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h i g h l i g h t s

• The electrical conductivity proper-
ties of supramolecular nanowires
were investigated by C-AFM.

• Chlorophyll-derived supramolecular
nanowires.

• The electrical conductivity and
charge-carrier mobility of zinc
chlorin nanowires were found to be
0.93 S/cm and 5.80 × 10−2cm2/V s,
respectively.
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a b s t r a c t

The self-assembled supramolecular structures have recently attracted rising interest in view of their
potential application in artificial photosynthesis, supramolecular electronics and many other scientific
disciplines. In particular, self-assembled zinc chlorophyll nanowires appear to be highly promising
candidates in the field of artificial photosynthesis and organic photovoltaics. In this work, the electrical
conductivity properties of chlorosomal rod self-aggregates have been investigated by conductive atomic
force microscopy (C-AFM). Two zinc chlorin derivatives bearing different length alkyl chains (ZnChl-
C6 and ZnChl-C18) were prepared, and current–voltage characteristics of self-assembled zinc chlorin
nanowires were investigated. The electrical conductivity and charge-carrier mobility of zinc chlorin
nanowires were found to be 0.93 S/cm and 5.80×10−2cm2/V s, respectively. It is worth noting that these
self-assembled zinc chlorin nanowires revealed higher electrical conductivity and themobility than those
of previously published chlorophyll derivative supramolecular nanowires.
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1. Introduction

The use of supramolecular interactions for the preparation
of photosynthetic light-harvesting (LH) antennas has attracted
much attention from the device performance point of view. The
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construction of highly ordered supramolecular structures and
organized on surfaces across multiple length scales represents
an important issue within the fast-growing field of light har-
vesting devices [1–11]. One of the most promising methods for
the construction of these supramolecular assemblies relies on
the self-organization ability of π-conjugated systems [2,12–18].
Supramolecular nanostructures of self-aggregated zinc chlorin
(ZnChl) derivatives have been widely studied due to their intrigu-
ing self-organization properties [18–21]. In these studies, surface
behaviors of semi-synthetic chlorophyll derivatives that have dif-
ferent molecular structures were investigated in detail by a vari-
ety of spectroscopic and microscopic techniques [7,20–23]. It was
demonstrated that, aggregation behaviors are largely affected by
the molecular structure and the surface properties [7,20–23]. For
instance, the presence of hydrophobic hydrocarbon chains at the
17-propionate position (such as farnesyl, cetyl, stearyl, oleyl etc.)
of semi-synthetic chlorophyll derivatives not only facilitates the
formation of rod/wire aggregates but also allows to obtain more
stable aggregates [7,20–23]. From this perspective, it has become
easier to obtain desired aggregates different in size and formation.
Concerning the charge transport properties, to date, the detailed
investigation of such materials was successfully examined only by
Würthner and co-workers [8]. In this study, individual nanowires
obtained from a semi-synthetic chlorophyll derivative bearing
[3′, 5′-bis-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)]
benzyl ester group at the 17 propionate position were inves-
tigated by the conductive AFM (C-AFM) method [8]. In order
to get a deeper understanding of the charge-carrier transport
properties along macroscopic dimensions, a special substrate
which consists of a non-conductive silicon oxide surface and a
conductive polymer (poly(3,4-ethylenedioxythiophene):poly-(4-
styrenesulphonate, PEDOT:PSS)) was used. The conductivity re-
sults are promising and comparable inmagnitude to those of semi-
conducting supramolecular oligomers and polymers [8]. However,
further detailed investigations are necessary to better understand
the supramolecular organization of these nanowires in different
environments [24]. Chlorophyll-based dyes are promising candi-
dates for organic photovoltaics as light harvesting materials [25–
28]. Indeed, the unique physicochemical properties of chlorophyll
pigments make them to be an effective light harvesting mate-
rial in the concept of artificial photosynthetic systems. The self-
organization of biological derivatives on appropriate surfaces is
one of the most important parameters in device construction to
mimic the analogous natural systems and build suitable artificial
solar energy conversion devices. In this regard, the investigation of
the electrical conductivity and charge-carrier mobility of the bio-
supramolecular nanowires are required for the development of ef-
ficient devices.

In the present study, our aim is to investigate the electrical
conductivity properties of self-aggregated zinc chlorophyll rod
structures organized on surfaces at the nanoscale. To the best
of our knowledge, although surface behavior of the compounds
used in this study was investigated in detail previously by Shoji
et al. [23] due to their proper rod/wire formations, there is only
limited information regarding current–voltage characteristics of
their rod aggregates in the literature up to now.

2. Experimental

2.1. Materials

All reagents and solvents were purchased from commercial
sources. Anhydrous solventswere either distilled fromappropriate
drying agents or purchased from Merck or Aldrich and degassed
prior to use by purging with dry argon and kept in air-tight
bottles with molecular sieves. The UV–Vis absorption spectra of
Fig. 1. Chemical structures of zinc chlorin derivatives with different alkyl chains,
ZnChl-C6 and ZnChl-C18.

synthesized dyes are recorded in a 1 cm path length quartz cell by
using Analytic JENA S 600. The thin conductive gold top layer was
prepared by using MiDAS Thermal Vacuum Evaporation System,
Pvd PVD/3T. Atomic Force Microscopy (AFM) and Conductive
Atomic ForceMicroscopy (C-AFM) studies were carried out in non-
contact and contact modes, respectively using a Park System XE-
100 SPM instrument under ambient conditions using a commercial
scanning probe microscope. The AFM topographic images were
analyzed using Park Systems XEI software. The aggregate solutions
of ZnChl-C6 and ZnChl-C18 in THF (Tetrahydrofuran)/n-Hexane
(1:99%) were spin-coated (5000 rpm) onto HOPG (Highly oriented
pyrolytic graphite) or silicon oxide surfaces and measured under
ambient conditions.

2.2. Synthesis of zinc chlorin derivatives

Semi-synthetic chlorophyll derivatives bearing different length
of alkyl chains (ZnChl-C6 and ZnChl-C18) were prepared according
to the reported procedures [23,26,29] by using chlorophyll-a (Chl-
a) obtained from Spirulina maxima algae [30]. Chemical structures
of zinc chlorin derivatives are shown in Fig. 1.

3. Results and discussion

3.1. Self-assembly properties of self-aggregated zinc chlorin deriva-
tives in nonpolar organic solvent

The self-assembly properties of semi-synthetic ZnChls in
solution were investigated by UV–Vis spectroscopy at the first
stage of study. The absorption spectra of the compounds, ZnChl-
C6 and ZnChl-C18 in THF/n-hexane (1:99) shown in Fig. 2(a) and
(b) reveal a pronounced bathochromic shift of the Qy band upon
self-assembly from 647 nm (monomers) to 741 nm (aggregates)
[31–33]. The decrease of the Qy band of monomer at 647 nm
and the increase of the aggregates band at 741 nm was observed
upon increasing time. Complete aggregation under such conditions
takes up to several hours. At higher concentrations, the 741 nm
aggregates form much more rapidly. When close to saturated
solutions of ZnChl in THF are diluted with n-hexane, the shift to
741 nm is almost instantaneous on the time scale of our mixing
and measuring experiment (within seconds).
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Fig. 2. UV–Vis absorption spectra of the ZnChl derivatives (a) ZnChl-C6, (b) ZnChl-C18 (black-line) monomers in THF; (red-line) solution phase free-standing aggregates in
THF/n-Hexane (1:99%). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
3.2. Surface morphology properties of self-aggregated zinc chlorin
nanowires by AFM studies

The organization and physical properties of well-ordered stacks
of ZnChls on HOPG surface were investigated by AFM and C-AFM.
The self-aggregation properties of the complexes, ZnChl-C6 and
ZnChl-C18, on different surfaces have been investigated previously
in detail by Shoji et al. [23]. The supramolecular formation and sta-
bility of the zinc chlorins rods which consist of different lengths
of an oligomethylene chains at the 17-propionate group have been
reported [23]. According to this study, a hydrophobic HOPG sub-
strate was preferred for observing rod/wire self-aggregates by
AFM, since the long hydrophobic chains located outside of the
rods/wires interacted favorably with a HOPG surface. In this re-
gard, before the investigation the electrical conductivity of molec-
ular nanowires, the formation parameters of the rods were re-
examined. A freshly prepared solution of ZnChl in THF/n-hexane
(1:99) (100 µM) was deposited by a spin-coating technique on
HOPG and allowed to evaporate. Supramolecular nanostructures
of semi-synthetic chlorophyll aggregates on a hydrophobic HOPG
surfacewere examinedbynon-contactmodeAFMat room temper-
ature. AFM studies on graphitic surfaces revealed the formation of
rod-like structures of different lengths fromnanometer tomicrom-
eter scales as it was reported before (Figs. 3–4). As it is seen from
AFM images, similar structures previously reported by Shoji et al.
were successfully obtained before the conductivity studies [23].

3.3. Electrical conductivity properties of the ZnChl-C18 nanowires by
Conductive Atomic Force Microscopy (C-AFM)

A commercially available AFM (Park System XE-100 SPM) was
used to analyze topographic images and electrical conductivities of
the nanowires. The conductivity measurements were performed
in contact mode with conductive cantilevers (NSC18/Cr-Au,
Mikromasch). A bias voltage in the range 0.5/−0.5 V or 1/−1 V
was applied between tip and sample and an external current was
used to measure the current during the scanning movement. A
siliconwaferwith 100 nmoxide layerwas used to guarantee a high
electrical isolation. Control AFMexperimentwas performed for the
aggregates of ZnChl-C6 and ZnChl-C18 to verify if nanowires are
formedon the surface. The thin conductive gold layerwas prepared
by usingMiDAS Thermal Vacuum Evaporation System, Pvd PVD/3T
(Vacuum level: 2 × 10−6 Torr, 30 s, thickness: 40 nm). In order
to investigate the conductivity properties of the nanowires, a
substrate consisted of a non-conductive silicon oxide surface and a
gold coated edge which served as a conductive part was prepared
(Fig. 5).

Gold layerwas especially preferred instead of PEDOT:PSS unlike
previous study reported by Sengupta et al. due to difficulties in
obtaining a uniform conductive layer [8]. Firstly, a gold contact
having 40 nm thickness was prepared on SiO2 film by a MiDAS
thermal evaporator system, PVD/3T. 20 µl of nanowire solution
were then deposited on a silicon substrate by spin-coating
(Fig. 5). The current–voltage characteristics of the nanowires were
investigated by a conducting AFM mode. For this, a nanowire, in
which contacts to the conductive gold layer by one end, and the
other side lying through the non-conductive silicon oxide surface
was chosen randomly, and a voltage was applied between ametal-
coated AFM tip and a conductive substrate, as shown in Fig. 5. AFM
topography and current images of the ZnChl-C18 nanowires are
shown in Fig. 6(a)–(c). Fig. 6(b) shows AFM surface morphology
image of the ZnChl-C18 nanowires. As seen in Fig. 6(b), the red
regions are conductingwhile the blue regions are insulator regions.
We measured current–voltage (I–V) characteristics of ZnChl-C18
and ZnChl-C6 nanowires to determine electrical conductivity and
mobility values. But, we showonly I–V characteristics of the ZnChl-
C18, as it is seen that I–V characteristics of ZnChl-C18 were much
close to that of ZnChl-C6 (Fig. 6(c)). The electrical conductivity of
the nanowires is determined from the obtained I–V characteristics
using the following relation,

σ =
I
V

d
A

where σ is the conductivity, I is the current, V is the applied
voltage, d is the distance between electrodes and A is the
cross sectional area. The electrical conductivity of the ZnChl-C18
nanowires was determined from Fig. 6(c) and was found to be
0.93 S/m. The obtained σ value is higher than that of another type
of supramolecular nanowires prepared fromchlorophyll derivative
dyes [8]. The mobility, µ of the nanowires was calculated by
assuming of concentration of the charge carries, 1024 charges/m3.
Theµ value for the nanowireswas found to be 5.80×10−2 cm2/V s.
The obtained mobility is also higher than that of previously
published chlorophyll derivative supramolecular nanowires [8].
This suggests that the higher conductivity is due to π-electrons in
structure of the ZnChl-C18 nanowires.

AFM topography and current images of the ZnChl-C18nanowires
for various magnifications and bias voltages are shown in Fig. 6.
The gold layer in the top part of the image (red color) exhibits a
high conductivity compared to the silicon substrate (blue color).
The image of a single nanowire which is attached to the gold and
shows a current signal is also an obvious confirmation for the elec-
trical conductivity (Figs. 6 and 7). It is necessary to keep constant
the loading force of the cantilever during the conductivity mea-
surements. Otherwise, conductivity measurements cannot be per-
formed properly due to the possible deformation on the nanowire
caused by the movement of the tip (Fig. 7(b)).
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Fig. 3. (a) Photograph of ZnChl-C18 aggregates formed upon dilution of a concentrated THF solution with n-hexane; (b) AFM analysis of self-aggregated ZnChl-C18 on an
HOPG substrate; (c) and (d) the length (red line) and height (green line) analysis of the molecular cables. Set point: 3.23 (nN), Z servo gain: 2.69, Scan rate: 0.5 (Hz), Head
mode: NC-AFM (Non-contact mode). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. (a) Photograph of ZnChl-C6 aggregates formed upon dilution of a concentrated THF solution with n-hexane; (b) AFM analysis of self-aggregated ZnChl-C6 on an
HOPG substrate; (c) and (d) the height (red line) and length (green line) analysis of the molecular cables. Set point: 2.8 (nN), Z servo gain: 1.58, Scan rate: 0.57 (Hz), Head
mode: NC-AFM (Non-contact mode). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Schematic illustration of the C-AFM setup applied in the study. In C-AFMmode, a conductive cantilever (claret red) is brought in contact with the nanowire (black). If
attached to the gold layer (yellow) upon application of a voltage between tip and sample, a flowing current can be analyzed by an external electronic device. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
4. Conclusion

Two zinc chlorin derivatives bearing different length alkyl
chains were prepared, and current–voltage characteristics of self-
assembled zinc chlorin nanowireswere investigated. The electrical
conductivity (σ ) and charge-carrier mobility (µ) of zinc chlorin
nanowires was found to be 0.93 S/cm and 5.80 × 10−2 cm2/V s,
respectively. The self-assembled zinc chlorin nanowires revealed
higher electrical conductivity and themobility than that of another
type of supramolecular nanowires prepared from chlorophyll
derivative dyes [8]. This result can be explained by the presence
of longer oligomethylene chains (n ≥ 6) which stabilized the
nanowires construction by their lipophilic interaction [23]. In
particular, the intermolecular interaction between the nanowires
which surrounded with hydrophobic oligomethylene chains and
hydrophobic HOPG surface are the driving force for the formation
of more stable ensembles, which gives rise to very high electrical
conductivity and the mobility. These results suggest that, in the
application point of view, zinc chlorophyll nanowires appear
highly promising in the field of organic photovoltaics and micro-
electronics.
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Fig. 6. (a) AFM topography image (30 × 30 µm2) of single ZnChl-C18 nanowires spin-coated from THF/n-Hexane solution (1:99%) on a silicon oxide surface. Thickness of
the gold layer ∼40 nm; (b) Corresponding current image measured in the C-AFM mode. Tip bias: 0.5 V, sample bias: −0.5 V, set point: 153.68 (nN), scan rate: 0.66 Hz; (c)
I–V characteristics of ZnChl-C18 nanowires. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. (a) AFM topography image (2 × 2 µm2) of single ZnChl-C6 nanowires spin-coated from THF/n-Hexane solution (1:99%) on a silicon oxide surface. Thickness of the
gold layer ∼40 nm; (b) Corresponding current image (4 × 4 µm2) measured in the C-AFMmode. Tip bias: 1 V, sample bias: −1 V, set point: 153.68 (nN), scan rate: 0.63 Hz.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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