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Abstract

Supramolecular materials derived from pi-conjugated peptidic macromolecules are well-
established to self-assemble into 1-D nanostructures. In the presence of KOH that was used to
more fully dissolve the peptide macromolecules prior to triggering the self-assembly by way of
exposure to HCI vapor, we report here an unexpected mineralization of KCIl as templated
presumably by the glutamic acid residues that were present along the backbone of the peptide
macromolecules. In order to decouple the peptidic side chains from the central pi-electron unit, 3-
carbon spacers were added between them on both sides. The assembled structures that resulted
from the collective formation of -sheets, m-orbital overlaps, and mineralization resulted in highly
interconnected dendritic structures under suitable KOH concentrations. Electrical measurements
indicated that when well-interconnected, these dendritic structures maintained conductivities
comparable to those of metals at around 1800 S/cm. About 50 mA current was measured for 0.5
V/37.5 um. Varying the gate voltage in a transistor configuration had no effect on the current
levels, indicating a conductive instead of a semiconducting pathway. Control experiments without
the peptide, measurements of conductivity over time, and conductivity quenching by ammonia
suggested the conductivity of these dendritic networks was derived from proton doping of the
central z-electron units in strong acid environment, and was facilitated by closely spaced
chromophores as suggested in the literature leading to facile m-electron transfer along the

interconnected dendritic pathways. Our findings suggest that mineralization templated by



appropriate amino acids combined with peptide/m-electron self-assembly can lead to highly

conductive dendritic macrostructures as well as control of nanowire growth in specific directions.
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The high efficiency of charge-transport phenomena in biological systems' 2 has inspired numerous
investigations into the conductivity of biologically relevant macromolecules processed from
aqueous solution, as opposed to the well-established z-conjugated synthetic polymers and small
organic molecules processed in toxic organic solvents.>” Among different biomacromolecules,
self-assembling peptides and proteins attracted significant interest for development of charge-
transporting materials'®!” due to their ease of synthesis and tunable side chains to alter hierarchical
organization that can impact conduction pathways. The use of synthetically modified polypeptides
instead of natural proteins was explored to integrate the advantage of natural self-assembly and
charge delocalizing properties of synthetic organic z-electron systems.?%>> While self-assembly of
small synthetic peptides forming nanofibers and nanotubes has been exploited to form long-range
conduction pathways, peptide-based n-conjugated materials emerged recently as active materials
for devices such as field effect transistors and solar cells due to their ability to form robust 1D
nanostructures with much more tunable electronic and photonic properties including significant

hole conductivities and mobilities relative to purely peptidic materials.?>

n-Conjugated
oligopeptides allow tuning of electrical and optoelectronic properties through incorporation of

electron withdrawing and electron accepting chromophores within a polypeptide chain and through

variation of the component amino acid residues.



Oligothiophenes and other organic semiconductor subunits are often the basis of n-conjugated
peptides investigated for semiconducting properties,*>=** but nanostructures derived from complex
disk-like 2D m-electron structures such as benzotrithiophene and porphyrins with polypeptides
have also been studied.*> We and others demonstrated significant hole mobilities in such species
with the highest hole mobilities of 0.03 cm?V's™! observed in a tripeptide-quaterthiophene-
tripeptide system that could also transmit voltage and biases over macroscopic distances when
used as a gate layer. Regardless of these advances, peptide-based charge transporting materials
still suffer from relatively low conductivities compared to traditional organic semiconductor
materials due to the substantial presence of ‘insulating’ peptidic regions.?® 337 These problems
pose a challenge for explicit characterization of the electrical transport pathways in biologically
relevant materials and for consideration of any technological applications.

Here, we report our investigation of the morphologies and electrical properties of organic-
inorganic hybrid self-assembled materials formed from peptide-spacer-t moieties and KCl. We
investigated the 1D-nanostructures and electrical properties of materials formed from different
proportions of the peptide, HCI, and KOH in aqueous solution. An acidic side chain amino acid
(i.e. glutamic acid) was incorporated as the penultimate amino acid residue to control the pH-
dependent self-assembly. In basic solution, the carboxylic acids of side chain amino acids are
deprotonated and negatively charged, hindering the aggregation process via repulsion. On
lowering pH to the acidic range, the carboxylate groups are protonated, neutralizing the charge,
and allowing the peptides to self-assemble into well-defined nanostructures via H-bonding and n-
chromophore quadrupolar interactions. The solution conditions fostered an apparent
mineralization of KCI nanocrystals templated by the underlying peptide nanomaterial, a well-

established process where ionized peptides locally sequester and concentrate metal ions prior to



their conversion into a variety of minerals.*®*! We performed detailed structural and compositional
characterizations of the nanostructures and measured their electrical conductivities in a bottom-
gated two-terminal configuration.

Results and Discussion

In our previous design of the peptidic assembly, we had a carboxamide group directly
attached to the m-core that could be expected to destabilize the radical cation formed during the
hole-migration process. Here, we utilized a three-carbon alkyl spacer that we recently developed*
to separate the electrically active and self-assembling m-chromophore (i.e. phenyl-thiophene-
phenyl) from the carboxamide group leading to a pentapeptide (Figure 1a). The spacers
functioned to decouple the m-conjugated cores from the electron withdrawing carboxamide groups
while maintaining the processability in aqueous solution. The 3-carbon spacer peptide was chosen
for intensive investigation because it showed the most distinctive nanostructures and stability
while providing sufficient decoupling between the chromophores and peptidic side chains.

There are three different reasons why this sequence was chosen: (a) The design of the
peptides requires an acidic side-chain amino acid in the sequence which drives the assembly
process under acidic condition due to charge screening. Hence, one (glutamic acid) of the two
acidic side chain amino acid was chosen out of two options (glutamic acid and aspartic acid).

(b) To maintain the water solubility of the molecules, highly hydrophobic sequences were not
chosen near the pi-chromophore region, while peripheral valine residues were used to promote b-
sheet structures. (c) We observed in our previous work?%3%%? that this sequence leads to
formation of extended aggregates driven by beta-sheet type organization of the peptidic region as
well as m-stacking in between the chromophores placing them close enough to undergo exciton

coupling.



In general, alkyl groups are used to increase the solubility of organic semiconductors and
promote their crystallization in organic solvents or on surfaces. However, for our peptides, they
hindered the solubility of the molecules in aqueous solution at neutral pH. Ammonium hydroxide
for example, did not fully dissolve the oligomers resulting in only self-assembly of the peptides
during HCI exposure, leading to aggregates that were not connected and thus yielded no significant
current (Figure S1). For that reason, we introduced KOH as a stronger base to ensure the solubility
of the peptides. In the course of our experiments, we observed that different ionic compositions of
these peptide solutions promote different structures upon self-assembly. Interestingly, we noticed
dendritic (branched nanowire) growth of potassium chloride (KCl) in the presence of the peptides,
where the organic structures acted as a template for the growth of inorganic phases. It was reported
earlier that anionic groups in organic materials can concentrate inorganic cations leading to

directed growth of crystalline solids, for example, forming bone-like structures.*!

Dendritic nanowire structure and mineralization. As aforementioned, a small amount of
KOH was added to make the molecular peptide soluble prior to assembly rather than beginning
the assembly with suspended aggregates.?® 24344 The initial concentration of the peptide was 1
wt% in water. The peptide mixed with water initially formed a turbid solution at room
temperature. The KOH added, from a 1M stock solution, was double the mass of the peptide in
the solution. We did not observe formation of crystals in solution upon addition of KOH prior to
evaporation. KClI crystals seemed to grow around the dendritic fibrils of peptides during the
acidification process caused by the diffusion of hydrochloric acid vapor (Figure 2). We
hypothesize that upon addition of KOH, the negative charge on the glutamic acid attracts K* ions

and, and then in the presence of HCI vapor, K* binds with CI" to form KCl structures. This can be



correlated to the idea of biomineralization, which is a commonly observed phenomenon in which
glutamic and aspartic acids act to sequester and locally concentrate metal ions.*

Compositional analysis using scanning electron microscopy / energy dispersive X-ray
spectroscopy (SEM/EDS) of a region in between gold electrodes for electrical measurement
(Figure 1b) supported the idea of mineralization during self-assembly (Figure 3). Energy
Dispersive X-ray Spectroscopy is a technique used along with SEM to understand compositional
analysis of the sample. In general, a particular area of the sample is bombarded with electron beam
and energy of the X-rays emitted from the sample were detected to figure out the elemental
composition of the sample from area of interest. The energy of the emitted x-ray is plotted in x-
axis along with the intensity of the X-ray in y-axis. The presence of K, CI, S and Si in Spot 1
proves growth of KCl using the self-assembling peptidic structures as a template, whose presence
is proved by S, the heaviest element in the peptide pi-conjugated molecules (Figure 3d). On the
other hand, only Si is observed in Spot 2 indicating most of the peptide molecules are assembled
into the dendritic regions and KClI shells form around them in a Volmer-Weber type growth mode
(Figure 3e). The presence of gold only in electrode regions (Figure 3d, 3e) and its absence
between electrodes rule out the possibility of conduction, observed in experiments to be discussed
next, via gold interconnections (Figure 3f, 3g). As SEM/EDS has higher intensity count for
heavier elements, the presence of Au as well as K and Cl in Spot 4 masked the peak for S (Figure
3g). Without any peptide molecules, KOH only forms block KCI crystals under HCI vapor
exposure (Figure S2, including a KCl x-ray diffraction peak), supporting the idea that these
peptidic nanostructures are acting as templates to form well-defined dendritic KCl superstructures.
Initiation sites with critical nuclei sizes followed by the subsequent growth of KCI, coupled with

self-assembling nanowire structures from beta-sheet-like hydrogen bond network formation



among peptide sequences and w-stacking of the central chromophores, lead to nanowire growth,
as reported previously for similar peptidic structures.’®* These types of structures were not
observed when ammonium hydroxide was used instead of KOH as the base (Figure S1). Thus,
nucleation and growth of self-assembled structures were accompanied by KCI mineralization in a
coordinated process during Volmer-Weber type growth of peptides.*!

Concentrations of peptides were varied from 0.0015 to 0.015M, corresponding to 0.2 to 2
wt. %, while keeping the same procedures for pH-triggered self-assembly to investigate the effect
on structure and corresponding electrical properties. A summary observation of the drop-casted
samples was that there was some form of dendrite of varying length and thickness for all samples
(Figure 4). Kinetically relevant factors such as the amount of peptide and KOH during the self-
assembly and mineralization processes dictated the resulting dendritic structures. For example, a
higher KOH amount in 0.015M samples, upon exposure to HCI vapor, facilitated formation and
growth of KCl leading to KCI block crystals. In such cases, the peptides were in the surroundings
(Figures S3 and S4). Hence, a right balance of KOH and peptide concentration was imperative
for coordinated growth of connected dendrite complex composed of peptides encapsulated in KCl,
under constant HCI exposure times.

Laser optical and 3D images at 100x magnification of peptides with varying concentrations
showed different structures for each concentration. 0.0015 to 0.0057M samples had disconnected
dendrites due to insufficient amount of peptides and KCI unable to fully connect with other
nucleating sites of self-assembly and KCI formation (Figures 5a, Sb, Sc). 0.0068 to 0.0076M
samples had appropriate ratios of KOH and peptides, enabling formation of well-connected
dendrites (Figures 5d, 5e). 0.0095 to 0.015M samples showed less dendrite coverage and instead

larger blocks of KCI with increasing concentration (Figures 5f, 5g, Sh); More KOH was required



to dissolve the higher concentration of peptides, resulting in KCI mineralizing faster than self-
assembly of the peptides, leading to formation of blocks of KCI. Higher concentration also led to
aggregation, further facilitating the mineralization of KCI block crystals before peptides could self-

assemble into dendrites for 0.0095 to 0.015M samples (Figures 5f, Sg, Sh).

Dependence of electrical performance on structure. The presence of interconnected dendritic
structure was the most critical factor for conductivity.” The 3D laser microscope images show
that only 0.0068 and 0.0076M samples had connected dendrites (Figures 5d, Se). This corresponds
to the electrical data for which only 0.0068M and 0.0076M samples showed significant
conductance (Figures 6 and 7) and essentially no conductance at all for all other concentrations,
even at higher voltage bias (Figure S5). The current measurements for 0.0068 and 0.0076M
samples had conductivity lower than, but comparable to those of metals. There was no gate effect,
as can be seen from the current at a range of gate voltages shown in Figures 6 and 7, respectively.
(We continue to plot currents vs. gate voltage to illustrate the lack of gate effect in our samples.)
Samples prepared with peptides dissolved in KOH without HCI vapor exposure had no dendritic
formation and no conductance, further highlighting the importance of connected dendritic structure
for conductive pathway formation (Figure S6).

Conductivity of each connected dendrite was calculated under the assumption that the
dendrite has ohmic conduction. Using Ohm’s law and the conductance formula for a wire with a
defined cross-sectional area and length, the conductivity was calculated to be around 1800 S/cm
for a 0.0076M sample with a well-connected network of dendrites. The calculations and
dimensions used for calculations are described in supplementary information (Figure S7 and S8).
This conductivity is comparable to that of some metallic materials in less conductive forms and

highly conductive biological materials in aqueous media.*® 4’



Having ruled out the possibility of conduction via gold from SEM/EDS where no gold was
observed between electrodes, we needed to consider whether the KCl formed by the mineralization
process could have been the conductive medium. KCl formed between electrodes from only KOH
solution exposed to HCI vapor showed no current under the same conditions, demonstrating that
KCI cannot be the medium of the current pathway (Figures S2, S9). Further, a timed test showed
60% retention of the current after 5000s of -0.5 Vd applied continuously without gate voltage bias
for 0.0076M sample, indicating most of the conductivity is from electron/hole conduction (Figure
8). The integrated transported charge was much higher than the total number of mobile ions
present in the conductive region, consistent with electronic/hole conduction as the primary
conduction mechanism instead of ionic conduction. Ionic conduction also would have decreased
much more rapidly at this current level due to accumulation of ions at the electrodes and the
resulting ionic repulsion. This leaves the structural arrangement of the peptides in the dendrites
with mineralized KCI shells as the reason for the abnormally high conductivity.

We suggest that fixation of m-stacked organic semiconductor subunits in a conductive
morphology was achieved by overlap of multiple KCI crystals from multiple heterogeneous sites
(Figure 2b), which has been observed before in biomineralization.’® Multiple KCI crystals
mineralizing simultaneously with B-sheet formation from intermolecular peptide interactions such
as hydrogen bonding between amino acids, and sulfur-sulfur contacts between thiophene groups*®
29 could have allowed closer than normal packing of peptides. In addition, the z-electron units
within the peptide nanostructures could have been doped by protons because z-conjugated organic
polymers are known to have high capacity for proton doping in the presence of strong acids like
HCI, which contributes to increasing conductivity and enhancing self-assembly.’!> The

decoupling of the electron withdrawing peptide amide groups from the chromophores by the 3-



carbon spacer further promoted this protonic acid doping.>® Altogether, we conclude that the facile
current flow with stacked layers of proton doped chromophores with CIl- counter ions from the
excess HCI, with charge possibly screened by interactions with KCI crystallites, induced a high
hole density within assemblies of closely packed chromophores.

Proton doping on chromophores achieved by HCI was consistent with an observed decrease
in current output upon exposure of a well interconnected 0.0076M sample to ammonium hydroxide,
which functioned as a de-doping agent for the proton doped chromophores (Figure 9).°'2
Analyzing the directionality and distance effect on the conductivity of dendrites further indicated
conductive wire-like resistance. Decreasing conductivity with increasing distance indicated the
dendrites are functioning as a wire with resistance (Figure 10). Well interconnected dendrites
formed conductive pathways throughout the whole sample for over 1.5 mm in length for 17
spacings (calculated from Figure S7) and had varying conductances according to position of
electrodes on the sample (Figures S10, 11, 12) indicating non-uniform current path formation
throughout the sample as expected of self-assembled structures. Some samples with partially
connected dendrites with slightly lower concentrations also showed currents (Figure S13).
However, the quick degradation of conductive pathway, the response to humidity, and the
significantly lower current output than that of the connected dendrites all indicated that these
currents from partially connected dentrites are ionic in nature (Figure S13). Even at the highest
output, ionic conduction from the amino acid side chains of slightly connected dendrites was
insignificant compared to electron/hole conduction current levels. Hence, both electronic and ionic
conduction pathways exist for the connected dendrites, but electronic conduction pathway appears

to be dominant, once the pathway forms.
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Due to the stability provided by the KCI shells, well-formed conductive pathways of
0.0076M samples were intact for weeks before losing around 90% of their conductivity after 43
days under ambient environment as shown in Figure 11 and Figure S14. During this time, current
output degraded slowly over time, possibly due to repelling force between doped n-stacked regions
to regain equilibrium distance and/or deactivation/dissipation of the hypothesized doping
protons,* which was delayed by the KCI shell surrounding the nanowires. These factors
disoriented the closely packed and fixated arrangements of peptides in KCI shells over time,
allowing them to slowly readjust to normal distance and with further disintegration of structure
and dissipation of doped protons, to eventually lose the vital structural arrangement for high

conductivity.

Conclusion

Dendritic structures assembled via connection between mineralizing KCl crystallites initiated by
pH-triggered self-assembly of peptide materials was demonstrated in this work. Connected
structures were found to be the most important factor to producing highly conductive nanowire
assemblies that showed conductivity comparable to that of a metal. It was found that the dominant
conduction mechanism of samples with well-connected dendrite structures is electronic
conduction. We hypothesize that this arose from proton doped chromophores with Cl- counter ions
from excess HCI vapor stacking in closer-than-normal proximity with the aid of mineralized KClI
encasing the side chains of the oligopeptides. The results presented here demonstrate a different
approach to self-assembly followed by mineralization to achieve structures with high electrical
conductivity. They suggest that other more electronically relevant materials may be subject to

templation by these hybrid bio/pi-electron materials and will be explored in the future.
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Experimental section

Peptide Synthesis. All polymers were synthesized and prepared according to our recently
accepted publication.*? All other reagents and starting materials were obtained from Sigma-
Aldrich and were used as received.

Scanning Electron Microscopy / Energy Dispersive X-ray Spectroscopy. All samples
were observed under Tescan MIRA 3 GMU for all SEM images at 20 KeV for working distance
between 10 and 30 mm. All EDS data was acquired via and AMATEK EDAX Octane Plus.

3D Laser Scanning Microscopy. In order to assess the formation of structures that were
formed, all 3D and laser microscope images were acquired via a Keyence VK-X 100 laser
microscope.

Device Fabrication and Measurements. The devices were fabricated on silicon substrates
acquired from University Wafers with diameter 150mm with 300 nm SiO», a capacitance per area
of 11.5 nF/cm?, and in the <100> orientation. The substrates were cleaned in piranha (2:1 ratio of
concentrated sulfuric acid to hydrogen peroxide) for 3 hours, rinsed with DI water for 10 minutes,
sonicated in acetone for 20 minutes, rinsed with DI water for 10 minutes, and sonicated in 2-
propanol for 20 minutes before cleaning the substrate by blowing dry nitrogen gas. Solutions of
the polymer were dropped on the substrates and immediately exposed to HCI vapor from a vial
full of concentrated HCI (directly from the original bottle) using a glass lid to encase both the HCI
vial and substrate for 5 minutes in a chamber before removing the sample from the chamber and
letting it dry. After drying for one day, 50 nm of gold was evaporated onto the samples at a rate of
0.4A/s with an Edwards 306 evaporator using a 200 mesh TEM grid for electrical measurements.

A Keithley semiconductor analyzer was used for all electrical measurements.
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Figure 1. (a) Chemical structure of peptide-spacer-mr molecule. (b) Field-Effect Transistor
(FET) set-up for electrical measurements.
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Figure 2. (a) Schematic of arrangement of peptides and KCI in connected dendrites. (b)
Connected dendrite images at 50x magnification of 0.0076M sample under laser microscope.
(c¢) SEM image of 0.0076M sample at 7.70kx magnification.
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Figure 3. SEM images and related SEM EDAX data for different regions on sample. (a) SEM
image of 0.0076M at 1.81kx magnification for a region in between electrically tested areas,
shown by the arrows. (b) SEM image of dendrite region in between the Au electrodes
indicated by the red box in (a) at 4.73kx magnification. (¢) The 4 different spots SEM EDAX
was performed is shown. (d) SEM EDAX of spot 1 where there is only dendrite on Si/SiO2
wafer. (¢) SEM EDAX of spot 2 where there is no assembly of dendrite on Si/SiO2 wafer. (f)
SEM EDAX of spot 3 where there is only Au on Si/SiO2 and no assembly of dendrite. (g)

SEM EDAX of spot 4 of dendrite on Si wafer below Au.
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for sample with (a) 0.0015M, (b) 0.0038M, (c) 0.0057M, (d) 0.0068M, (e) 0.0076M, (f)
0.0095M, (g) 0.011M, and (h) 0.015M peptides. More KOH to dissolve the higher amount of
oligomers in 0.0095M to 0.015M samples lead to more formation of KCI salt crystals,
resulting in block crystals. Gold squares are 37.5 pum apart.

Figure 5. 3D images of dendrites between Au electrodes with inset of optical images, both at
100x magnification under laser microscope for (a) 0.0015M, (b) 0.0038M, (c) 0.0057M, (d)
0.0068M, (e) 0.0076M, (f) 0.0095M, (g) 0.011M, and (h) 0.015M samples.
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Figure 6. Averaged current over range of voltages with error bars for Vd from 0 to -1 V in -
0.2 V steps and for Vg from 0 to -50 V for (a) 0.0068M and (b) 0.0076M. Other than 0.0068
and 0.0076M samples, no samples showed significant current.
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Figure 7. Averaged current over range of voltages with error bars for Vg from 0 to -50 V in
- 0.5V steps and for Vd from -50 to 50 V for (a) 0.0068M and (b) 0.0076M. Other than 0.0068
and 0.0076M samples, no samples showed significant current.
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Figure 8. Timed test of 0.0076M peptide sample for 5000s under — 0.5 V bias. The current

remained relatively stable until rapid degradation after about 4000s, leading to about 40 %
degradation/60% retention in current output after S000s.
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Figure 9. Currents over Vgs range of 0.0076M peptide sample after 20 days since fabrication.

(a) Before exposure to ammonium hydroxide. (b) After exposure to ammonium hydroxide
for S minutes.
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Figure 10. Spacing test measuring current of 0.0076M peptide sample for different number
of spacing between electrodes. (a) 10x microscope image showing electrodes used for each
respective spacing measurement. Currents over Vcs range forelectrodes with (b) 1 spacing,
(c) 2 spacing, (d) 3 spacing, and (e) 4 spacing.
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Figure 11. Shelf life test using plots of Currents over Vgs range of 0.0076M peptide sample
for (a) 3 days, (b) 6 days, (c) 12 days, (d) 18 days, (e) 43 days, (f) 146 days.
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