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ABSTRACT: We have studied the charge transport
properties of self-assembled structures of semisynthetic
zinc chlorins (ZnChls) in the solid state by pulsed
radiolysis time-resolved microwave conductivity measure-
ments. These materials can form either a two-dimensional
(2D) brickwork-type slipped stack arrangement or a one-
dimensional (1D) tubular assemblies, depending on the
exact molecular structure of the ZnChls. We have observed
efficient charge transport with mobilities as high as 0.07
cm2 V−1 s−1 for tubular assemblies of 31-hydroxy ZnChls
and up to 0.28 cm2 V−1 s−1 for 2D stacked assemblies of
31-methoxy ZnChls at room temperature. The efficient
charge transporting capabilities of these organized
assemblies opens the way to supramolecular electronics
based on biological systems.

Natural functional architectures, such as secondary and
tertiary structures of proteins, cyclic chlorophyll arrays in

light-harvesting complexes, and π-stacked structure of double-
stranded DNA, provide inspiration for the rational design of
structural motifs that are promising for supramolecular
electronics.1−3 There are many representative examples of
self-assembling materials, including discotic liquid crystals
(DLCs),2,4,5 tapes,6 zippers,7 well-defined π-stacks,8 and self-
assembled nanorods and nanotubes based on various π-
conjugated molecules.9−12 However, true biomimetic self-
assembled materials that have properties relevant for supra-
molecular electronics are rare.
Green sulfur and non-sulfur photosynthetic bacteria have

unique chlorosomal antenna systems to harvest sunlight with
quantum efficiencies close to unity.13−15 The chlorosomal
antennae are constructed from bacteriochlorophyll (BChl)
pigments that are held together in the proper geometrical
arrangement by non-covalent interactions, without stabilization
by a protein matrix.16−19 These systems provide an inspiration
for the rational design of one-dimensional (1D) supramolecular
architectures with desirable properties for opto-electronics and
artificial photosynthesis.
Working toward this goal, we have studied the charge

transport properties of semisynthetic BChl c derivatives,
namely, zinc chlorins (ZnChls). For these compounds, the
supramolecular organization, particularly in the solid state, has

been elucidated by solid-state NMR measurements previ-
ously.20 Here we report efficient charge transport in semi-
synthetic ZnChls using pulsed radiolysis time-resolved micro-
wave conductivity (PR-TRMC) measurements.
Over the past few years, some of us have shown that the in

vitro self-assembly of natural BChls can be effectively influenced
by simple chemical modifications.20−25 For instance, the use of
a Zn ion instead of Mg ion imparts chemical stability,26 the
solubility properties can be tailored by the 172-side chain, and
the stacking mode is controlled by the 31-functionality and/or
172-side chain (see Figure 1). Most notably, it has been shown
previously that the self-assembly paths of 31-hydroxy- and 31-
methoxy-functionalized ZnChls derived from BChl c are very
different. The 31-hydroxy derivatives were shown to assemble
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Figure 1. Chemical structures and self-assembled architectures of
semisynthetic 31-hydroxy (1-OH, 2-OH) and 31-methoxy (1-OMe, 2-
OMe) zinc chlorins investigated in this work.
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into tubular structures,23,24 while the 31-methoxy analogues
form two-dimensional (2D) sheet-like structures.20 The self-
assembly of these compounds has been studied in solu-
tion,21,23,24,27 on surfaces,22,25 and in the solid state.20 In a
recent study, we reported high conductivity of 0.48 S m−1 along
single tubes consisting of 31-hydroxy ZnChls on a micrometer
length scale by the conductive atomic force microscopy
technique, while a charge carrier mobility of 0.03 cm2 V−1 s−1

in the solid state was determined by PR-TRMC.24 The mobility
of charges in organic semiconductors is intimately related to the
supramolecular organization that is often difficult to control in
soft materials.28 Therefore, it is of considerable interest to
establish how the differences in the supramolecular structure
for the 31-hydroxy and 31-methoxy ZnChls affect the mobility
of charges in these materials.
In order to achieve this, semisynthetic 31-hydroxy ZnChls (1-

OH, 2-OH) and 31-methoxy ZnChls (1-OMe, 2-OMe; Figure
1) were synthesized by stepwise derivatization of chlorophyll a.
The synthesis and detailed structural characterization have been
reported previously,20−23,25 and additional characterization is
provided in the Supporting Information. In both the OMe and
OH compounds, the combination of π−π stacking of the
chlorin cores and coordination of the central zinc ion with the
31-hydroxy or 31-methoxy group of a neighboring molecule
leads to the formation of slipped stacked structures with J-type
excitonic coupling.29 For OH ZnChls, higher-order tubular
structures can be formed upon self-assembly in solution in
which these stacks are held together by hydrogen bonds
between the 31-hydroxy group and the 131-keto functionality
(see Figure 1). In the absence of interstack hydrogen-bonding,
the 31-methoxy ZnChls form 1D stacks that are further
organized into a brickwork-type 2D sheets.20

The charge transport properties of the OH and OMe ZnChls
were studied by PR-TRMC to obtain the charge carrier
mobility in the solid state.30 In this technique, the change in
conductivity of a material is measured upon irradiation with a
short nanosecond pulse of high-energy electrons. Details on the
technique and analysis of the data are given in the Supporting
Information. In Figure 2, the change in conductivity (Δσ) per
unit of the deposited energy (D) is shown as a function of time
for all materials considered here. The conductivity initially
increases during the 10 ns irradiation pulse due to the creation
of mobile charge carriers. Subsequently, the conductivity decays
as a result of recombination and/or trapping of charges after
the generating pulse. As is evident from Figure 2, there are
distinct differences in the magnitude and the lifetime of the
conductivity signals for the OH and OMe ZnChls. For both
OMe compounds, a high conductivity signal is observed that
decays back to zero within ∼200 ns, while for the OH
compounds the end-of-pulse value of the conductivity is
roughly a factor of 4 lower but the lifetime is considerably
longer. Both compounds 1 and 2 with different side chains on
the 172-position give similar trends, as is evident from Figure 2,
although the absolute conductivity values for both the OMe
and OH varieties of 2 are significantly lower than for 1.
The mobility of charges can be calculated from the

conductivities at the end of the pulse if the concentration of
charges is known. The concentrations of charges were
estimated using the charge-scavenging model described
previously.31 The values for the mobility obtained in this way
are included in Figure 2. The OMe ZnChls exhibit significantly
higher mobilities (up to 0.28 cm2 V−1 s−1) than the
corresponding OH compounds (up to 0.07 cm2 V−1 s−1). For

the OH compounds, the mobilities found here are of the same
order of magnitude as the recently reported value of 0.03 cm2

V−1 s−1 in tubular OH-substituted ZnChls containing hydro-
philic side chains.24 The mobility values reported here, 0.05−
0.28 cm2 V−1 s−1, are comparable to values typically obtained
for DLCs, with the highest value approaching the record
published for DLCs (∼1 cm2 V−1 s−1).32

Interestingly, for previously studied DLC porphyrins that
have a similar core structure, mobilities in the same range,
∼0.05−0.40 cm2 V−1 s−1, were found.31 However, in these
materials, the planar porphyrin cores form columnar structures
with little lateral shift with respect to each other. This leads to
effective π-stacking and larger average overlap between
neighboring molecules. In contrast, in ZnChls, the zinc−
oxygen coordination directs the molecules into slipped stacking
arrangements where the π-overlap is smaller. Apparently, the
coordination bond, combined with the steric effect of the 171

side chains, leads to a structure where the electronic coupling is
high, even when the spatial overlap is less. Additionally, the
coordinative bonds rigidify the structure, resulting in
considerably reduced structural disorder compared to the
DLC porphyrins. The importance of the zinc−oxygen
coordination for maintaining an ordered structure in the
ZnChls is illustrated in Figure 3, where the conductivity signal
for ZnChl 1-OH is compared to that for the corresponding free
base chlorin 1′-OH. While 1-OH gives a long living signal
corresponding to a reasonable mobility (0.07 cm2 V−1 s−1), the
1′-OH gives no measurable conductivity signal after the pulse.
We attribute this to a disordered structure when the
coordination bond is absent.
The distinct supramolecular organization that gives rise to

different mobilities in the OH and OMe ZnChls also results in
substantially different decay kinetics, as shown in Figure 4. The
decay of the radiation-induced conductivity of ZnChls 1-OH
and 1-OMe is plotted for different irradiation doses (i.e.,
different pulse duration) in Figure 4. Different irradiation doses

Figure 2. Transient change in conductivity of ZnChls upon irradiation
with a 10 ns electron pulse: (a) 1-OH, 1-OMe; (b) 2-OH, 2-OMe.
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result in different initial concentrations of charges. For 1-OH,
the decay does not depend on the concentration of the charge
carriers, and the half-life is of the order of a few microseconds
(Figure 4a). Similar long lifetimes have been observed
previously for DLCs,31 which form 1D stacks of aromatic
cores that are surrounded by hydrophobic side chains.
Although the arrangement of the stacks in the tubular
structures formed by the OH compounds is more complex
than in DLCs, a similar decay mechanism of the charge carriers
is operative in the present case; i.e., the decay of the
conductivity can be attributed to slow trapping of charge
carriers and subsequent recombination via tunneling through
the peripheral insulating hydrocarbon mantle around the
tube.33

In the conductivity transients of the OMe ZnChls, second-
order recombination effects are present (Figure 4b); i.e., the
rate of decay of the conductivity is sensitive to the initial
concentration of charges. In this case, the much faster moving
charges recombine on the time scale of ten(s) of nanoseconds.
This is attributed to second-order effects that are known to be
more pronounced in 2D and 3D networks, but not in 1D

columnar stacks.34 This is consistent with the brickwork-type
2D structural arrangement of OMe compounds shown by solid-
state NMR measurements,20 where the interactions between
neighboring stacks are presumably more important than in the
OH compounds.20

To gain more insight into the thermal stability and the
temperature dependence of the conductivity, PR-TRMC
measurements were performed between −50 and 100 °C.
For the OH compounds the charge carrier mobilities were
found to increase gradually with temperature, indicating
thermally activated transport of charge carriers (Figure S1,
Table S1). Moreover, changes in the magnitude of the
conductivity are reversible for these compounds, indicating a
thermally stable supramolecular organization of the ZnChls.
However, the half-life time of the conductivity transients
reduces significantly upon annealing, from microseconds to
hundreds of nanoseconds. We conclude from this that the
primary tubular structure of the aggregates that is formed in
solution is maintained, and only the interactions between the
neighboring alkyl chains surrounding the tubes are influenced
by heating. In accordance with this interpretation, differential
scanning calorimetry (DSC) shows no phase transitions in the
OH compounds.
For the OMe compounds, the charge transport behavior on

heating is very different. Heating the samples to 100 °C leads to
a irreversible collapse of the conductivity signals (Figure S2).
This suggests that the initial supramolecular structures of the
OMe ZnChls formed in solution, although favorable for charge
transport, are metastable in the solid state, and considerable
change in the morphology occurs upon heating. To confirm
this notion, we investigated the thermotropic behavior of 1-
OMe by optical polarization microscopy (OPM) and DSC.
Indeed the DSC thermogram reveals distinct differences for the
first and subsequent heating−cooling cycles (Figure S3). Thus,
while the second and third heating−cooling cycles are identical,
the first heating process is different, which corroborates that 1-
OMe molecules exhibit different packing arrangements upon
self-assembly from solution and upon cooling from the melt.
For the latter case our OPM and DSC investigations indicate
the formation of a soft crystalline phase. Upon cooling from the
melt (∼170 °C), two phase transitions at 155 °C (−19.7 kJ/
mol) and 69.8 °C (−10.5 kJ/mol) were observed (Figure S3).
OPM studies revealed concomitant formation of spherulitic
textures (Figure S4). These studies are indicative of substantial
temperature-dependent changes in the morphology of the
sample which are detrimental to charge transport.
In conclusion, efficient charge transport has been observed in

semisynthetic ZnChl assemblies. Brickwork-type 2D stacked
assemblies of 31-methoxy ZnChls possess very high charge
carrier mobility of up to 0.28 cm2 V−1 s−1 at room temperature,
whereas corresponding tubular assemblies of 31-hydroxy
ZnChls possess charge carrier mobility of up to 0.07 cm2 V−1

s−1, revealing a clear relationship between supramolecular
structure and charge transport properties of these biomimetic
materials. In concordance with the high charge carrier
mobilities of well-ordered ZnChl aggregates, these biomimetic
materials possess potential for application in supramolecular
electronics. Utilization of these dye assemblies, for instance, in
field effect transistor fabrication35 is conceivable.

Figure 3. Transient change in conductivity for zinc chlorin 1-OH
(solid line) and the corresponding free base chlorin 1′-OH (dotted
line) upon irradiation with 10 ns electron pulse.

Figure 4. Transient change in conductivity for (a) 1-OH and (b) 1-
OMe for different electron pulse durations.
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