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Electrodeposited Lamellar Photoconductor Nanohybrids
Driven by Peptide Self-Assembly

Manoj K. Manna,® Sushil K. Pandey,” Indrajit Maity,” Shaibal Mukherjee,*® and

Apurba K. Das*®

Aromatic organic molecules serve as optoelectronic materials
owing to their intrinsic optical and electronic properties.
Herein, self-assembled lamellar nanostructures as photocon-
ductor hybrids, which are obtained from naphthalene-2-me-
thoxycarbonyl (Nmoc)-capped peptide amphiphiles, are de-
scribed. Hybrid nanostructures are constructed in a controlled
manner by an electrochemical deposition technique in combi-
nation with the inorganic Zn(OH), phase. Inorganic Zn(OH),
layers turn into semiconductor ZnO layers upon annealing at

Introduction

Supramolecular chromophoric m-conjugated aromatic sys-
tems'" are envisioned to serve as active materials in photoelec-
tronic devices, in particular, for photovoltaics.* Intrinsic opti-
cal and electronic properties of organic molecules are more
important for exploitation in device applications.*® Control-
ling the self-assembly of m-conjugated aromatic molecules is
important because it provides optical, electronic, and optoelec-
tronic behavior. Aromatic capped self-assembly of small organ-
ic molecules has drawn great attention in the field of supra-
molecular electronics.” In general, crystalline silicon-, cadmi-
um-, palladium-, mercury-, and arsenic-based materials are
widely used as conducting materials, but these are hazardous,
toxic, and harmful in nature."” Therefore, the design and syn-
thesis of biocompatible and eco-friendly materials with desira-
ble properties are crucial for the development of photovoltaics.
On-going research into organic materials enriches the area of
organoelectronics in the context of photoconducting devices.

The molecular arrangement at the nanolevel controls the
properties of self-assembled materials and directs their applica-
tion in a specific field. The self-assembly of aromatic organic
systems with ordered aromatic m—m stacking interactions can
enhance the hole conduction or optical properties."” Further-
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150°C and lamellar nanostructures are formed in a periodic
manner. Synergistic effects of hydrogen bonding and m-m
stacking interactions of aromatic peptide amphiphiles are the
driving force for the formation of self-assembled lamellar nano-
structures. Morphological, structural, and optical studies of
such lamellar hybrid nanostructures are reported. Photocon-
duction of these hybrid nanostructures is also examined in
detail.

more, the m-m stacking of the aromatic chromophoric organic
system depends on the state of matter and aggregation. Thus,
our research is focused on the synthesis of organic-inorganic
hybrid materials with improved optoelectronic behavior for
the application of photovoltaics.

Recently, various hybrid nanostructures have been synthe-
sized by several chemical methods, including aqua chemical,"'?
sol-gel processing,"® and hydrothermal techniques."” Some
advanced gas-phase technologies, such as vacuum evapora-
tion," sputtering,"® and chemical vapor deposition (CVD)
techniques,"”'® are also used to fabricate inorganic-organic
hybrid materials. These techniques provide structural purity
and homogeneity of materials, but require expensive facilities
and high-energy providers. Electrochemical deposition is an
economically cheap, powerful, bottom-up approach for the
production of highly ordered lamellar’®?? organic-inorganic
hybrid nanostructured films. The nanostructural morphology of
electrodeposited films are strongly influenced by electrochemi-
cal parameters, including solution concentration,”” bath tem-
perature,”? electrode potential,® and the chemical structure
of the surfactants. Previously, the anionic surfactant sodium
dodecyl sulfate (SDS)*** was widely used as a template for
the deposition of ZnO. Currently, various ionic surfactants con-
taining conjugated aromatic segments®>” (dyes) are also
used for further development of organoelectronic materials.
Recently, Qin et al. described the effect of surfactant on the
structures and properties of ZnO films prepared by the electro-
deposition technique.?" Stupp et al. reported highly ordered
nanostructured organic/inorganic lamellar photoconductor hy-
brids.” They designed various organic surfactants for the de-
velopment of electronically active materials. Although consid-
erable studies have been performed on hybrid nanostructures
comprised of organic m-conjugated systems,*>*¥ electrochemi-
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cal deposition of peptide-based
hybrid materials has not been
explored. Peptides are well
known in the construction of
various self-assembled nanoarch-
itectures.®**! Lim etal. devel-
oped self-assembling peptide/in-
organic hybrid materials with
specific molecular recognition
capabilities.”**”  Peptide/metal
nanoparticles as efficient cata-
lysts were also reported for the
removal of N-terminal protecting
groups®® and C—C coupling re-
actions in aerobic conditions.?”
Peptide self-assembly is influ-
enced by various noncovalent
interactions, such as hydrogen-
bonding, hydrophobic, n-m
stacking, and electrostatic inter-
actions. 042

Herein, we report a strategy
for the synthesis of nanoscale la-
mellar  peptide-ZnO  hybrid
nanostructures for the develop-
ment of active electronic materi-
als. We have synthesized aromat-
ic  naphthalene-2-methoxycar-
bonyl (Nmoc)-capped small pep-
tides containing a conjugated
naphthalene moiety as the or-
ganic component of the hybrid
material. The self-assembled or-
ganic-inorganic hybrid compo-
site system can modify the con-
duction mechanism of current
carriers, and thereby, influence
the optoelectronic  behavior
through the extent of m—m stack-
ing interactions. The electrons
can jump from excited-state aro-
matic naphthalene moieties of
peptides to the ZnO semicon-
ductors.™

Results and Discussion

Prior to electrochemical deposi-
tion of organic-inorganic hybrid
materials, we synthesized two ar-
omatic Nmoc-capped dipeptides
Nmoc-FF-OH (1; F=phenylala-
nine) and Nmoc-YF-OH (2; Y=
tyrosine; Figure 1). All synthetic

aromatic capped peptides used herein are shown in Scheme 1.
Peptides with carboxylic acid groups at the end can bind with
zinc ions as the inorganic segment and the backbone amide
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Figure 1. a) Molecular structure of the designed peptide amphiphiles and Zn(NO,), precursor used for electro-
chemical deposition. b) Digital photograph of the electrodeposited annealed hybrid thin film on an indium tin
oxide (ITO)-coated quartz glass substrate. c) Field-emission scanning electron microscopy (FESEM) image of the
electrodeposited hybrid film with peptide 2. d) Schematic illustration of alternate ZnO and peptide layers in the
lamellar network structures. e) Schematic presentation of the peptide assembly within the ZnO inorganic phases.
The aromatic -t stacking interactions among the aromatic Nmoc moieties and hydrogen bonding of the pep-
tide amphiphiles are the driving force for the evolution of lamellar nanostructures. Upon excitation with light, ex-
cited electrons move through the aromatic Nmoc groups of the peptide amphiphiles into inorganic ZnO lattices
and the flow of current produces a photocurrent.
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Scheme 1. Solution-phase synthetic procedures for the preparation of peptides Nmoc-FF-OH (1) and Nmoc-YF-OH
(2).

bonds can strongly interact through hydrogen bonds. Herein,
we utilize the self-assembly process of peptide molecules to
synthesize lamellar hybrids in which nitrogen-capped naphtha-
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Scheme 2. Peptide design for the fabrication of photoconductor nanohybrids.
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phases in the hybrid materials.
In FTIR spectroscopy, the broad
region of #=3690-3000 cm™"' is
very important for understand-
ing the hydrogen-bonding inter-
actions of amide and hydroxyl
groups of acids and alcohols.
FTIR spectroscopy shows a rela-

Taiieliaz tively narrow band at V=
700 photoconductive 3306 cm™' (Figure 2), which ap-
hybrids

pears for peptide 1, whereas
a significant band appears at 7=
3425cm™' in the thin film of
ZnO hybrid 1. This band is
broadened and shifted in the or-

tions (Scheme 2). Electrochemi- 1@

cal deposition is an effective
technique to design organic-in-
organic hybrid materials. Lamel-
lar thin films were grown on the
surface of electrodes; this ena-
bled their direct integration into
functional photoconductor de- i
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tectures on the working electro-
des through cathodic deposition
from a solution of Zn(NO;), and
peptides in a mixture of H,0/
DMSO (1:1). The experimental temperature was set at 80°C,
which was compatible with the organic molecules. The electro-
chemical deposition follows the electrochemical reaction given
by Equation (1).14

NO; + H,0 + 2e~ — NO, + 20H"

Zn** 4 20H™ — Zn(OH), ()
Increasing the concentration of OH™ at the working elec-
trode increases the local pH and facilitates the cathodic depo-
sition of Zn(OH),, which is insulating in nature. Upon annealing
at 150°C, the insulator Zn(OH), turns into the semiconductor
material ZnO [Eq. (2)].

Zn(OH),2: Zn0 + H,0 (2)

Two semiconducting organic-inorganic lamellar thin films
were constructed by using an electrochemical deposition tech-
nigque by exploiting supramolecular ordering of two different
dipeptides containing optoelectronic functionalities. Peptide-
based thin films with semiconducting ZnO hybrids were pre-
pared upon annealing electrodeposited peptide-Zn(OH), thin
films at 150°C.

FTIR spectroscopy was used to understand the structural in-
formation and interactions between the organic and inorganic
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Figure 2. FTIR spectra of a) annealed hybrid ZnO/1 and peptide 1, and b) annealed hybrid ZnO/2 with peptide 2.

ganic-inorganic hybrid thin film, which reveals the extensive
hydrogen-bonding interactions between the peptide and inor-
ganic layer.* Furthermore, the carbonyl stretching frequency
of the carboxylic acid at #=1716 cm™' in native peptide 1 dis-
appears in the ZnO hybrid material owing to strong covalent
bonding between the organic and inorganic layers.”® For
native peptide 2, the hydroxyl group of the acid appears at
7=3412 cm™' with a characteristic carbonyl stretching band at
7=1694 cm™'. The band for the hydroxyl groups of the acid
functionality is broadened and shifted to #=3437 cm™' for the
thin film of hybrid Zn0O/2; this provides evidence of hydrogen-
bonding interactions between the peptide amphiphiles and
the inorganic ZnO layer."’*®

SEM was used to characterize the self-assembled, nanostruc-
tured, Nmoc-capped peptide surfactants and ZnO thin films.
The morphology of the ZnO thin film without the peptide scaf-
fold was also investigated as a control sample to understand
the structural effect of peptides in organic-inorganic hybrid
materials. The SEM image shows a hexagonal microrod-like
structure (Figure S1 in the Supporting Information). The diame-
ter of the hexagonal ZnO microrods is in the range of 0.7-
1.6 um. Interestingly, the interaction of peptides with ZnO
completely changes the morphology of the organic-inorganic
hybrid thin films. The SEM images show lamellar nanostruc-
tures all over the thin films for hybrid samples 1 and 2
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Figure 3. FESEM images of the top view of annealed hybrids 1 (a) and 2 (b),
as well as cross-sectional images of hybrids 1 (c) and 2 (d).

(Figure 3).2% The SEM image for ZnO hybrid thin film 1 based
on 1 shows that the lamellar sheets are deposited across the
substrate. The nanostructured sheets are oriented vertically
and laterally in a random fashion. The 2D sheets are randomly
stacked with each other. The cross-sectional SEM image shows
the homogeneous thickness of the deposited peptide-ZnO
film with an average thickness of 1.25 um. The hybrid ZnO thin
film based on 2 shows a plate-like morphology that has grown
homogeneously by electrochemical deposition across the
entire substrate. The cross-sectional SEM image reveals that
the plate-like nanostructures are stacked through layer by
layer deposition and form a lamellar thin film with an average
thickness of 1.82 um. Energy-dispersive X-ray spectroscopy
(EDS) is used for elemental composition analysis of electrode-
posited hybrid materials (Figure S2 in the Supporting Informa-
tion). The presence of zinc, oxygen, and carbon corresponds to
the organic-inorganic hybrid films.

Peptide/ZnO hybrid thin films were characterized by using
UV/Vis spectroscopy before and after annealing (Figure 4). The
UV/Vis spectra clearly indicate the existence of both organic
and inorganic phases in the electrodeposited thin films. The
UV/Vis spectroscopy results show an absorbance band at 1=
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370 nm for Zn(OH),/1 hybrid film before thermal treatment.
The Zn(OH),/1 hybrid film turns into the ZnO/1 film upon ther-
mal annealing at 150°C. For the annealed film, the UV/Vis
spectroscopy results display a well-defined absorbance band at
A=266 nm and a characteristic absorbance maximum at 1=
380 nm. The appearance of the absorbance band at A=
266 nm is characteristic of the naphthalene double ring, which
clearly signifies the organic phase in the hybrid material.*® The
other absorbance band at =380 nm results from the elec-
tronic transition between the ZnO band gap for the hybrid ma-
terial of the ZnO/1 film. The unannealed hybrid thin film of
Zn(OH),/2 shows an absorbance band at A=365 nm, whereas
the annealed hybrid thin film of ZnO/2 demonstrates the char-
acteristic band at A=265 nm and a broad band from 4A=310
to 440 nm with a maximum at A=370 nm. The results clearly
indicate the coexistence of ZnO and peptides in the thin film
for the hybrid materials. The hybrid films that consist of nano-
structures grown from the peptides present some differences
in absorption at higher wavelengths; these are related to
nanostructures grown with different peptide sequences.

In addition, tuning of the Nmoc-capped peptide sequence
influences the lamellar structure of the hybrid materials. The
peptide/ZnO hybrid films were characterized by photolumines-
cence (PL) spectroscopy to understand the functional role of
peptides in the lamellar architectures for photodetection
(Figure 5). The PL spectrum for the unannealed Zn(OH),/1 thin
film showed a sharp band at A=367 nm and a broad band at
A=420 nm. These bands resulted from the binding of the pep-
tides to Zn?". The PL spectra of the hybrids clearly distinguish
ZnO (3.16 eV) nanowire arrays fabricated from a solution of
Zn(NO;), by electrodeposition (Figure S3 in the Supporting In-
formation). After annealing, the insulator Zn(OH), phase turns
into the conducting ZnO phase and the PL shows a huge
change in the optical properties for the same film. For the an-
nealed ZnO/1 thin film, the PL spectrum shows a PL quenching
that is due to the transfer of electrons from the excited state
of 1 into the ZnO lattice. Unannealed Zn(OH),/2 thin film ex-
hibited a broad band in the range of 1=370-460 nm in the PL
spectrum, owing to strong binding with the peptides and Zn?*.
PL quenching is also observed in the case of the ZnO/2 hybrid
represented in Figure 4.

An XRD study is a fundamental
technique to achieve structural
information about the lamellar

(2) (b)

Absorption intensity(a.u.)
Absorption intensity(a.u.)

B — o — Un-annealed hybrid 1
—+— Annealed hybrid 1

architectures of hybrid films and
crystal lattices of inorganic mate-
rials. The ZnO thin film without
peptide support shows several
characteristic peaks for the crys-
tal lattices of ZnO hexagonal
structures. A series of peaks cor-
responding to 20=31.60, 34.19,
and 36.13° are attributed to the
(100), (002), and (101) planes of

—» — Un-annealed hybrid 2
— ¢ — Annealed hybrid 2
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Figure 4. Absorbance spectra of unannealed and annealed hybrids of a) 1 and b) 2.
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in the Supporting Information).
The formation of the lamellar
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0o ar tides in lamellar hybrid 1. More-
) 094 over, two distinct peaks corre-
g 2 sponding to 20=31.80 and
g 0.6 é 34.49° are attributed to the (100)
3 < 067 and (002) planes of the ZnO hex-
é TE agonal nanoplates. In the case of
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034 at 20=3.7° corresponds to a d
e G spacing of 2.3 nm, which is close
0.0 o T p A - = = to the bilayer of peptide 2. For
Wavileigth, i) Wavelength (am) the peptide-supported hybrid

Figure 5. PL spectra of hybrids 1 (a) and 2 (b) before and after annealing recorded with 1 =325 nm laser excita-

tion.

thin film, the crystal planes of
ZnO are slightly shifted relative
to those of the thin film without
a peptide support; this results

from interactions of the pep-

@ JE— —— Hybrid 1 (®)

Intensity (a.u.)

— Hybrid 2 tide molecules with the ZnO

p|anes'[50752]

The optoelectronic properties
of the organic-inorganic lamellar
hybrids were investigated. Cur-
rent-voltage (/-V) measurements

—— Hybrid 2

Zn0O (002)

ZnO (101)

Intensity (a.u.)

ZnO (100)

of the unannealed Zn(OH),/
1 film showed no significant cur-
rent (Figure 7). The electrode-
posited hybrid film acts as an in-

ZnO (100)

26 (%)

Figure 6. Powder XRD patterns of hybrid thin films a) ZnO/1 and b) ZnO/2. Powder XRD peak patterns (001) and
(001)* refer to lamellar ordering in the hybrid material; (100), (002), (101) indicate lattice planes of the wurtzite

ZnO crystal.

structure is also supported by the XRD study. The presence of
four characteristic d spacings indicates four distinct stable bi-
layer arrangements of the thin film of 1. An X-ray scattering
study confirmed the ordered lamellar arrangement with d
spacings of 2.3 and 1.65 nm corresponding to (001) and (001)*
reflections (Figure 6). Two types of lamellar arrangement are
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40 sulator before annealing at
150°C. After annealing, the insu-
lator Zn(OH), is converted into
semiconductor ZnO. The con-
ductivity is observed for the
Zn0O/1 film even under dark con-
ditions (Figure S5 in the Sup-
porting Information). The /-V curve shows that the hybrid ma-
terial can act as a photoconductor upon excitation with a 1=
325 nm laser operating in continuous wave (CW) mode. The
widely understood mechanism for the photocarrier generation
process in organic-inorganic hybrids is exciton formation in
the organic segment under irradiation with photons and sub-
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Figure 7. -V characteristics of deposited a) hybrid films of peptide 1: unannealed hybrid (blue), the annealed hybrid under dark conditions (black), and the
annealed hybrid under UV light (red) irradiation at A =325 nm; and b) hybrid films of peptide 2: unannealed hybrid (blue), annealed hybrid under dark condi-
tions (black), and the annealed hybrid under UV light (red) irradiation at 1 =325 nm.
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sequent dissociation for the transfer of the electrons into the
ZnO region. The current of the hybrid material increases owing
to the presence of aromatic stacked peptide gallery under UV
light. The photocurrent of annealed hybrids ZnO/1 and ZnO/2
is measured under UV light exposure of 20 mWcm ™2 The pho-
tosensitive nature of such a nanohybrid structure can be quan-
tified by using Equation (3):

P = (Ilight - Idark)/ldark (3)

in which g, is the photocurrent and Iy, is the dark current.
The photosensitivity of hybrid ZnO/1 is 0.12 at 2 V measured
at room temperature. For the ZnO/2-based thin film, the mea-
sured photosensitivity is comparatively less than that of hybrid
Zn0O/1. The photosensitivity of the annealed ZnO/2 film is 0.06
at 2 V. At room temperature, the unannealed Zn(OH),/2 thin
film behaves as an insulator (Figure 7). The change in voltage
does not allow the current to pass throughout the circuit.
After annealing at 150°C, the insulator Zn(OH),/2 thin film
turns into the semiconductor ZnO/2 thin film, and shows its
optoelectronic properties upon changing the optical condi-
tions from dark to UV light (Figure 7). The I~V measurement
study of such peptide-based hybrid materials shows that such
materials can be efficiently used as an optoelectronic photo-
conducting material.

Conclusion

We developed peptide-ZnO-based semiconductor lamellar
nanostructures through electrochemical deposition. All electro-
chemically deposited Nmoc-capped aromatic dipeptide-ZnO-
based hybrid lamellar nanostructures show optoelectronic be-
havior. FTIR data clearly suggested interactions of the peptide
motifs with the ZnO inorganic phase. The acid functionalities
of aromatic dipeptides were anchored with inorganic ZnO
layers. UV/Vis and PL spectroscopy revealed the optoelectronic
properties of peptide-based ZnO thin films. Aromatic dipepti-
des self-assembled through hydrogen bonding and m-rt stack-
ing interactions inside the lamellar nanostructures. The intro-
duction of peptide self-assembly successfully established the
hybrid materials as good conducting materials. The PL and UV/
Vis measurement studies showed good optoelectronic proper-
ties of these materials. The I-V characteristics of these hybrids
both under dark and light illumination indicated that the con-
ductivity of these hybrid nanostructure materials increased
owing to the presence of the photon-absorbing active self-as-
sembled peptides. This investigation could play a pioneering
role in inspiring the further development of peptide-based
hybrid optoelectronic materials.

Experimental Section
Materials and characterization

All reagents and chemicals were obtained commercially. Reagents
were distilled from appropriate drying agents prior to use. Naph-
thalene-2-methyloxychloroformate (3), Nmoc-Phe-OH (4), and
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Nmoc-Tyr-OH (5) were prepared according to procedures reported
in the literature.*****¥ Nmoc-Phe-Phe-OMe (6), Nmoc-Tyr-Phe-OMe
(7), Nmoc-Phe-Phe-OH (1), and Nmoc-Tyr-Phe-OH (2) were synthe-
sized according to the following procedures.

The general procedures used for peptide coupling are as follows:
A solution of 4 (1.29 g, 3.69 mmol) and HOBt (0.56 g, 3.7 mmol)
was stirred in DMF (2 mL). A neutralized solution of H,N-Phe-OMe
was extracted from its corresponding hydrochloride salt and con-
centrated for addition to the reaction mixture followed by DIPC
(0.5126 g, 3.7 mmol) at 0°C. The mixture was allowed to stir at
room temperature for 12 h. The reaction mixture was diluted with
ethyl acetate and the organic layer was washed with 1N HCl (2%
30 mL), brine, 1N Na,CO; (3%x30 mL), and again with brine. The or-
ganic layer was dried over Na,SO, and evaporated under vacuum
to yield a white solid. Purification of 6 was performed by column
chromatography on silica gel (100-200 mesh) with ethyl acetate/
toluene (1:1) as the eluent. A solution of 6 (1.70 g, 3.42 mmol) in
dry MeOH (100 mL) was allowed to react with a 2N solution of
NaOH. The progress of the reaction was monitored by TLC. The re-
action mixture was stirred up to 6 h. Then, methanol was removed
under vacuum. The residue was dissolved in water (100 mL) and
washed with diethyl ether (2x20 mL). Then, the pH of the aqueous
layer was adjusted to 2 by using 2N HCl and extracted with ethyl
acetate (3x30 mL). The ethyl acetate layer was dried over anhy-
drous sodium sulfate and evaporated under vacuum to yield 1 as
a white solid and used further without purification. Compounds 7
and 2 were also synthesized accordingly.

All NMR spectra were recorded on a Bruker AV 400 MHz spectrom-
eter. Compound concentrations were in the range of 5-
10 mmol L™ in (CD;),SO and CDCl;. Mass spectra were recorded on
a Bruker micrOTOF-Q Il mass spectrometer by positive mode elec-
trospray ionization. All reported FTIR spectra were recorded by
using a Bruker (Tensor 27) FTIR spectrophotometer. For the SEM
study, electrodeposited films were coated with gold. Then, the mi-
crograps were recorded on a field-gun scanning electron micro-
scope (Jeol Scanning Microscope-JSM-7600F). The XRD measure-
ments were performed by using a Bruker D8 Advance X-ray diffrac-
tometer. The X-rays were produced by using a sealed tube and the
wavelength of the X-ray was A=0.154 nm (Cuy,). The X-rays were
detected by using a fast counting detector based on silicon strip
technology (Bruker LynxEye detector).

Nmoc-Phe'-Phe?-OMe (6)

Yield=1.7122 g (3.47 mmol, 90.82%); 'H NMR (400 MHz, CDCl;):
0=17.77 (d, J=8.72Hz, 2H), 7.71 (s, 1H), 7.43 (dd, J=3.38, 3.48 Hz,
2H), 7.40 (d, J=852Hz, 2H), 7.19 (m, 5H; Phe"), 7.12 (m, 5H;
Phe?), 6.89 (d, J=5.52 Hz, 1H; NH of Phe'), 6.12 (d, J=7.28 Hz, 1H;
NH of Phe?), 5.17 (s, 2H), 4.60 (m, 1H; C°H of Phe'), 434 (m, 1H;
C“H of Phe?), 3.59 (s, 3H; -OCH,), 3.01 (d, 1H; C*H of Phe'), 2.98 (d,
1H, J=5.76 Hz; C’H of Phe'), 2.94 (d, 1H, J=6.04 Hz; C’H of Phe?),
291 ppm (d, 1H, J=6.04 Hz; C*H of Phe?); HRMS (ESI): m/z calcd
for C3,H3,N,0sNa [M+Na]*: 533.2052; found: 533.1974.

Nmoc-Phe'-Phe2-OH (1)

Yield=1.50 g (3.02 mmol, 90.91%); 'H NMR (400 MHz, [DsJDMSO):
0=830 (d, J=7.52, TH; NH of Phe"), 7.37 (d, /=828 Hz, 1H; NH
of Phe?), 7.89 (t, 4H), 7.77 (s, 1H), 7.51 (d, 2H), 7.24 (m, 10H), 5.09
(s, 2H), 4.47 (m, 1H; C*H of Phe'), 430 (m, 1H; C*H of Phe?), 3.10
(dd, J=4.52 Hz, 2H; CPH of Phe'), 2.94 ppm (d, 2H; CPH of Phe?);
3C NMR (100 MHz, [DJDMSO): 6 =178.0, 176.8, 161.0, 143.3, 142.6,
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139.8, 137.9, 137.7, 134.4, 133.4, 133.2, 133.1, 1329, 132.8, 131.7,
131.5, 1314, 131.3, 131.2, 130.8, 70.5, 61.2, 58.7, 42.6, 41.9 ppm;
HRMS (ESI): m/z caled for C;H,gN,OsNa [M+Na]*: 519.1896;
found: 519.3244.

Nmoc-Tyr-Phe-OMe (7)

Yield=0.50 g (0.95 mmol, 63.29%); 'H NMR (400 MHz, CDCl,): 6 =
7.84 (d, 2H, J=4.2 Hz), 7.79 (s, 1H), 7.49 (dd, J=3.84, 3.52 Hz), 7.43
(d, J=8.04 Hz, 1H; NH of Tyr), 7.21 (t, 3H), 7.01 (d, J=9.28 Hz, 2H),
6.98 (d, J=6.76 Hz, 2H; Tyr), 6.68 (d, J=8.28 Hz, 2H; Tyr), 6.20 (d,
J=7.52 Hz, TH; NH of Phe), 5.24 (s, 2H), 4.75 (m, 1H; C*H of Tyr),
433 (m, 1H; C°H of Phe), 3.66 (s, 3H), 3.05 (dd, J=5.52, 6 Hz, 2H;
CPH of Tyr), 2.96 ppm (d, J=6.76 Hz, 2H; C*H of Phe); HRMS (ESI):
m/z calcd for C3,H3oN,O¢Na [M+Na]*: 549.2002; found: 549.18564.

Nmoc-Tyr-Phe-OH (2)

Yield=0.40 g (0.78 mmol, 81.63%); 'H NMR (400 MHz, [D,]JDMSO):
0=12.77 (s, TH; -COOH), 9.19 (d, 1H; NH of Phe), 8.24 (d, 1H; NH
of Tyr), 7.89 (dd, J=2.76, 5.52 Hz, 2H), 7.79 (s, 1H), 7.52 (d, 2H),
7.42 (d, 2H) 7.26 (m, 5H), 7.06 (d, 2H; Tyr), 6.65 (d, 2H; Tyr), 5.12 (s,
2H), 447 (m, 1H; C*H of Tyr), 422 (m, 1H; C*H of Phe), 3.34 (s,
3H), 3.10 (d, J=14.04 Hz, 1H; C*H of Tyr), 2.96 (d, J=5.52 Hz, 1H;
CPH of Phe), 2.87(d, J=13.8 Hz, 1H; CPH of Tyr), 2.60 ppm (d, 1H;
CPH of Phe); *C NMR (100 MHz, [DJDMSO): 6 =172.7, 171.7, 155.7,
137.4, 134.6, 132.7, 132.4, 130.1, 129.1, 128.1, 127.9, 127.7, 127.5,
126.4, 1263, 1260, 1258, 1254, 114.8, 652, 56.2, 53.5, 53.4,
36.7 ppm; HRMS (ESI): m/z caled for CiH,sN,O¢Na [M+Na]™:
535.1845; found: 535.0381.

PL and /I-V measurements

A DongWoo Optron PL setup, affixed with a 20 mW CW He—Cd
laser (excitation wavelength=325 nm, TEM0OO mode), 320 mm and
150 mm focal length monochromators, chopper, lock-in amplifier,
and a photomultiplier tube (PMT) detector, was deployed to con-
duct optical studies of annealed and unannealed hybrid films. The
UV light He—Cd laser (excitation wavelength=325nm, TEMOO
mode) was used to measure the photosensitivity of the hybrid ma-
terials. The current between the two contacts was measured by
using a Keithley source meter (Model 2612A).

Dual ion beam sputtering deposition (DIBSD)

The Elettrorava DIBSD system was deployed to deposit ITO thin
films (200 nm) on quartz glass substrates. The angle between the
sputtering beam and sputtering target was fixed at 45° off-normal,
while the angle between the assist ion beam and substrate was
maintained at 60°. Before being inserted into the DIBSD growth
chamber, quartz glass substrates were rinsed thoroughly with tri-
chloroethylene, acetone, isopropanol, and deionized (DI) water and
subsequently purged with nitrogen gas (purity 99.999%) to
remove dust particles and various organic contaminants. Prior to
actual film deposition, the assist source was turned on for 10 min
to perform substrate precleaning by argon ion bombardment.
During material growth, the assist ion beam, consisting of
a plasma of argon ions, helped in the reduction of columnar
growth, and thereby, enhanced growth uniformity and film adhe-
sion to the substrate. The discharge voltage and current of the
assist ion source was kept constant at 70 V and 600 mA, respective-
ly, during ITO thin-film deposition by using a 4N (99.99%) pure 4-
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in-diameter ITO target mounted on a water-cooled target holder
inside the DIBSD system chamber. The background pressure inside
the process chamber was maintained at approximately 1x
1078 mbar, whereas the working pressure during film growth was
kept at 3.26 X 10~* mbar.

Electrochemical synthesis

Electrochemical synthesis was performed in 24 mL of a solution
(1:1 (v/v) DMSO/water) of 0.04 M Zn(NO,), with peptide amphiphile
(10-12mg) in a 100 mL cell vial by using a three-electrode setup
(Autolab PG STAT128N) with a Zn counter electrode (Alfa Aesar
99.9997%) and Ag/AgCl reference electrode (KCI Autolab
6.0726.107). Water was required for the reduction of NO;~ to gen-
erate OH™, and DMSO was added for surfactant solubility. Working
electrode ITO substrates were placed upright in the cell and depo-
sition was achieved potentiostatically at —0.9 V for 16 to 24 h, de-
pending on growth time, under constant stirring at 80 °C in water
bath. Deposited films were rinsed with DI water and ethanol and
dried with dry nitrogen. Finally, thin films were annealed at 150°C.
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tures are examined in detail.
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