnetic field is horizontal (viz. parallel with the 

bottom of the sample container), with an homogeneous alignment when the magnetic field is vertical 

(q.v. Figure 1).  In the former structure, the cylindrical micelles are visualised as being perpendicular 

to the flat bottom of the container;  in the latter, the micelles are arranged so that their long side is 

parallel to the flat bottom of the container.  As detailed in a previous work [14], this phase is optically 

anisotropic;  indeed, all samples prepared exhibited radiance when viewed through crossed polarisers, 

and afforded polycrystalline textures as expected for the H1 phase (Figure 5a,b) both with and without 

electrolyte doping.  Those samples prepared with cooling within the horizontal magnetic field (of 

strength 3.13 gauss, homeotropic alignment) exhibited properties of a gel that did not flow under 

inversion of the sample vial, and with resistivity of 0.04 kΩ cm in the direction parallel to the aligned 

micelles for KCl electrolytes.  In contrast, those samples prepared by cooling within a vertical 

magnetic field (of slightly weaker strength, 1.12 gauss, homogeneous alignment) were more fluid, and 

were observed to flow when its container was titled, with resistivity of 0.2 kΩ cm for KCL doped 

systems.  These resisitivities compare with a value of 0.02 kΩ cm for aqueous 0.1 M KCl.  The 

relatively high conductivity of the homeotropic alignment of the H1 phase doped with potassium 

chloride has been noted in earlier work by Owen et al. [22] for the case of Brij 56 surfactants, and 

interpreted through the notion of lower resistive drag within ordered nano-restricted aqueous 

channels. 

 

[Figure 6 here] 

 

4.2.1  Voltammetry of Et2Fc within the H1 phase of Triton X 100/H2O 

Figure 6 illustrates voltammograms of Et2Fc within the H1 phase prepared using aqueous 0.1 M KCl, 

using both alignment methods.  These data exhibited features of electrochemical reversibility, except 

for the homogeneously aligned samples at the smallest timescales probed (q.v. Figure 6c), where it is 

likely that the deviations from fast electrode kinetics are due to Ohmic losses rather than quasi-

reversibility.  For every concentration of Et2Fc employed, diffusion-controlled voltammograms were 

observed for both types of aligned structure (q.v. Figure 6d);  values of the apparent diffusion 

coefficient are given in Table 2, where it is seen there is relatively little variation in the apparent 

diffusion coefficients in either orientation.  Moreover, the size of these values matches up with the 
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those of TMPD in perchlorate electrolyte-based Lα liquid crystals detailed above.  We accordingly 

suggest that this reflects the transport of micelle-containing analyte within these phases. 

[Table 2 here] 

[Figure 7 here] 

 

To examine this qualitatively, these aqueous KCl based H1 phases were prepared with the inclusion of 

a variable amount of CTAB-stabilised gold nanorod solution.  The nanorods were characterised 

through TEM image analysis (see Figure 5d) to have lengths of 33.5 ± 3.3 nm, and widths of 

14.1 ± 3.2 nm, yielding an aspect ratio of 2.4, which compares favourably with that anticipated through 

analysis [29,30] of the longitudinal plasmon absorption band (which stem from the coherent 

electronic oscillation along the long nanorod axis), viz. aspect ratios in the range 2.5-2.8.  Although 

these rods are sufficiently large to straddle both aqueous and micellar subphases [43,45], the 

incorporation of Au nanoparticles did not produce any visible changes in the optical texture of the H1 

phase when examined under crossed-polarisers (q.v. Figure 5c).  Figure 7 depicts voltammograms of 

Et2Fc within the H1 phase doped with the highest loading of gold nanorod solution.  It is clear from 

these plots and their corresponding analyses based on one-dimensional diffusion (see Table 3), that, 

in both homeotropic and homogeneous alignments the presence of the nanorods causes, in general, 

the observation of smaller currents, as anticipated for a blocked electron transfer process [46,47].  For 

the homeotropically aligned system, the process is electrochemically reversible.  In contrast, the 

homogeneously-aligned sample shows evidence of blocked electron transfer at low loadings (the peak 

currents are smaller than for the case of no nanoparticles present), but, paradoxically, gives rise to 

much larger currents at higher loadings, coupled with the occurrence of significant distortions to the 

voltammetric waveshape, as anticipated for partially-blocked electrodes [46,47].  We interpret these 

data through the ability of the nanorods to allowing for some form of mediated electron transfer 

communication [48,49] to take place between individual surfactant subphases, through a large triple 

phase boundary [50,51];  the system behaves as though it is a gold nanorod “paste” electrode. 

 

[Table 3 here] 

 

The above behaviour for a hydrophobic redox probe differs from our earlier work on a system that 

undergoes diffusion-partitioning between the two subphases.  Accordingly, we revisited these systems. 

 

[Figure 8 here] 

 

4.2.2  Voltammetry of TMPD within the H1 phase 

Figure 8 illustrates voltammograms corresponding to the one-electron oxidation of TMPD within the 

H1 phase doped with either KCl or NaClO4 and oriented either in an homogeneous or an homeotropic 

manner.  These data have the characteristics of electrochemical reversibility (see Figure 8c,g), and, as 

in earlier work, afford peak currents which exhibit diffusional characteristics (Figure 8d,h).  Analysis 

of these data following the approach detailed in §2.1 indicate that, as in our earlier work, diffusion 

coefficients are concentration dependent (q.v. Table 4), with the salting-in electrolyte doping causing 
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a more significant change in the transport characteristic compared with the salting-out electrolyte.  

Nevertheless, both types of ionic doping causes the system to tend to apparent diffusional isotropy at 

the highest concentrations of TMPD, in line with expectation from our earlier studies [14]:  electron 

transfer across the subphase | subphase interface is more likely to be significant at the highest 

loadings employed, thereby allowing the establishment of an electron “pump” through the operation 

of a “scheme-of-squares” [14]. 

 

[Table 4 here] 

 

In summary, the occurrence of diffusion of analytes within a micellar framework compared with 

transport of micelle-containing analytes can be modulated by a number of factors including (1) the 

type of ionic doping as well as analyte hydrophobicity, and (2) the type of nanostructure formed rather 

than the particular orientation of the structure, with the H1 phase acting as a medium that may offer a 

lower degree of Ohmic loss.  Accordingly, we next seek to address whether this quasi-biphasic and 

restricted phase may be utilised for the development of a crude artificial mimic of the first few steps of 

Photosystem I for which the relevant molecules (vitamin K1 and those constituting plant pigment) are 

known to be very hydrophobic. 

 

[Figure 9 here] 

 

 

4.3  Electrochemistry and Photoelectrochemistry of Vitamin K1 and Plant Pigment within the H1 

Phase 

Figure 9a illustrates voltammograms (at 0.1 V s-1) corresponding to the reduction and re-oxidation of 

vitamin K1 within the H1 phase doped with 0.1 M aqueous HCl.  Vitamin K1 is extremely hydrophobic, 

so is anticipated to reside within the surfactant subphase.  It is clear from data presented that only a 

single, albeit broad reduction (and corresponding re-oxidation) wave is observed in both types of 

aligned structure, with little loss of signal upon repetitive redox cycling, suggesting that there is no 

loss of product from the surfactant subphase.  Following from previous work [52-54], we suggest that 

these data reflect the two-electron, two-proton transformation of vitamin K1 into the corresponding 

quinol: 

VK1(surf) + 2H+(aq or surf,palisade) + 2e- ℑ VK1H2(surf)      (4) 

Furthermore, consistent with earlier reports on the biphasic voltammetry of vitamin K1, is the 

observation of a large peak-to-peak separation [52].   The voltammograms demonstrate that the 

homeotropic alignment gives rise to smaller Faradaic signals, with the Faradaic processes being easier 

to achieve, at every timescale probed.  In both cases, it is evident that zero current passes due to redox 

processes associated with vitamin K1 reduction/phylloquinol oxidation when the electrode is held at 

0.0 V vs. Ag | AgCl | Cl-. 

 

Similar observations are seen in the voltammetry of plant pigment (a mixture that is ca. 80 wt.% 

chlorophyll a and 20 wt.% chlorophyll b – a species which is thought [55] to be a Förster energy donor 
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to chlorophyll a, and which is identical to chlorophyll a except at the C-7 position where a formyl 

group replaces the methyl group) within the H1 phase doped with aqueous 0.1 M HCl, as evidenced in 

Figure 9b.  In this case, oxidation of the pigment produces the stable cation radical, as reported in 

earlier work [56-61], with the possibility of engaging in a second oxidation to form the unstable 

dication [56].  Again, the oxidation is more facile within the homeotropic sample, but the difference is 

not noticeable.  In part this may be due to the fact that under these acidic conditions, it is the 

corresponding phæophytin, rather than the metallated species present;  the pHM of chlorophyll a has 

been reported [62] as being 3.5 (in 10% water/ethanol at 303 K), with the first dissociation constant 

for the nitrogen on the porphyrin ring estimated as 1.0 (for chlorophyll a) and 1.1 (for phæophytin a), 

so that the oxidation process relies on gegen ion pairing, which in this case involves chloride ions, 

rather than formation of O-H covalent bonds through proton incorportation, as in the vitamin K1 case.  

As with the phylloquinone dopant, it is unlikely that the plant pigment species exit from the micelles 

in either oxidised or neutral forms;  n-octanol/water partition coefficients are [62] slightly larger for 

phæophytin a (lgKP = 2.51) c.f. chlorophyll a (lgKP = 2.44) – this is consistent with little loss in signal 

on consecutive voltammetric sweeps.  Furthermore, it is noticeable that the Faradaic currents are 

bigger for the plant pigment compared with vitamin K1, even though the effective concentration of the 

former is smaller;  we interpret this as being due to both faster heterogeneous electron transfer 

kinetics (symmetry factor closer to ½) and the larger apparent diffusion coefficient of the chlorophyll 

species.  This makes sense, even though the size of chlorophyll a is very much more massive than 

vitamin K1, since the former is known to aggregate [56-68], and engages in a simple electron transfer 

process, and so will have contributions to the diffusion coefficient from physical displacement and 

electron hopping [12-15], whereas the vitamin K1 system requires a proton-coupled-electron transfer 

process in biphasic media, which may limit the degree to which the electron hopping pathway may 

contribute to the diffusion coefficient.  Importantly, the voltammograms illustrate that the reduction 

of the oxidised form of the plant pigment (likely the cation radical of phæophytin a, Phæo a+•) is 

diffusionally-limited at 0.0 V vs. Ag | AgCl | Cl-. 

 

In seeking to develop a crude mimetic of Photosystem I, the H1 phase was prepared with aqueous 

0.1 M HCl, vitamin K1 and the plant pigment all acting as dopants, with oxygen rigorously excluded 

from the sample preparation.  Both homogeneous and homeotropic phases were illuminated using red 

light which was directed onto a glassy carbon electrode surface, with the electrode potentiostatted at 

0.0 V vs. Ag | AgCl | Cl-.  However, no photocurrents were observed within the homeotropic system.  

In contrast, the homogeneous case yielded small photo-reductive currents (q.v. Figure 9c).  We 

suggest the reason for this difference stems from transport differences, based on the observations 

made of hydrophobic solutes within these framework materials. 

 

The observation of photo-reductive signals is in contrast with the biphasic photoelectrochemistry of 

chlorophyll a dissolved within vitamin K1 microdroplets previously reported by Wain et coll. [24], 

where the observed photo-oxidations were interpreted as being due to the oxidation of the 

semiquinone form of vitamin K1, owing to the vast excess of vitamin K1 in the liquid state compared 

with chlorophyll a (1 : 10 w/w ratio).  We propose the following mechanism [63-68]. 
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Phæo a hv⎯⎯→  Phæo a*         (5) 

Phæo a* + ½VK1 + H+  Phæo a•+ + ½VK1H2       (6) 

Phæo a•+ + e-  Phæo a          (7) 

This mechanism is consistent with the photo-induced electron transfer proposed by Wolff and Grätzel 

[69] between photo-excited chlorophyll and duroquinone within the anionic micelles of an isotropic 

solution of sodium lauryl sulfate. 

 

Given this unoptimised, proof-of-concept system demonstrates the potential for the H1 phase in the 

homogenous alignment for the development of soft-matter-based artificial photosystems, it is 

instructive to determine the photon efficiency (viz. ratio of number of moles of electrons flowing 

through the electrode per mole of photons incident onto the sample) for this system;  using a 

measured photo flux of 20 μeinstein m-2 s-1, and noting the maximum value of the recorded current in 

Figure 9c is 12 nA, we estimate the incident-photon-to-current efficiency as being on the order of 

0.1%.  Whilst this value is small within this unoptimised system, we note that it is comparable to 

other, optimised systems based on a single liquid | liquid interface [70,71]. 
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5.  Conclusions 

Lyotropic liquid crystals provide an attractive and synthetically-inexpensive, three-dimensional 

nanostructured framework for electron transport processes.  These have been seen to be remarkably 

affected by the type of ionic electrolyte doping and the hydrophobicity of the redox solute, as well as 

orientation of the liquid nanosystem, allowing for the development of unusual routes for material 

transport over distance;  a unique route is through the partitioning of species across pseudophases 

with cross-pseudophase electron transfer.  The incorporation of nanoparticles within such structures 

can elicit nuances in electrochemically triggered transport processes.  For the case of the H1 phase of 

Triton X 100/light water doped with plant pigment, vitamin K1 and aqueous HCl, we have illustrated 

that it behaves as a crude biomimetic of the first few steps of Photosystem I to a proof-of-concept:  

photoreduction currents are observed with an incident-photon-to-current-efficiency of ca. 0.1%.  We 

are currently seeking to increase this efficiency through the introduction of other light-harvesting 

molecules (such as β-carotene), so as to allow for the introduction of Förster/Dexter energy transfer 

pathways. 
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Table 1 

Concentration dependence of the apparent diffusion coefficients for TMPD within the Lα phase of Brij 30/H2O. 

 
[TMPD]/mM  108Dh/cm2 s-1  108Dv/cm2 s-1 Dh/Dv  107DSa/cm2 s-1  107Dapv,SE/cm2 s-1 107Dapv,NSE/cm2 s-1 
 
 
40:60 Brij 30:H2O doped with 0.1 M KCl 
 
1.2   1.4   6.9  0.2   3.4   3.5   3.7 
3.0   3.6   39  0.1   8.8   9.0   9.2 
5.1   13   49  0.3   33   33   33 
 
 
50:50 Brij 30:H2O doped with 0.1 M NaClO4 
 
1.1   1.4   4.3  0.3   3.5   3.7   3.9 
2.0   0.80   2.0  0.4   2.1   2.2   2.5 
5.0   3.4   4.0  0.9   8.9   9.1   9.2 
 
aCalculated value based on a bulk value for DA (see text);  hmagnetic field applied in an horizontal manner;  vmagnetic field applied in a vertical manner;  
v,SEcalculated value assuming self-exchange occurs (see text);  v,NSEcalculated value assuming no self-exchange process occurs (see text). 
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Table 2:  Apparent homogeneous one-dimensional diffusion coefficients for Et2Fc within the H1 
phase of Triton X 100 doped with 0.1 M aqueous KCl. 

 
[Et2Fc] 108Dhomeotropic  108Dhomogeneous   Dhomeotropic/Dhomogeneous 
/mM  /cm2 s-1  /cm2 s-1 
 
 
1.6  1.8   2.5     0.7 
3.1  0.9   6.5     0.1 
4.5  2.0   2.0     1.0 
 
 

Table 3:  Apparent homogeneous one-dimensional diffusion coefficients for Et2Fc within the H1 
phase of Triton X 100 doped with 0.1 M aqueous KCl and a variable amount of Au nanorod solution. 

 
[Et2Fc] 108Dhomeotropic  108Dhomogeneous   Dhomeotropic/Dhomogeneous 
/mM  /cm2 s-1  /cm2 s-1 
 
 
4.5a  2.0   2.0     1.0 
4.4b  0.5   0.5     1.0 
4.6c  0.3   0.2     1.5 
4.5d  0.3   4.0     0.1 
 
aNo nanorods present;  bphase made-up using 1.0 mL of the nanorod solution;  cphase made-up using 2.0 mL of the nanorod 
solution;  dphase made-up using 5.0 mL of the nanorod solution. 

 

Table 4:  Concentration dependence of the diffusion coefficients for TMPD within the H1 phase of 
Triton X 100/H2O. 

 
[TMPD]  108Dhomeotropic  108Dhomogeneous   Dhomeotropic/Dhomogeneous 
/mM  /cm2 s-1  /cm2 s-1 
 
 
 
50:50 Triton X 100:H2O doped with 0.1 M KCl 
 
1.1  4.4   8.1     0.5 
2.6  10   8.6     1.2 
5.4  11   11     1.0 
 
 
50:50 Triton X 100:H2O doped with 0.1 M NaClO4 
 
1.0  55   2.9     19 
2.1  16   3.6     4.3 
5.1  16   12     1.4 
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Figure Legends 

Figure 1 
Cartoon depicting (a) the Lα phase, and (b) the H1 phase in the (i) homeotropic and (ii) homogeneous 
alignment referenced to the horizontal. 
 
Figure 2 
Schematic illustration of the Lα phase in two different idealised orientations when the applied 
magnetic field is in (a) an horizontal position, (b) a vertical position.  The thicknesses of the surfactant 
subphase (ds), the aqueous pseudophase (dw) and the fundamental repeat distance (d) are also 
indicated. 
 
Figure 3 
Voltammetry of 2.5 mM Et2Fc in the Lα phase made with Brij 30/0.1 M aqueous KCl (40:60 wt. % 
ratio).  The arrow indicates the direction of the initial potential sweep.  Key: 0.01 (red), 0.02 (blue), 
0.03 (olive), 0.5 (cyan), 0.1 (magenta) V s-1. 
 
 
Figure 4 
Cyclic voltammograms and their analysis (see text) corresponding to the one-electron oxidation of 
TMPD within the Lα phase formed using Brij 30/0.1 M aqueous KCl (in a 40:60 wt.% ratio), (a-d), or 
Brij 30/0.1 M aqueous NaClO4 (in a 50:50 wt.% ratio), (e-h).  Voltammograms in panels (a),(b),(e),(f) 
correspond to the first scan obtained (the arrow indicates the direction of the initial potential sweep) 
at 0.1 V s-1 for samples aligned using an horizontal magnetic field (a) and (e), or a vertical magnetic 
field (b) and (f).  Panels (c) and (g) depicts the variation in the peak potentials for the oxidation and 
re-reductive waves with the electrochemical timescale;  panels (d) and (h) are concentration-
normalised Randles-Sevčik plots (see text).  Key:  colours indicate concentrations of TMPD within the 
phase (c0) with black corresponding to 1.2 mM (a-d) or 1.1 mM (e-h), red indicating 3.0 mM (a-d) or 
2.1 mM (e-h), and blue denoting 5.1 mM (a-d) or 5.0 mM (e-h);  symbols denote the characteristics 
pertaining to the peaks in the forward (open symbols) and reverse (filled symbols) waves in the 
voltammograms, with circles, squares and triangles corresponding to horizontally aligned samples, 
whilst inverted triangles, stars and pentagons denoting the vertically aligned samples. 
 
 
Figure 5 
Optical polarising microscope images under x10 zoom of the texture of the H1 phase of 
Triton X 100/H2O in the undoped state (a), doped with 0.1 M aqueous KCl (b), and doped with both 
Et2Fc and the largest amount of nanorod solution (see text);  panel (d) illustrates a TEM image of the 
nanorods employed. 
 
 
Figure 6 
Voltammetry of 3.1 mM Et2Fc within the H1 phase made with Triton X 100/0.1 M aqueous KCl 
(50:50 wt. % ratio) in (a) the homoetropic and (b) the homogeneous alignment.  The arrows indicate 
the direction of the initial scan.  Key:  0.025 (black), 0.05 (red), 0.1 (green), 0.2 (blue), 0.3 (cyan), 0.4 
(magenta), 0.5 (yellow), 0.6 (dark yellow), 0.7 (ultramarine) V s-1.  Plots indicating the variation of the 
concentration-normalised peak current (c) and peak potentials (d) with scan rate are also given.  Key:  
open symbols refer to oxidative processes, filled symbols refer to the re-reduction wave;  c0 = 1.6 (red), 
3.2 (blue), 4.5 (green) mM;  circles, squares and triangles refer to the homeotropic alignment, with 
inverted triangles, stars and pentagons referring to the homogeneous alignment. 
 
 
Figure 7 
Voltammetry of 4.5 mM Et2Fc within the H1 phase made with Triton X 100/0.1 M aqueous KCl 
(50:50 wt. % ratio) doped with 5.0 mL of nanorod solution in (a) the homoetropic and (b) the 
homogeneous alignment.  The arrows indicate the direction of the initial scan.  Key:  0.025 (black), 
0.05 (red), 0.1 (green), 0.2 (blue), 0.3 (cyan), 0.4 (magenta), 0.5 (yellow) V s-1.  Plots indicating the 
variation of the concentration-normalised peak current (c) and peak potentials (d) with scan rate are 
also given.  Key:  open symbols refer to oxidative processes, filled symbols refer to the re-reduction 
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wave;  amount of nanorod solution used = 1.0 (red), 2.0 (blue), 5.0 (green) mL;  circles, squares and 
triangles refer to the homeotropic alignment, with inverted triangles, stars and pentagons referring to 
the homogeneous alignment. 
 
 
Figure 8 
Cyclic voltammograms and their analysis (see text) corresponding to the one-electron oxidation of 
TMPD within the H1 phase formed using Triton X 100/0.1 M aqueous KCl (in a 50:50 wt.% ratio), (a-
d), or Triton X 100/0.1 M aqueous NaClO4 (in a 50:50 wt.% ratio), (e-h).  Voltammograms in panels 
(a),(b),(e),(f) correspond to the first scan obtained (the arrow indicates the direction of the initial 
potential sweep) at 0.1 V s-1 for homeotropic samples (a) and (e), or homogeneous samples (b) and (f).  
Panels (c) and (g) depicts the variation in the peak potentials for the oxidation and re-reductive waves 
with the electrochemical timescale;  panels (d) and (h) are concentration-normalised Randles-Sevčik 
plots (see text).  Key:  colours indicate concentrations of TMPD within the phase (c0) with black 
corresponding to 1.1 mM (a-d) or 1.0 mM (e-h), red indicating 2.6 mM (a-d) or 2.1 mM (e-h), and blue 
denoting 5.4 mM (a-d) or 5.1 mM (e-h);  symbols denote the characteristics pertaining to the peaks in 
the forward (open symbols) and reverse (filled symbols) waves in the voltammograms, with circles, 
squares and triangles corresponding to homeotropic samples, whilst inverted triangles, stars and 
pentagons denoting the homogeneous samples. 
 
 
Figure 9 
Voltammograms (scan rate 0.1 V s-1) corresponding to (a) the reduction of vitamin K1 and (b) the 
oxidation of plant pigment, when immobilised within the H1 phase of Triton X 100/aqueous 0.1 M HCl 
(see text), in the homeotropic (red) or homogeneous (blue) alignment.  The arrows indicate the 
direction of the initial potential sweep.  Panel (c) illustrates typical photo-reductive currents observed 
on illumination of the homogeneously-aligned sample with red light, holding the potential of the 
glassy carbon working electrode at 0.0 V vs. Ag | AgCl | Cl-. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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(d) 

 

  



Page 32 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

6 
 

Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 

(a) 

 

(b) 

 

(c) 

 

 

 

 

 




