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ABSTRACT

Light induced cis/trans isomerization in the family of merocy-
anine (MC) dyes offers a recyclable proton pumping ability
which can potentially be used in hybrid bio-electronic
devices. In this article, a hexadecyl MC dye is embedded in
lipid molecules to make a macromolecular configuration of a
lipid/hexadecyl MC membrane. Lipid molecules play a criti-
cal role in stabilizing the dye in a membrane structure for
practical use in energy devices. In this study, we first exam-
ined the proton pumping characteristic of the lipid/hexadecyl
MC membrane in a conventional photoelectrochemical cell.
Next, a major modification in the cell was introduced by
eliminating I,/I-electrolyte which resulted in a two-fold
increase in the open circuit voltage compared with that of
the conventional cell. In addition, the charging time in the
new cell was reduced approximately four orders of magni-
tude. This research demonstrated that the newly designed
lipid- MC cell can act as a promising bioelectronic device
based on the green energy of photoinduced MC dye proton
pumping.

INTRODUCTION

An essential ingredient of biological information processing and
energy transduction is proton motive force (pmf). Several essen-
tial photoinduced biological procedures and dye probed lipid
macromolecules work based on photoisomerization proton pump-
ing and electron transfer mechanisms (1-4). Therefore, creation
of artificial stable systems that allow a light driven frans-mem-
brane proton pump to be interfaced to an electrically active sup-
port is highly desirable.

Photo induced functional incorporation of merocyanine (MC)
dyes embedded in lipid biopolymers promises a novel class of
proton pumps. Such proton pumps open new opportunities in
developing novel bio-inspired devices. Although most dyes are
only sensitive to light, MC dyes belong to the family of both
thermo- and photosensitive molecules. They can cycle between
cis and trans isomeric states via protonation and deprotonation
reactions induced by heat or light (5-7).
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It has been demonstrated that the generation of thermal- and
photodriven pmf results in frans-membrane proton pumping
across a macromolecular thin-film doped with MC dyes (7). A
mechanism was suggested based on vectorial proton pumping
conducted by light-induced cycle of reversible conformational
transitions (5). Vectorial proton pumping proceeds via confor-
mational transitions in the dye molecule, facilitated by an
acidic proton source. Specifically, the researchers showed
photovoltage generation across membrane-like thin films con-
sisting of oxidized cholesterol and MC in an acidic solution
(7-9).

Different MC dyes are distinguished by their N-alkyl group
substituents. Their chemical structures have a specific symmetry
that causes variations in their binding and crystal structure fol-
lowed by differences in the isomerization temperature, reaction
mode, and the enthalpies involved (10).

In this manuscript, first we reproduced the conventional hex-
adecyl MC photoelectrochemical cell previously reported by
Dutta and Nandy (8) to reiterate the proton pumping capability
of the hexadecyl MC dye. Furthermore, we designed a new pho-
toelectrochemical cell with hexadecyl MC dye embedded in lipid
molecules in which both the current density and the open circuit
voltage improved significantly in comparison to the conventional
hexadecyl MC photoelectrochemical cell. Although there were
isolated reports on the application of MC dyes as a proton pump
membrane to generate photovoltage about two-three decades
ago, to our knowledge, the effort was not pursued further. Our
studies lend further support to the feasibility of using optical and
thermal energy to generate pmf across a macromolecular mem-
brane to design a new high-performance class of MC photoelect-
rochemical cell.

MATERIALS AND METHODS

Hexadecyl MC (HMC) dye was synthesized in our laboratory according
to the previously reported method by Minch and Shah (11).

The resulting material was analyzed by X-ray diffraction measurement
(XRD) using Bruker AXS D8 diffractometer. This instrument worked
with voltage and current settings of 40 kV and 40 mA, respectively and
used Cu-Ko radiation (1.5405 A). For qualitative analysis, XRD diagrams
were recorded in the interval 15° < 20 < 55°.

Proton nuclear magnetic resonance (‘H NMR) spectroscopy
(600 MHz Bruker) was used to structurally characterize the synthesized
hexadecyl MC dye.
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To investigate the absorption spectra of hexadecyl MC, the spectro-
photometer Nanodrop 2000 was used. The solvent was acetone and the
concentration of hexadecyl MC in acetone was 10> m.

Cholesterol (95%) was purchased from Alfa Aesar. The oxidized cho-
lesterol was produced by heat and UV oxidation of cholesterol and
recrystallization from n-octane. Pure graphite (99.999%) in appropriate
rod shape was purchased from VWR international to use as electrodes. 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased
from Avanti Polar Lipid. Thin glass filter (membrane) with 1 pm pores
in average diameter was purchased from VWR international.

RESULTS

The 'H NMR data reveal the presence of the hexadecyl MC
product (Fig. 1A). Described by Morley et al. (12), this com-
pound exists as a resonance hybrid with the zwitterionic form
being the predominate structure.

Figure 1B shows the XRD plot of the synthesized HMC dye at
room temperature. All the distinct diffraction peaks at 16.59°,
20.77°, 23° and 29.03° were very prominent and referred to the
crystalline phase of HMC, which is in agreement with the reported
data by Das et al. (9). According to the synthesis procedure, the
cooling process of the final reaction mixture yielded blue-red
crystals which were recrystallized three times from hot water.
Herein, the average crystallite size was determined from the half-
width of diffraction major peaks using the Debye—Scherrer’s
formula (7):

D =k./BcosO (1)

where D is the crystallite diameter, & is a constant (shape factor,
about 0.9), 4 is the X-ray wavelength (1.5405 A as mentioned
before), [ is the full width at half maximum (FWHM) of the dif-
fraction line, and 0 is the diffraction angle. The FWHM was cor-
rected for the instrument broadening and the average crystallite
size was estimated approximately 39.4 nm.

We also examined the absorption spectra of our synthesized
hexadecyl MC. Generally, MC dyes show different absorption
spectra based on their solvents. Patnaik and Sahu (13) reported
that a wide range of solvents such as water, acetone, benzene,
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toluene, ethanol, methanol, benzyl alcohol, acetonitrile, etc. show
different absorption spectra; and there is always a shift in the
main peaks of MC at 567 nm due to the change in transition
energy and polarity. The main peaks of MC dye in those sol-
vents that keep the polarity of the dye are in a range of 380-
400 nm and 560-620 nm (7,13-17). It was also reported that
hexadecyl MC with acetonitrile as solvent has absorption peaks
in 375 and 580 nm (18).

To investigate the absorption spectra of hexadecyl MC, we
used acetone as the solvent. The concentration of hexadecyl MC
in acetone was 107> M. As Fig. 1C shows, hexadecyl MC in
acetone has two absorption peaks at 394 and 507 nm.

To examine the proton pumping characteristic of hexadecyl
MC dye, two different photoelectrochemical cells were designed.
The first cell was previously introduced by Dutta and Nandy (8).
We made a similar configuration as shown in Fig. 2A. It was
composed of two L-shaped glass tubes connected with standard
joints. A porous glass filter (membrane) with pores of 1 pm
average diameter was mounted in the middle separating the
liquid in the two tubes.

One of the tubes was filled with 0.1 m HCI and the other one
was filled with saturated I/~ solution in 0.1 mm concentration.
Also, two graphite electrodes were placed symmetrically one in
each tube. Here, HCI and I,/I" solution act as proton source and
charge acceptor, respectively. The new configuration of photo-
electrochemical cell is schematically shown in Fig. 2B. As
depicted in this figure, the cell is composed of two graphite elec-
trodes. However, instead of two different electrolytes, both elec-
trodes are immersed in HCI solution, and a glass micro-pored
filter is attached to the cathode.

The mixture of hexadecyl MC dye, POPC and oxidized cho-
lesterol (mole ratio ~2:7:13) was prepared and used in both cells.
Hexadecyl MC dye and POPC were dissolved in chloroform,
and cholesterol was dissolved in n-decane. To prepare the mix-
ture, hexadecyl MC and POPC were first mixed in appropriate
molar ratio. Then, the solution was air-dried for 1 h and kept
under vacuum for 3 h to make sure that no chloroform was
trapped in the mixture. The oxidized cholesterol in n-decane was
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Figure 1. (A) Structural Characterization of the synthesized hexadecyl MC by 'H NMR (DMSO, 600 MHz): a = 0.81-0.83 (t, 3H), b, ¢ = 1.20-1.24
(m, 26H), d = 1.73-1.75 (m, 2H), e = 4.07-4.08 (t, 2H), k = 6.03 (d, 2H, J =9 Hz), h = 6.41 (d, 1H, J = 15 Hz), j = 7.25 (br s, 2H), g = 7.43 (s,
2H), i =7.62 (d, 1H, J = 15 Hz), f = 8.13 (d, 2H, J = 7.2 Hz). (B) XRD diagram of the synthesized hexadecyl MC. The diffraction peaks at 16.59°,
20.77°, 23° and 29.03° are referred to the crystalline phase of hexadecyl MC. The average crystallite size is approximately 39.4 nm. (C) The absorption
spectra of hexadecyl MC in aceton. Two absorption peaks appeared at 394 and 507 nm. They are spectra of the equilibrium isomers of the material in
our experimental condition. All the experiments in panels A, B and C were performed at room temperature.
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Figure 2. Cross-sectional schematic of the cells, (A) the conventional cell (7), and (B) the newly designed MC photoelectrochemical cell.

added to this mixture to reach the desired molar ratio of hexade-
cyl MC dye:POPC:oxidized cholesterol ~2:7:3. For simplicity,
we call this mixture lipid/hexadecyl MC. For complete mixing,
the mixture of lipid/hexadecyl MC was sonicated for ~15—
20 min. The appropriate concentration of the lipid/hexadecyl MC
mixture in n-decane was approximately 3 mm.

In the first cell, the lipid/hexadecyl MC mixture was brushed
on the micropored filter. The filter was mounted between the two
L-shaped tubes to hold a stable lipid/hexadecyl MC membrane
(19). Although the membrane was micro-porous, the continuous
coating of lipid/hexadecyl MC macromolecules successfully pre-
vented mixing of the two solutions of hydrochloride acid and
L/I-electrolyte.

The main difference between this cell and that of Ref. (8) was
that we embedded the dye and the oxidized cholesterol in the
POPC lipid molecules.

For the second cell, as shown in Fig. 2B, the micro-pored fil-
ter which was attached to the cathode was brushed by the lipid/
hexadecyl MC mixture to form a stable membrane. The open cir-
cuit voltage between the two electrodes of each cell was mea-
sured upon illumination by visible light provided by a 60 W
incandescent light bulb.

The temperature inside the photoelectrochemical cells after
prolonged exposure to visible light was 24°C (equal to the room
temperature).

DISCUSSION

The hexadecyl MC dye can exist in both polar and non-polar
configurations. Only the polar configuration has proton pumping
ability. The role of the oxidized cholesterol and the lipid mem-
brane is to increase the concentration of the polar MC to enhance
the proton transfer. Figure 3A shows the polar and non-polar
configurations of hexadecyl MC dye. In the polar form, the rings
of dye are benzenoid but in the non-polar form both rings are
p-quinoidal (20,21). In the environment containing components
of oxidized cholesterol, the N* terminal is available for binding
because of the electron-donating character of the cholesterol (8).
Hence, most of the dyes are in the polar form.

The cis/trans isomerization for the proton pumping action of
the MC dye is suggested as shown in Fig. 2b. MC dye has a stil-
bene-like resonance structure. Cis/trans isomerization is well
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Figure 3. (A) Structure of the synthesized merocyanine dyes. At the
presence of oxidized cholesterol and lipid molecules more fraction of the
dyes are in polar form, which enhances the proton pump function of the
membrane. (B) The complete cycle of the proton transfer mechanism in
merocyanine dye: (I) Trans isomer, Mz, (II) protonated dye molecule
H*My,4ns forms, (II) H* My, transforms to H*M,;,, (IV) H*M,;, de-
protonated to M, and reverts to M,,,,s (i.e. I). The procedure occurs
thermally and/or photochemically. This model was first introduced in
Ref. (5).

known for such configurations (5,22). However, in the specific
molecules of our dye, the trans structure cannot be transformed
to the cis one directly by photoelectrochemical process. The
isomerization has to go through the steps shown in Fig. 2b. First
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Figure 4. Capacitor charging curves of the conventional and newly
designed MC photoelectrochemical cells.

the trans structure is protonated. As the resonance structure is
stabilized by having a proton at the oxygen end of the MC in
polar configuration, the protonated structure has a more stilbene-
like characteristic (5,6). Then, H*M,,, is obtained by photoelect-
rochemical process on H'M,,,,,,. H'M_ is not stable and easily
loses its proton. The cis structure is returned to the trans config-
uration and the loop repeats (5).

This unique feature of MC cis/trans isomerization enables
unidirectional proton transport; hence, the generation of a tappa-
ble pmf. In both cells, the pumping action of the MC dyes trans-
fers H" ions from one side of the membrane to the other side
which in turn results in voltage generation. The direction of H*
transport in the new cell is not yet clearly understood and
requires detailed study in the future.

We measured the output power to a capacitive load. In the
first cell, an open circuit voltage of about 0.2 V across the mem-
brane was measured repeatedly in separate experiments (Fig. 4),
which is in agreement with the previously reported values (7).

Note that in the previous method the mixture that is brushed
on the micropore did not contain POPC. Due to the amphiphilic
characteristics of POPC lipid bioplymers, POPC self-assembles
as bilayer membrane. Incorporation of MC and oxidized choles-
terol in this membrane makes a significantly more stable struc-
ture than the mixture without POPC.

As discussed earlier, the configuration of the first cell is con-
ventionally used to show the proton pumping capability of the
MC dye. However, this cell has very large internal resistance
likely because of the slow mobility of the protons in I,/I™ elec-
trolyte. Therefore, a new configuration was designed in which
the I,/I" electrolyte was eliminated. In this new configuration, as
the membrane is directly in contact with the electrode, protons
immediately reach the cathode and the diffusional complications
are circumvented. This results in a dramatic improvement in the
cell open circuit voltage as well as the storage time. For compar-
ison, Fig. 4 depicts the charging curves of a capacitor measured
for the two cells. It can be seen that the charging time in the
new cell is four orders of magnitude reduced from about
10* min in a conventional configuration to 10 min in a new one.
In addition, the open circuit voltage of the new cell is more than
two-fold higher than that obtained using the conventional config-
uration employing I/ solution. The maximum open circuit
voltage for the cell with new configuration is about 580 mV
whereas this value for the conventional configuration is about

200 mV. This observation unambiguously establishes the feasi-
bility for exploiting the concept of pmf generated by the lipid/
MC macromolecules.

CONCLUSION

In this study, a high-performance photoelectrochemical cell was
designed based on the light induced proton pumping characteris-
tic of hexadecyl MC dye which is embedded in lipid molecules.
This newly designed cell differs from the conventional cell by
eliminating the I/I~ solution as an electrolyte, which decreases
the internal resistance caused by the slow mobility of protons in
L/I"™ electrolyte. Consequently, the current density and open cir-
cuit voltage were significantly improved in the new photoelectro-
chemical cell. These results demonstrate the enhanced energy
harvesting capability of the stable macromolecular membrane of
lipid/hexadecyl MC.
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