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Formation of Semiconducting Supramolecular Fullerene

Aggregates in a Dipeptide Organogel

Priyadarshi Chakraborty, Wei Ji, Stav Rahmany, Lioz Etgar, and Ehud Gazit*

The formation of nanostructured fullerene aggregate inside supramolecular
gels is a topic of great interest because of the potential applications of these
nanostructures in photoelectronics. Gel phase facilitates the aggregation of
fullerene by restricting the movement of solvent molecules, thereby increasing
the local fullerene concentration. Herein, the supramolecular nanostructure
formation of fullerene (Cg) in a minimalistic dipeptide (diphenylalanine, FF)
organogel is reported. The resulting composite FF/Fullerene gels exhibit
improved mechanical properties and semiconductivity. While fullerene
nanostructures do not disturb the FF aggregation pattern, they adhere to the FF
fibers via non-covalent interaction. Morphological analysis reveals the presence
of spherical clusters and nanorods of fullerene attached to the dipeptide fibers.
The composite gel with highest fullerene concentration exhibits linear current—

peptide-based hybrid hydrogels were also
developed from our research group in
order to improve the mechanical prop-
erty of the native hydrogels, as well as to
confer conductivity.'®!”] Although short-
peptides have been meticulously studied
as hydrogelators,'8! their organogelation
ability is rarely reported in literature. One
exception being diphenylalanine (FF),
which was reported to exhibit gelation
behavior in toluene or chloroform.!%-23
FF is the simplest aromatic dipeptide
made of natural amino acids, and the
core recognition motif of Af polypeptide.
Our research group first demonstrated

voltage response with a current magnitude of =0.3 nA. Moreover, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is incorporated
in the FF/Fullerene system yielding tri-hybrid donor-acceptor gels which
exhibit photoresponsive conductivity. Therefore, the FF/Fullerene and the
tri-hybrid gel have interesting properties, and holds significant promise

toward photoelectronic device applications.

Short-peptide self-assembly has attracted immense research
interest due to their intriguing properties and manifold appli-
cations.!'"") Supramolecular gels are a product of self-assembly
process where aggregated fibers entangle within themselves
forming a 3D network structure.l-'2 Short-peptide based
supramolecular hydrogels are excellent candidates for
biomedical applications due to their intrinsic biocompatibility
and extra cellular matrix mimicking attributes.'3-15 Recently,
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the self-assembling ability and mnano-
tube formation of FF from its aqueous
solution.l’! These mnanostructures also
served as a template for preparing Ag
nanowires. FF organogels are intriguing
as well, due to their transformation into
microcrystals by simple cryogenic treat-
ment.[?2l Moreover, these FF organogels
were also capable of immobilizing inor-
ganic quantum dots demonstrating them to be excellent soft
templates.[!%]

Fullerene (Cg) is a zero dimensional carbon based material
which is very important because of its semiconducting prop-
erties and potential applications in photoelectronic field.2*2¢]
Fullerene is an electron-acceptor, and its composite with electron
rich molecules create donor—acceptor heterojunctions which
play a crucial role in organic electronic devices.?’-3% Fullerenes
exhibit different aggregation patterns in different donor
medium and experimental conditions, resulting in diverse nano-
structures while retaining their optoeletronic properties.’'=*°!
Therefore, there is an increasing trend amongst material scien-
tists to discover de novo hybrids of fullerenes and 7-conjugated
systems.3640 As fullerenes exhibit affinity toward gelators with
aromatic groups or m-conjugation,!l many researchers have
demonstrated the interactions between supramolecular m-gels
and fullerene.[842481 Ajayaghosh and co-workers reported the
crystallization of fullerene (Cgp) to supramolecular rods with
increased photoconductivity in a oligo(p-phenylenevinylene)
based organogel.*’l Very recently, Fang and co-workers reported
the growth of long crystalline fullerene (Cg) fibers in supramole-
cular gels using an anti-solvent approach. The device fabri-
cated from these crystalline fibers exhibited high-performance
photodetection.®! Therefore, the aggregation of fullerene in
supramolecular gels is a topic of great interest when viewed
from the perspective of photoelectronic applications.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

d

100000
°°°Oo°°
210000-0000000°°3°°
~ o
= 1000 4 0’0,
o °0 OOQ
- _ 9
¢ty 100 : o
G °
1049 € 9
1 T L] L] T
f 0.1 1 10 100
% Strain
100000-v1rr5°°°
1‘?10000-000000"6800
[* 2™}
o %o
= 1000 - °e °o%
(U] °,
- 100 Qo
o o,
104 o G
@ G
1 T L] L] L]
0.1 1 10 100
h % Strain

=

—— FF/Fullerene (0.075%)

—— FF/Fullerene(0.15%)

Intensity (a. u.)

—— FF/Fullerene(0.3%

|| ] ] ] I
5 10 15 20 25 30
20 (degree)

www.advmattechnol.de

Fullerene concentration ‘
- .4
100000
L 99 9 Y
~—~10000 -
© o8
E-’ P 9 000 "] g ° R
- 1000 < e 9o,
- [*} -
o ° 99
- 100 4
o
o o)
10
)
14 T T T
10 100
% Strain
100000
90000, ,
—610000-“0“00302
o 0%0 9
= 1000 - °, %o
o °o, %
- 100 - )
o %
104/ 0 G
? G
1 L] L L] L]
. 0.1 1 10 100
| % Strain
— I — FF
(@) 1
()
T
E == FF/Fullerene(0.075%)
S~ 1
>
=
IT) ! —— FF/Fullerene(0.15%)
e 1
2 !
w N : —— FF/Fullerene(0.3%)
1

I I ] ]
200 240 280 320

Wavelength (nm)

Figure 1. Representative structures of a) FF and b) fullerene. c) Digital image of the gels. Strain sweep experiments carried out on the d) FF, e) FF/Fullerene
(0.075%), f) FF/Fullerene (0.15%), and g) FF/Fullerene (0.3%) gels. h) Powder XRD patterns of the dried gels. i) CD spectra of the gels.

Herein, we report a dipeptide-based organogel enabling the
formation of supramolecular aggregates of fullerene inside its
self-assembled networks. We selected FF dipeptide (Figure 1a)
because of its minimal nature, excellent gelation, templating capa-
bilities, and propensity to stack with fullerene (Cg) (Figure 1b)
using its aromatic groups. The FF and FF/Fullerene composite
gels (Figure 1c) were prepared using a solvent-switch method.
FF was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) and
diluted with toluene to a final concentration of 0.5 wt%. The FF/
Fullerene gels contained different concentrations of fullerene
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(0.075, 0.15, and 0.3 wt%) while the FF concentration was
kept constant (0.5 wt%). The FF/Fullerene gels are designated
as FF/Fullerene (x%), where x denotes the concentration of
fullerene (wt%).

Rheological studies were performed to investigate the
mechanical property of the FF and FF/Fullerene hybrid gels.)]
Strain sweep experiments (Figure 1d—g) exhibited linear vis-
coelastic regime (LVR) until =1% strain for the FF and FF/
Fullerene gels. Next, we carried out frequency sweep experi-
ments on the gels at 0.1% strain (within the LVR) (Figure S1,
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Supporting Information). Although, storage(G’) and loss
(G”) modulus values increased in the FF/Fullerene (0.15%)
and FF/Fullerene (0.3%) gels, the FF/Fullerene (0.075%) gel
exhibited almost similar values compared to FF gels (Table S1,
Supporting Information). The highest G’ and G” values were
obtained in the FF/Fullerene (0.15%) gel. The G’/G” ratio
which indicates the robustness was also observed to be highest
in FF/Fullerene (0.15%) gel. Both of these results indicate the
FF/Fullerene (0.15%) gel to be of the highest rigidity.

In order to understand the structure of the gels, we opted
for powder XRD experiments (Figure 1h). FF gel exhibited
a lamellar structure with a lamellar thickness of d = 20.9 A
(26 = 4.2°), along with some weak crystalline peaks probably
arising because of the small crystallites produced during

FF

FF/Fullerene
(0.075%)

FF/Fullerene
(0.15%)

FF/Fullerene
(0.3%)

www.advmattechnol.de

the drying process.?2 These peaks were retained in the FF/
Fullerene gels indicating that fullerene does not significantly
alter the packing of FF. However, some new peaks had arisen
in the FF/Fullerene (0.15%) diffractogram, which sharpened
in FF/Fullerene (0.3%) gels. These peaks correspond to the d
spacing of 8.4, 5, and 4.2 A (260 =10.8°, 17.8°, and 20.8° respec-
tively). The appearance of these peaks surmises the formation
of rod-like aggregates of fullerene inside the gel network.[*’]

CD spectra of FF gel (Figure 1i) exhibited a negative Cotton
effect at 226 nm signifying predominant f-sheet arrangement
of the FF molecules.'”) Evidently, this B-sheet arrangement
remained intact for the FF/Fullerene gels although, a blue shift
in the band was observed. This signifies that while fullerene
does not affect the internal packing arrangement of the gel, it

Figure 2. TEM micrographs and schematic representation of the nanostructures of a—c) FF, d—f) FF/Fullerene (0.075%), g—i) FF/Fullerene (0.15%),

and j-l) FF/Fullerene (0.3%) gels.
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might interact with FF nanostructures via non-covalent inter-
actions. This assumption is also supported from the FTIR
spectra (Figure S2, Supporting Information) where the peaks
representing the B-sheet arrangement in the FF gel (1687 and
1610 cm™!)[*% remained unchanged after addition of fullerene.

UV-vis absorption spectra of the dried FF and FF/Fullerene
gels are presented in Figure S3, Supporting Information. After
addition of 0.075% fullerene to the FF gels, an absorption peak at
~450 nm emerged (Figure S3b, Supporting Information) which
could be ascribed to the states resulting from exciton coupling of
the UV bands.’ In the FF/Fullerene (0.15%) gels (Figure S3c,
Supporting Information) this peak blue shifted to 438 nm. The
blue shift in the peak with increasing fullerene concentration may
indicate its m-interaction with FF. At the highest fullerene concen-
tration (0.3%), only a broad band between 480 and 660 nm was
observed which may occur due to strong intermolecular interac-
tions among fullerene molecules.>’!

Fluorescence spectra of FF gel (Figure S4a, Supporting Infor-
mation) exhibited an emission peak at 293 nm indicating aggre-
gation of FF molecules.??) However, the emission almost entirely
quenched after adding 0.075 wt% fullerene to the FF gels. In
order to observe the FF emission peak after fullerene addition, we
integrated lower concentrations of fullerene (0.0125, 0.025, and
0.03 wt%) to the FF gels (Figure S4b, Supporting Information).
The emission peak of FF red shifted with increase in fullerene
concentration with a quenching in the intensity, indicating

www.advmattechnol.de

m-interaction of FF with fullerene. Therefore the UV-vis
absorption and fluorescence spectra suggest the signature of
m-interactions between FF and fullerene.

Next, we performed transmission electron microscopy
to analyze the morphology of the FF and FF/Fullerene gels
(Figure 2). FF exhibited fibrillar network morphology with
long entangled fibers (Figure 2a—c). Addition of different con-
centrations of fullerene to the FF gels produced clusters and
nanorods of fullerene, while FF fibers remained intact. At a
fullerene concentration of 0.075 wt%, spherical clusters were
observed (Figure 2d-f). Interestingly, these spherical clusters
were attached to the FF fibers probably due to the existence of
non-covalent interactions among themselves. Further increase
in fullerene concentration (0.15 wt%) caused the spherical clus-
ters to increase in size and density (Figure 2g—i). At the highest
fullerene concentration (0.3 wt%) nanorods of fullerenes were
observed along with the spherical clusters (Figure 2j-1). The
nanorods had a length of =2.5 um and a width of =300 nm. High
concentration of fullerene initially produces spherical clusters
which subsequently nucleate to generate supramolecular
nanorods.*”! This process is facilitated by the immobilization
of the solvent in the gel medium which enhances the local con-
centration of fullerene, thus allowing the 1D growth required
for producing supramolecular rods.

Next, we studied the effect of fullerene nanostructures on
current-voltage (I-V) properties of the dried gels (Figure 3).
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Figure 3. |-V response of the dried gels of a) FF, b) FF/Fullerene (0.075%), c) FF/Fullerene (0.15%), and d) FF/Fullerene (0.3%). The inset of each
figure represents the fullerene nanostructures responsible for the observed I-V response of the corresponding gels. (Bottom: A representative diagram

of the electrode used for I-V measurements).
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As evident from Figure 3a,b, FF and FF/Fullerene (0.075%)
dried gels failed to show any I-V response. However, at
increased fullerene concentration (0.15%) an I-V response was
observed with a current magnitude of =0.1 nA (Figure 3c). The
FF/Fullerene (0.3%) gel exhibited a current of ~0.3 nA and an
almost linear -V response (Figure 3d). Therefore, it is evident
that the underlying mechanism of conduction is linked to the
supramolecular nanostructures formed within the gels. With
increase in fullerene concentration the size of the spherical
fullerene domains increases. These spherical domains help in
conducting electricity. At the highest fullerene concentration,
the supramolecular fullerene nanorods facilitate the flow of
current causing a linear -V response.

In order to demonstrate an application of the newly developed
FF/Fullerene composite gels, we prepared tri-hybrid systems
composed of FF, fullerene, and a conductive polymer, poly(3,4-
ethylenedioxythiophene):polystyrene  sulfonate (PEDOT:PSS).
In the tri-hybrid system, fullerene acts as an acceptor, while
PEDOT:PSS plays the role of donor (Figure 4a,b). Self-assem-
bled 3D networks of FF enable homogeneous dispersion of
the donor—acceptor moieties inside the gel, resulting in their
intimate coexistence. The [-V plot of the dried tri-hybrid gel
exhibited rectification property (Figure 4c) where the rectification
ratio (the ratio of current at the selected reverse bias voltage to
the current at the same forward bias voltage)l®! was calculated to
be =1.4. The formation of donor—acceptor junctions facilitated by

www.advmattechnol.de

the intimate coexistence of fullerene (acceptor) and PEDOT:PSS
(donor) in the entangled self-assembled nanostructure of FF, led
to the rectification property of the tri-hybrid gel.

Furthermore, the presence of donor—acceptor junctions in
the tri-hybrid gel inspired us to investigate its photoresponsive
conductivity. We performed [-V measurements on the dried
tri-hybrid gels both in presence and absence of light, using a
simple device as shown in Figure 4d. The I-V results exhibited
an increase in current both in forward and reverse bias at each
applied voltage, for irradiation with a constant light intensity
(100 mW cm™2). However, the final increment in current (at an
applied voltage of 2 V) at the forward bias, was higher compared
to that of the reverse bias (-2 V) (Figure 4f). This result hints at
further potential utilization of the tri-hybrid system as active
materials for dye-sensitized solar cells.>"

In summary, we developed hybrid gels of the minimalistic
aromatic FF dipeptide and fullerene. FF/Fullerene gels notably
exhibited improved mechanical properties compared to the FF
gels. Spectroscopic studies revealed the signature of B-sheet
arrangements in the FF nanostructured gels which were
unaffected after the addition of fullerene. However, shift in
fluorescence emission maxima indicated the involvement of
non-covalent interaction between FF and fullerene. FF gel was
comprised of entangled fibers, whereas the FF/Fullerene gels
exhibited spherical domains and nanorods of fullerene adhered
to the FF fibers. The FF/Fullerene (0.3%) gels exhibited a linear
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Figure 4. Photoresponsive conductivity of the tri-hybrid gels. a,b) Representative chemical structures of the acceptor (Fullerene) and donor (PEDOT:PSS)
moieties as components of the tri-hybrid gel. c) I-V response of the dried tri-hybrid gel. d) A representative diagram of the simple device fabricated
to measure the photocurrent response of the tri-hybrid gel. ) I-V response of the tri-hybrid gel under dark and illumination conditions. f) % Current
enhancement of the tri-hybrid gel in forward and reverse bias at applied voltages of 2 and —2 V, respectively.
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I-V response with a current of =0.3 nA, thus behaving like a
semiconductor. In order to engineer a donor-acceptor system,
PEDOT:PSS was incorporated in the FF/Fullerene system
yielding tri-hybrid gels which exhibited photoresponsive con-
ductivity. Therefore, the FF/Fullerene gels and the tri-hybrid
gels are intriguing from the perspective of morphology and
electrical properties, and promise potential applications in
photoelectronics.

Experimental Section

Materials: FF was purchased from Bachem at a purity level of >98%.
Fullerene (Cgo) was procured from Holland Moran, Israel. HFP was
purchased from Sigma, and toluene was purchased from Bio-Lab Ltd.,
Israel.

Preparation of Gels: FF was first dissolved in HFP at a concentration
of 12.5 wt%. To prepare FF gels, this stock solution of FF in HFP
was diluted with toluene where a final FF concentration was 0.5 wt%.
Fullerene (Cgo) was dissolved in toluene at concentrations of 0.3, 0.15,
and 0.075 wt%. The respective fullerene solutions in toluene were
then used to dilute the FF stock solution for the preparation of the
FF/Fullerene gels. The tri-hybrid gels were prepared in a similar
procedure. Briefly, 200 puL of PEDOT:PSS solution (3.0-4.0% in H,0,
high conductivity grade, Sigma-Aldrich) was dispersed in 2 mL of
fullerene solution (0.3%) which was then used to dilute the FF stock
solution yielding the tri-hybrid gels.

Mechanical Properties: The mechanical properties of the gels were
measured on an ARES-G2 rheometer (TA Instruments, New Castle, DE,
USA) using a 8 mm parallel-plate geometry with a gap of 1000 um. 1-day
aged gels were used for the measurements. Strain sweep experiments
were carried out at a constant frequency of 1 Hz. Dynamic frequency
sweep experiments were carried out at a constant strain of 0.1%.

Wide Angle X-Ray Scattering: Wide angle X-ray scattering patterns
of the dried gels were recorded by using a Bruker d8 Advance
Diffractometer equipped with Goebel mirrors to parallelize the beam
and LYNXEYE XE linear detector.

CD Spectroscopy: CD and absorption spectra of all the samples were
collected on an Applied Photophysics Chirascan Spectrometer with
bandwidth of 1.0 using a 0.1 mm quartz cuvette.

Fourier-Transform Infrared Spectroscopy: 30 UL of the gels were
deposited onto disposable KBr infrared sample cards (Sigma-Aldrich,
Rehovot, Israel), and allowed to dry. The measurements were carried out
in a nitrogen purged Nexus 470 FTIR spectrometer (Nicolet, Offenbach,
Germany) equipped with a deuterated triglycine sulfate (DTGS) detector.

Fluorescence Spectroscopy: Fluorescence spectra of the gels were
recorded using a Horiba fluoromax 4 instrument. The gels were prepared
in quartz cells of 1 cm path length and excited at 280 nm. Emission
scans were recorded using 3 nm excitation and emission slits.

Transmission Electron Microscopy: The gel samples were prepared
according to the procedure described earlier. 10 pL of the diluted gel
solutions were drop casted onto 400-mesh copper grids covered by
a carbon-stabilized Formvar film (SPI, West Chester, PA, USA). The
samples were dried under ambient conditions and the micrographs
were recorded using a JEM-1400Plus Transmission Electron Microscope
operating at 80 kV.

Conductivity Analysis: The gels were drop-casted on copper electrodes
with an electrode gap of 2 mm and dried under ambient conditions.
Current-voltage (I-V) measurements were performed on a Keithley
2450 source-meter using the two-probe method. All measurements
were carried out from —1 to 1 V with 0.1 V steps. The measurements
were repeated with at least three independent samples to ensure
reproducibility.

Photocurrent  Measurement: ~ Photocurrent measurements were
obtained using a Newport solar simulator system consisting of an
Oriel I-V test station with an Oriel Sol3A simulator. The solar simulator
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was Class AAA for spectral performance, uniformity of irradiance, and
temporal stability. It was equipped with a 450 W xenon lamp. The output
power was adjusted to match AM1.5 global sunlight (100 mW cm™). I-V
curves were obtained by applying a varying external bias to the device and
measuring the generated photocurrent with a Keithley model 2400 digital
source meter. All measurements were carried out under ambient
conditions in air (temperature of 25 £ 3 °C and humidity 40% + 10%).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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