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n-Conjugated small molecules based on a [1]benzothieno(3,2-blbenzothiophene (BTBT) unit are of great
research interest in the development of solution-processable semiconducting materials owing to their
excellent charge-transport characteristics. However, the BTBT n-core has yet to be demonstrated in the
form of electro-active one-dimensional (1D) nanowires that are self-assembled in aqueous media for
potential use in bioelectronics and tissue engineering. Here we report the design, synthesis, and self-
assembly of benzothienobenzothiophene (BTBT)-peptide conjugates, the BTBT—peptide (BTBT-Csz—
COHN-Ahx-VVAGKK-AmM) and the Cg-BTBT—peptide (Cg-BTBT-C3—COHN-Ahx-VVAGKK-Am), as
B-sheet forming amphiphilic molecules, which self-assemble into highly uniform nanofibers in water with
diameters of 11-13(+1) nm and micron-size lengths. Spectroscopic characterization studies demonstrate
the J-type n—n interactions among the BTBT molecules within the hydrophobic core of the self-
assembled nanofibers yielding an electrical conductivity as high as 6.0 X 107 S cm™. The BTBT n-core is
demonstrated, for the first time, in the formation of self-assembled peptide 1D nanostructures in aqueous
media for potential use in tissue engineering, bioelectronics and (opto)electronics. The conductivity
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Introduction

n-Conjugated small molecules based on [1]benzothieno[3,2-5]
benzothiophene (BTBT) have attracted enormous interest in
the solution-processable organic semiconductor field owing to
their record high-performances in organic field-effect transis-
tors (OFETs)"? and use in relevant (opto)electronic appli-
cations such as photovoltaic devices and flexible displays.®>™®
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achieved here is one of the highest reported to date in a non-doped state.

Since the first report of a BTBT-based semiconductor in 2006
by Takimiya et al,” impressive high hole mobilities up to
43 cm® V7' s7' have been achieved in OFET devices when
these p-type semiconductors are solution-processed (e.g., spin-
coated, gravure-printed, drop-casted, etc.) from organic solvents
into thin-films.® Compared to most of the previously developed
n-conjugated structures, the BTBT =n-core offers superior struc-
tural and electronic properties such as good solubility in
organic solvents, high-crystallinity, co-planarity, facile syn-
thesis and structural functionalization, and efficient charge-
transport, which overall make this n-core quite attractive for
further applications in tissue engineering and bioelectronics.
However, the BTBT n-core has yet to be demonstrated in the
form of electroactive self-assembled one-dimensional (1D)
nanowires in aqueous media for potential use in bioelectronics
and tissue engineering. The biomolecular self-assembly has
been an attractive tool over the past few decades to prepare a
variety of well-defined supramolecular nanostructures such as
micelles, sheets, vesicles, tubes, and fibers.”** Peptide-based
supramolecular nanostructures are particularly of great inter-
est due to their biocompatibility, biofunctionality, stimuli
responsiveness, and rich functionality.">'* As a result of the
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structural versatility and facile synthesis, numerous peptide-
based supramolecular nanostructures with various chemical
compositions have previously been developed and extensively
studied for tissue engineering, drug delivery, sensing, catalysis,
optoelectronic and biomedical applications.'*® Recently, there
is also a growing research interest to employ a semiconductor-
peptide-based self-assembly process in the bottom-up fabrica-
tion of supramolecular nanostructured (opto)electronic
materials."*"” In a typical approach, a zn-conjugated organic
(semi)conductor small molecule is covalently attached to a
short self-assembling peptide sequence, and these peptidic
organic n-structure amphiphiles self-assemble into well-defined
1D nanostructures under aqueous conditions. This type of elec-
troactive nanostructures formed in aqueous media hold great
promise in a variety of applications in (opto)electronics, organic
chromophore arrays and bioelectronics.”*® Several research
groups have previously reported that self-assembling peptide
sequences having n-conjugated semiconducting structures can
form 1D nanowires. However, only a limited number of
n-conjugated systems such as oligothiophene, naphthalenedi-
imide, pyrene, and oligo(p-phenylenevinylene) were used in
these studies.'”"®?® Therefore, it is still very important to
further investigate new semiconductor structures, especially the
high-performing ones prepared by the peptide self-assembly
process to widen the scope of biocompatible (opto)electronic
materials. Therefore, we envision that the self-assembled nano-
structures formed in aqueous media from BTBT-peptide conju-
gates, which employ charge-transporting BTBT m-units in the
hydrophobic core, may pave the way to various applications in
bioelectronics and tissue engineering. On the other hand, devel-
oping a widely applicable synthetic approach to covalently link
n-conjugated cores and peptide sequences, without requiring
any specific functional group on the semiconductor zn-system,
would enable further development of novel semiconductor-
peptide nanostructures in this field.
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Here we report the design, synthesis, and self-assembly of
B-sheet forming semiconductor-peptide amphiphilic molecules,
the BTBT-peptide (BTBT-C;-COHN-Ahx-VVAGKK-Am) and the
Cg-BTBT-peptide  (Cg-BTBT-C3-COHN-Ahx-VVAGKK-Am), in
aqueous media, which assemble into highly uniform nanofibers
with a diameter of 11-13(+1) nm and a micron-size length as evi-
denced by atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM) (Fig. 1). The self-assembly process and
the photophysical properties of the corresponding nanofibers are
studied, which indicates the formation of the J-aggregated BTBT
n-cores with extended n-delocalizations in the hydrophobic core.
The hydrophobicity of the n-system (BTBT vs. Cg-BTBT) is found
to have a profound effect on the self-assembly process. The
charge transport characteristics were measured for the nano-
fiber-based peptide films by depositing Au electrodes via thermal
evaporation, which yielded an electrical conductivity of 4.2(+1.8)
x107°S em™ and 2.4(+0.47) x 1077 S em™" for the BTBT-peptide
and the C8-BTBT-peptide, respectively. The synthetic method
employed here to functionalize the BTBT xn-core for covalent
attachment to the peptide sequence is a two-step approach,
which does not require any pre-existing functional group on the
n-system, and it should be broadly applicable to other
n-conjugated organic semiconductors. Herein, the BTBT n-core is
demonstrated, for the first time, in the form of an electroactive
self-assembled peptide nanostructure in aqueous media for
potential use in tissue engineering and bioelectronics appli-
cations. The electrical conductivity measured herein is among
the highest reported to date for a non-doped peptide film.

Results and discussion
Synthesis of BTBT molecules

The rational design of the new BTBT precursors for peptide
attachment is based on the fact that the electronic structure of

a. BTBT-Peptide (BTBT-C;-COHN-Ahx-VVAGKK-Am)
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Fig. 1 (a) Molecular structures of the [llbenzothieno [3,2-b] benzothiophene (BTBT)-peptide amphiphiles, the BTBT—peptide (BTBT-Cs-
COHN-Ahx-VVAGKK-Am) and the Cg-BTBT—peptide (Cg-BTBT-C3-COHN-Ahx-VVAGKK-Am). (b) A schematic presentation of the self-assembly
process for the BTBT—peptide amphiphile showing the proposed nanofiber structure with the computed molecular length (~4.4 nm) and the

measured nanofiber diameter (~11 + 1 nm).

9988 | Nanoscale, 2018, 10, 9987-9995

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8nr01604f

Published on 08 May 2018. Downloaded by Bilkent University on 2/22/2019 6:38:27 PM.

Nanoscale

o

MeOJ\/\n/m
S, O o
O 4 AICl,, dry DCM

S
43%

AICl,, dry DCM

o S

C;-CO-BTBT

CrHygs C)
66% \ \'0(

H,NNH, * H,0, KOH
Diethylene glycol

86%

Cl
s MeO

)k/\r( . o
CgHyy O y O O, CeHy O ) O ome ) 4MHCI
s AICl,, dry DCM s Diethylene glycol
o

48%
mono-Cg-BTBT

Scheme 1 Synthetic routes to BTBT-C3-COOH and Cg-BTBT-C3-COOH.

the [1]benzothieno[3,2-b]benzothiophene (BTBT) n-core should
not be altered while becoming structurally compatible with a
solid phase peptide synthesis (SPPS) technique. Therefore, we
have designed and synthesized two precursors with (2-[1]
benzothieno[3,2-b][1]benzothiophenebutyric acid (BTBT-Cs-
COOH)) and with (7-octyl-2-[1]benzothieno[3,2-b][1]benzothio-
phenebutyric acid (Cg-BTBT-C3-COOH)) a linear alkyl chain
(n-CgHy7) at BTBT’s 7-position (Scheme 1). Both deriva-
tives are functionalized with butyric acid (-C3;HsCOOH) at
BTBT’s 2-position to enable covalent attachment to the
peptide. The terminal carboxylic acid groups provide the
required functionality to react with the peptide amino (-NH,)
group in the solid phase peptide synthesis (SPPS). In this
design, a linear propylene (C3) spacer was placed between the
carboxylic functional group and the BTBT =n-core to eliminate
any inductive or mesomeric effects of the electron-withdrawing
-COOH group and also to provide structural flexibility
(increased degrees of freedom) to the BTBT n-core to adapt the
optimal packing in the 1-D nanostructured channel. In the
semiconductor-peptide conjugates, BTBT-peptide (BTBT-Cs-
COHN-Ahx-VVAGKK-Am) and CgBTBT-peptide (Cg-BTBT-Cs-
COHN-Ahx-VVAGKK-Am), BTBT-C;-COOH and Cg-BTBT-C-
COOH molecules are covalently conjugated to a hexapeptide
sequence (H,N-Ahx-VVAGKK-Am) (Fig. 1). In this molecular
design, while the VVA sequence promotes the formation of
B-sheets assisting aggregation, the two lysine (KK) amino acids
provide positively charged sites, ensuring good solubility in
aqueous media.*"!

On the other hand, the BTBT n-core serves as both electro-
active and hydrophobic segment to derive the hydrophobic
collapse of semiconductor—peptide amphiphiles in aqueous
media forming 1D nanowires. In addition to the propylene
spacer in the BTBT precursor, a six carbon spacer (Ahx) was
introduced between the BTBT amide group and the hexapep-
tide sequence to allow the semiconducting BTBT molecules to
be organized in a favorable supramolecular conformation

This journal is © The Royal Society of Chemistry 2018
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during the self-assembly process. The synthetic routes to
BTBT-C;-COOH and C8-BTBT-C;-COOH are shown in
Scheme 1 and the experimental procedures are provided in the
Experimental section. The synthesis of BTBT-C;-COOH was
performed in two steps. BTBT first undergoes a Friedel-Crafts
acylation reaction with methyl 4-chloro-4-oxobutyrate in the
presence of an AICl; Lewis catalyst to yield methyl 2-[1]ben-
zothieno[3,2-b][1]benzothiophenebutyrate (BTBT-CO-C,-
COOMe) in 43% yield. Note that this reaction is a selective acy-
lation with the acyl chloride functionality and the methyl ester
group in the reagent remains unreacted. Since carbonyl (-CO-)
is a well-known electron-withdrawing functionality and can sig-
nificantly change the electronic structure of BTBT (ie.,
n-electron-density, HOMO/LUMO energies, band gap, and
charge-transport behavior), in the second step, the carbonyl
group (—-CO-) which is directly attached to the phenyl ring of
the BTBT r-core is converted to methylene (-CH,-) via the
Wolf-Kishner reduction reaction in the presence of NH,NH,/
KOH in diethylene glycol. This reaction condition provides a
strongly basic medium to simultaneously enable the hydrolysis
of the methyl ester to a carboxylate group, which upon acidifi-
cation yields BTBT-C3-COOH in 35% yield. The same two-step
approach was also employed starting with octyl-substituted
BTBT (mono-Cg-BTBT) in the synthesis of Cg-BTBT-C3-COOH.
Note that mono-Cg-BTBT was prepared via the Friedel-Crafts
acylation of unsubstituted BTBT with octanoyl chloride and a
subsequent Wolf-Kishner reduction in 57% total yield. The
intermediate compounds and the final BTBT-based carboxylic
acid containing precursors were purified by silica gel column
chromatography, and the chemical structures and the purities
were evaluated using "H/**C NMR (Fig. S1 and S21), mass spec-
trometry (ESI) and thin-layer chromatography.

Synthesis of BTBT-peptide molecules

BTBT—peptide conjugates were synthesized using the solid
phase peptide synthesis (SPPS) method. The synthesis was per-
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formed on MBHA Rink Amide resin by reacting fluorenyl-
methyloxycarbonyl (Fmoc)-protected amino acids (2.0 equiv.),
O-benzotriazole-N,N,N',N'-tetramethyl-uronium-hexafluoro-
phosphate (HBTU) (1.95 equiv.) and N,N-diisopropyl-
ethylamine (DIEA) (3.0 equiv.) for 6 h in each coupling step.
Note that in the final steps of BIBT-peptide and the Cg-BTBT-
peptide synthesis, 1.5 equivalents of BTBT-C3-COOH and C8-
BTBT-C3-COOH were added, respectively, and the coupling
reactions were performed for an additional 24 h. Then, the
protecting groups were removed and the BTBT-peptides were
cleaved from the solid resin by a mixture of trifluoroacetic
acid/triisopropylsilane/water. The BTBT-peptide products were
precipitated into cold ether. The final products were collected
as a white powder after centrifugation and lyophilization. The
final BTBT-peptide amphiphile molecules were purified by
preparative high performance liquid chromatography (prep-
HPLC) and characterized by liquid chromatography-mass spec-
trometry (LC-MS) (Fig. S3 and S47).

Self-assembly of BTBT-peptide molecules

UV-vis, fluorescence, circular dichroism (CD) and X-ray photo-
electron spectroscopies (XPS) were conducted to study the self-
assembly of the BTBT-peptide under different pH conditions.
The absorption of the reference semiconductor C8-BTBT mole-
cule in tetrahydrofuran (THF) and the BTBT-peptide molecule
dissolved at pH = 2 showed the same spectra with well-resolved
vibronic peaks at 275-350 nm, which can be attributed to n-n*
(So — S;) electronic transition of the BTBT core (Fig. 2a).
However, upon charge neutralization by increasing pH to 10,
we observed a significant decrease in absorption intensity and
a corresponding broadening along with a ~20 nm red-shift
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(Fig. 2a). Meanwhile, the emission profile of the BTBT-peptide
at pH = 10 demonstrated also a broadening and significant
red-shift (Aey, = 350 nm — 405 nm) in the emission signal
(Fig. 2b). The drastic changes in both UV-vis and fluorescence
spectra switching from acidic (pH = 2) to basic (pH = 10)
media revealed the presence of J-type n-n interactions among
the BTBT molecules.”” The observed excitonic behavior for the
current self-assembled BTBT-peptide molecule is quite
different from those of the previously reported vapor-de-
posited/spin-coated BTBT thin-films, which indicates that a
different intermolecular arrangement and packing is achieved
within these 1D nanofibers.***

Charge repulsions due to protonated amine groups in
acidic media (pH = 2) prevent the proper aggregation of the
BTBT-peptide molecules, and as a result, we did not observe
CD signals (Fig. 2c). When the pH of the solution was adjusted
to 10, several CD signals appeared. The negative cotton effect
at 200-240 nm reveals the formation of highly ordered f-sheet
secondary structures among the BTBT-peptide molecules
(Fig. 2c).>* Several other chiral signals were also observed at
240-350 nm, which confirms the induction of chirality in
achiral BTBT molecules during self-assembly at pH = 10. The
XPS analysis of C 1s of the BTBT-peptide film prepared at pH
= 2 showed peaks corresponding to C-C, C-N and N-C=0O
bonds at 282-290 eV. A relatively weaker feature at 292.4 eV
was also observed, which is found to increase notably along
with a slight shift to higher energy (292.6 eV) upon self-assem-
bly at pH = 10 (Fig. 2d). This feature is typically considered to
be characteristic of aromatic compounds (r-n* transitions)
and indicates the presence of the BTBT n-core.>”*® Since BTBT
is a small molecule n-system, the observed intensity increase
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Fig. 2 Spectroscopic characterization of the BTBT—peptide self-assembly under different pH conditions. (a) UV-vis absorption, (b) fluorescence
emission spectra (1lex = 310 nm) and (c) CD spectrum. (d) The XPS spectrum of C 1s for BTBT—peptide films prepared at pH = 2 and pH = 10.
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and slight shift could be attributed to the intermolecularly
delocalized m-system in the self-assembled BTBT as a result of
molecular stacking in the hydrophobic core.

Imaging and scattering of BTBT-peptide nanofibers

Positively stained self-assembled BTBT-peptide nanofibers
were imaged by transmission electron microscopy (TEM)
showing the formation of well-defined 1D nanofibers with dia-
meters of 11 + 1 nm and micron-sized lengths (Fig. 3a and b),

Fig. 3 Imaging of the BTBT—peptide molecule. TEM (a and b) and AFM
images (c and d) of the BTBT—peptide nanofibers.
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which was further confirmed by atomic force microscopy
(AFM) (Fig. 3c and d). The SAXS data are shown in Fig. S5.f A
core-shell cylinder model was employed to fit the data, using
the software SASfit.>” For the BTBT-peptide, the core radius is
(2.18 + 1.00) nm and the shell radius is 0.92 nm, giving a total
fibril radius of (3.10 + 1.00) nm. Considering that the BTBT-
peptide is functionalized from only one side with a peptide
sequence, the modeled molecular length in its fully extended
conformation is estimated to be ~4.4 nm (Fig. S67). Therefore,
it is reasonable to propose that the nanofibers consist of circu-
lar alignments of the BTBT-peptide conjugates, which are
somewhat overlapped/interdigitated in the hydrophobic core
and aligned perpendicular to the fiber’s long axis as modeled
in Fig. 1b.

Self-assembly of C8-BTBT-peptide molecule

The self-assembly process for the Cg-BTBT-peptide molecule
was also studied to observe how enhanced hydrophobicity
affects aggregation behavior under different pH conditions.
Compared to the BTBT-peptide, the Cs-BTBT-peptide includes
a relatively more hydrophobic n-system since it contains a long
lipophilic octyl (-CgH;;) substituent at BTBT’s 7-position.
Interestingly, the Cg-BTBT-peptide molecule demonstrated a
bathochromic shift (Adonser &# 20 nm) and a broadening of
absorption bands in both acidic and basic media (Fig. 4a).
Similarly, the emission maxima exhibited significant red shifts
of ~60 nm (e, = 350 nm — 410 nm) under both acidic and
basic conditions (Fig. 4b). These spectral changes reveal the
existence of J-type n—r interactions between BTBT molecules at
both high and low pH values.*® Circular dichroism spec-
troscopy further confirms the self-assembly of the Cg-BTBT-
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Fig. 4 Spectroscopic characterization of the Cg-BTBT—peptide self-assembly under different pH conditions. (a) UV-vis absorption, (b) fluorescence
emission spectra (lex = 310 nm) and (c) CD spectrum. (d) XPS spectrum of C 1s for the C8-BTBT—peptide films prepared at pH = 2 and pH = 10.
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peptide molecules in both acidic and basic media showing the
presence of numerous chiral signals at both pH values of 2
and 10 (Fig. 4c).

While the Cg-BTBT-peptide molecules shows p-sheet second-
ary structure formation in basic conditions (pH = 10) along
with several other chiral signals, which are attributed to the
absorption bands of the BTBT molecules, under a protonated
condition (pH = 2), these signals are relatively less pronounced
due to the presence of charge repulsion among the positively
charged amine groups (Fig. 4c). Despite the presence of
repulsive coulombic forces between the protonated amine
groups at pH = 2, owing to the enhanced hydrophobic charac-
ter of the Cg-BTBT-peptide, hydrophobicity potentially domi-
nates the coulombic repulsions to yield aggregation even in
acidic media. The self-assembled Cg-BTBT-peptide films pre-
pared at pH = 10 showed a significantly enhanced m-n*
shakeup feature at 292.8 eV, whereas the sample at pH = 2 did
not show any peak in this range (Fig. 4d). This is attributed to
the presence of an intermolecularly delocalized n-system in the
self-assembled BTBT as a result of molecular stackings in the
hydrophobic core.>*?®

Imaging of C8-BTBT-peptide nanofibers

As shown by TEM, uranyl acetate stained Cg-BTBT-peptide
aggregates formed at basic pH exhibit well-defined 1D nano-
fibers with a diameter of 13 + 1 nm and micron-sized length
(Fig. 5a and b). As compared to the BTBT-peptide, the dia-
meter increases by ~1-2 nm for the Cg-BTBT-peptide nano-
fibers, which agrees well with the computed molecular length
increase from the BTBT-peptide (Fig. S6,f ~4.4 nm) to the Cs-
BTBT-peptide (Fig. S6,7 ~5.4 nm), indicating that the substitu-
ent(s) on the BTBT n-core directly affect(s) the nanofiber dia-
meter. Atomic force microscopy images further confirmed the
presence of well-defined and micron-sized Cs-BTBT-peptide

Fig. 5 Imaging of the Cg-BTBT—peptide molecule. TEM (a and b) and
AFM (c and d) images of the Cg-BTBT-peptide nanofibers.
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nanofibers (Fig. 5¢ and d). Based on SAXS, the core radius was
found to be (2.26 + 1.00) nm, while the shell thickness is
1.48 nm, giving a total fiber radius of (3.74 + 1.00) nm for the
Cg-BTBT-peptide. As expected, this is larger than that of the
BTBT-peptide. It is interesting that the shell radius is
increased, but not the core radius. This suggests that, as far as
SAXS contrast is concerned, some of the f-sheet peptide
sequences form part of the shell in the fibrils. The small core
radius indicates again that the folding or interdigitation of the
hydrophobic end groups is even more pronounced than for
the BTBT-peptide.

Electrical measurements of BTBT-peptide and C8-BTBT-
peptide films

It is very important to measure the bulk conductivity of
peptide nanofiber films since they can be used as 2D or 3D
conductive scaffolds in tissue engineering applications.*®
Therefore, we performed electrical measurements on the
peptide nanofiber films to study their charge-transport behav-
ior. The 30 pL aqueous solutions of the BTBT-peptide or the
Cg-BTBT-peptide samples were dropcast on a piranha solu-
tion-cleaned glass substrate (1.5 cm x 2 cm), which was then
exposed to ammonia vapor in a sealed container for 20 min
and dried overnight at 37 °C under vacuum. Au electrodes
(50 nm thickness) were deposited through shadow masks
using a thermal evaporation technique, which yielded conduc-
tion channels with 10-20 pm length and 1-4 mm width
(Fig. 6a, b and Fig. S7-81). The current-voltage characteristics
of the resulting channels were measured under an ambient
atmosphere by sweeping voltage between 0 and 20 V. The
resulting current-voltage curve deviates from a linear trend,
which is expected from an ideal resistor (I = V/R, where R is the
resistance) (Fig. 6¢c and d). The nonlinear /-V curves are attrib-
uted to Schottky barrier formation between the electrodes and
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Fig. 6 Optical microscope images of Au contacts on the BTBT-
peptide film with L = 20 ym and W = 4 mm (a) and the Cg-BTBT-
peptide film with L = 10 pm and W = 1 mm (b). /-V characteristics of the
BTBT—peptide (c) and the C8-BTBT—-peptide films between two Au
electrodes (d).
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the films. The Schottky barriers could be present at the metal-
(p-type) semiconductor junctions depending on the relative
positions of the metal Fermi level and the highest occupied
molecular orbital (HOMO) energy of the organic semi-
conductor. For the current semiconductor-peptide systems,
since the HOMO energy level of the BTBT n-core is around
—5.6 eV, a certain degree of charge injection barrier could be
expected for gold electrodes.>® The Schottky contacts exhibit a
rectifying behavior and behave like p-n diodes; thus the
current-voltage relationship shows an exponential trend: I =
Io(e"™" — 1), where I, is the reverse bias current, 7 is the ideal-
ity factor, and V is the thermal voltage (26 mV at room temp-
erature). To extract the film resistance from the measured I-V
curves, the Au-film junction is modeled as a diode and the
film between the electrodes is modeled as a resistor (Fig. S97).
In this case, the electrical conduction is limited by the diode
owing to its rectifying behavior for small voltage levels,
whereas it is limited by the resistor for higher voltage levels.

The resistor-dominated voltage range is found by expressing
the applied voltage as the sum of the voltage drops across the
diode and the resistor, and taking the derivative of the total
voltage with respect to the current:

I
0

dVﬁ nVr
I~ I+1,

The derivative of the total voltage with respect to the
current shows a 1/I trend for low voltage levels and a constant
value for increasing voltage levels revealing the resistance
between the electrodes (Fig. S1071). Alternatively, the inverse of
the slope for the linear fit to the I-V points in the resistor-
dominated voltage range can be used to extract the resistance
value (Fig. 6¢). The effect of Schottky contacts is weaker for the
Cg-BTBT-peptide film suggesting that the electrical conduc-
tion is mostly resistor-dominated (Fig. 6d). The linear regions
of the I-V curves are used to calculate the resistances for the
Cg-BTBT-peptide films as well.

The resistivity (p) and conductivity (o) for the films are then
calculated by accounting for the channel length (L), width (W)
and the film thickness (¢) as follows:

o PTTTL

The film thickness must be measured for each channel,
since films exhibit large nonuniformity in thickness across the
sample. The nonuniformity of the films is made evident by
large variation in the resistance values (Table S1f). Atomic
force microscopy is used for the thickness measurements
(Fig. S11%). A step in the film is created by scribing the film
for measurements. Table S11 shows the channel dimensions
and the measured/calculated electrical properties of 7 devices
from each sample. The average conductivity value for the
BTBT-peptide film is calculated as 4.2(+1.8) x 107° S em ™,
whereas the Cg-BTBT-peptide film is found to be ~20 times
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more resistive with an average conductivity of 2.4(+0.47) x 10~
S em™. The decrease in conductivity for the Cg-BTBT-peptide
films as compared with the BTBT-peptide films could be
attributed to the presence of octyl (-CgH,) chains attached to
individual BTBT =-cores, which consist of a large number of
insulating “C-C” and “C-H” o-bonds. The presence of
n-conjugated BTBT structures without insulating alkyl substi-
tuents in the hydrophobic channel of the BTBT-peptide film
seems to induce more effective charge-transport behavior.
Therefore, introducing different alkyl chains to the BTBT-
peptide molecules could be a facile strategy to fine tune the
conductivity of the BTBT-peptide nanofibers. Until now, elec-
troactive supramolecular self-assembled 1D nanostructures
mainly suffer from low conductivity of 107'°-107° S em™" in
their non-doped states (Table S2t1) and enhanced conduc-
tivities of 107°-10™* S em™" were obtained only after p- or
n-doping with oxidizing or reducing agents.>**** Remarkably,
in the present study, we obtained a conductivity as high as 6.0
x 107% S em™" without using any doping agent, thanks to the
rational design of the Cg-BTBT-peptide nanofibers, compris-
ing an excellent p-type BTBT semiconductor. It is worth noting
that the I~V curves achieved for the BTBT-peptide film using
Al contacts are similar to what is observed with Au contacts
(Fig. S12t). The mean conductivity value for the BTBT-peptide
film with Al contacts is 2.6(+0.9) x 107® S ecm™', which is
within the range obtained for Au electrodes.

It is noteworthy that proteins and p-sheet assemblies have
shown to be excellent proton conductors.**” Due to the pres-
ence of rich hydrogen bonding, proton accepting and proton
donating groups, proteins and the p-sheet fibrils may possibly
assist effective proton conduction channels by the Grotthuss
mechanism.*® Therefore, we synthesized a control peptide
molecule (Fig. S13-5S157), which does not contain any charge-
transporting group, to investigate the contribution of proton
conduction in BTBT-peptide nanofiber films. The control
peptide molecule (KK) was revealed to form p-sheet structures
and assemble into well-defined nanofibers in basic media,
similar to BTBT-peptide conjugates.” The KK films were de-
posited on glass substrates and electrical measurements were
conducted under similar conditions as in BTBT-peptide films.
The conductivity results for KK films are summarized in
Table S3F showing an average conductivity of 1.7 x 107® S em™"
with a standard deviation of 0.6 x 107® S em™". Therefore, it is
clear that the BTBT-peptide films demonstrate a >200-fold
enhancement in electrical conductivity as compared to the KK
films measured under exactly the same conditions. The
improvement in conductivity is attributed to the excellent
charge-transporting n-system formed within these nanofibers
by BTBT units.

Conclusion

In summary, we have developed a synthetic approach to func-
tionalize a benchmark high-performance organic semi-
conductor, [1]benzothieno[3,2-b]benzothiophene (BTBT), to be
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compatible with the SPPS technique. Two derivatives of BTBT
molecules were successfully conjugated to a f-sheet forming
peptide with a positive charge. The BTBT-peptide molecules
are readily soluble in aqueous media forming highly uniform
nanofibers with a diameter of 11-13(+1) nm and micron-size
length. Spectroscopic characterization studies revealed the
presence of J-type aggregations among the BTBT molecules
resulting in extended n-delocalization within the hydrophobic
part of the BTBT-peptide nanofibers. As a result, electrical
measurements exhibited remarkable conductivities as high as
6.0 x 10°° S em™" for BIBT-peptide films. The BTBT r-core
has been demonstrated, for the first time, in the form of self-
assembled peptide nanostructures in aqueous media for
potential use in tissue engineering, (opto)electronics, and
bioelectronics with one of the highest conductivity values
achieved to date in a non-doped state.
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