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Abstract: The utility of organic functional units for high-performance materials and devices is highly 

dependent on the formation of ordered domains across extended regimes. As such, the development 

of synthetic approaches to achieve precisely ordered material building blocks, a process often compli-

cated by the dynamic and sensitive nature of supramolecular interactions in many organic molecules, 

is critical in realizing efficient functional devices and emergent physical properties. To this end, we 5 

leveraged the long-range anisotropic ordering intrinsic to a class of 1D van der Waals (vdW) crystals 

comprised of sub-nanometer-thick transition metal trichalcogenide (MCh3; M = Ti, Zr, Hf, Nb, Ta; Ch 

= S, Se) chain subunits to guide the assembly of supramolecular π-conjugated peptide building blocks. 

Through this synthetic strategy, we realized morphologically well-defined organic-inorganic hetero-

interfaces that display drastically altered photophysical properties and are capable of photocurrent gen-10 

eration. Owing to the structural correspondence between the π-π interactions of the organic quaterthi-

ophene (4T)-based π-conjugated peptides (DDD-4T) and the periodic sulfur ordering along the (100) 

planes of inorganic niobium sulfide (NbS3) 1D vdW crystals, we found that organic π-conjugated pep-

tide monomers can readily form 1D supramolecular assemblies on the surface of the underlying inor-

ganic crystal. Optimal assembly conditions allowed for the controlled deposition and growth of the 15 

peptide assemblies on the crystal surfaces as validated by a combination of fluorescence microscopy, 

photoluminescence mapping, Raman spectroscopy, atomic force microscopy, and computational mo-

lecular dynamics simulations. The resulting DDD-4T/NbS3 heterointerfaced assemblies exhibit a sig-

nificantly improved visible-range photocurrent generation compared to the freestanding π-conjugated 

peptide films assembled from solution. Altogether, our study demonstrates the important role of  lattice 20 

matching in the formation of ordered low-dimensional organic-inorganic heterointerfaces, offering a 

new approach towards directing the assembly of supramolecular organic building blocks endowed with 

improved optical and optoelectronic properties. 
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Introduction 

The molecular ordering of functional molecules, such as π-conjugated molecules and peptides, 

across various spatial scales plays a vital role in determining their charge and energy transport capa-

bilities in various applications, including light harvesting, sensing, and biointerfacing (1–6). Since ef-

ficient charge and energy transport requires the facilitation of delocalized electrons across neighboring 5 

molecules, precise control over self-assembly and long-range ordering of organic molecules is para-

mount towards achieving efficient electronic functionalities (7–9). However, navigating the complex 

landscape of assemblies formed by organic molecules from dissolved monomers in solutions to or-

dered aggregates in solid device interfaces remain a challenge, primarily stemming from the dynamic 

and highly sensitive nature of supramolecular interactions. To this end, it has been recognized that 10 

controlling the self-assembly of optoelectronic units is critical to the formation of long-range ordering, 

where the non-covalent interactions including, hydrogen bonding, van der Waals (vdW) forces, and π-

π interactions, need to be modulated via molecular design or external factors (1–3, 10). Therefore, 

gaining the synthetic ability to influence the noncovalent molecular interactions that govern the long-

range assembly of organic monomers in solution would advance diverse fields ranging from supramo-15 

lecular chemistry to optoelectronics that approach the sub-nanometer regime (11–14). 

A reliable approach for influencing molecular ordering at the meso- to microscale is to involve 

architectured surfaces comprised of patterned inorganic substrates, block polymers, nanoparticles, or 

other organic and biomolecular self-assembly templates (15–17). Among the hybrid materials that 

arise from templating, the creation of organic-inorganic heterointerfaces has enabled the assembly of 20 

organic structures that bear considerably altered optoelectronic properties due to interfacial exciton 

transfer and carrier transport with the underlying inorganic substrate (14, 18–23). In recent examples, 

2D inorganic vdW surfaces that bear atomically precise and flat surfaces have been shown to template 

the assembly of heterointerfaced organic molecules with endowed non-native ordering motifs, such as 

high-symmetry planar hexagonal packing (22, 23). For instance, Huang, Yoreo, and coworkers demon-25 

strated that inorganic MoS2 (0001) surface could assist the hexagonal assembly growth of peptides 

with a reduced nucleation barrier (24). Claridge and coworkers, on the other hand, systemically studied 

the formation of lamellar nanostructures with distinct patterns of polydiacetylenes on 2D highly or-

dered pyrolytic graphite (HOPG) (25, 26). Furthermore, Wang and coworkers achieved 2D poly-

mer/MoS2 heterostructures with controlled photoluminescence and electronically coupled semicon-30 

ducting properties, which provided key insights into electroactive vdW heterostructures based on or-

ganic polymers and 2D transition-metal dichalcogenides (27). These examples collectively 
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demonstrate that organic molecules can readily form controlled assemblies with suitable inorganic 

templates, providing unique organic-inorganic heterointerfaces with strongly modulated physical 

properties. 

Whereas 2D vdW surfaces provide atomically flat surfaces ideal for molecular assembly, the in-

trinsic two-dimensional geometric and crystalline limitation imposed by their underlying crystal struc-5 

tures hinders the continuous assembly of polymeric or peptidic structures that naturally possess 1D 

order. In recent years, we have seen the rediscovery of an underexplored class of 1D and quasi-1D 

vdW solids. These materials illustrate that similar vdW interactions which lead to atomic precision and 

exfoliability in 2D vdW solids could also exist between stable 1D sub-units (28–31). The rediscovery 

of several families of 1D or quasi-1D vdW solids, typically characterized by weakly bound continuous 10 

chains with sub-nanometer cross-sections, has led to the realization of nascent physical phenomena 

including unconventional superconductivity (32), defect-tolerant dissipationless photocurrent (33), 

topologically protected states (34, 35), high-fidelity electrical transport (36), as well as a recent demon-

stration of emergent optical states upon 1D confinement (37). Among these, 1D vdW transition metal 

trichalcogenides (MCh3; M = Ti, Zr, Hf, Nb, Ta; Ch = S, Se) have served as model phases to explore 15 

the chemistry and physics in low dimensions due to their highly modular structures (31), rich poly-

morphism (38), and the presence of diverse electronic and optical states (39–41). Beyond their 1D 

crystalline nature, MCh3 1D vdW crystals such as NbS3 have been demonstrated to be chemically, 

thermally, and mechanically stable, making them ideal platforms for interfacing with solution-based 

organic monomers (42–44). Together, the dimensional complementarity between the highly crystalline 20 

1D vdW solids and the intrinsic 1D ordering of supramolecular organic materials through long-range 

cooperative noncovalent interactions provides a suitable means to direct the self-assembly of func-

tional organic molecules into 1D organic- 1D inorganic heterointerfaces with long-range order. 

In this report, we demonstrate that the surface assembly of organic π-conjugated peptides can be 

controlled by the atomically defined lattice topography of a model inorganic 1D vdW MCh3 single 25 

crystal, NbS3. Symmetric peptide-π-peptide units can afford the assembly into 1D chiral nanostructures 

in solution due to non-covalent interactions such as π-π interactions and hydrogen bonding. To guide 

the assembly of these π-conjugated peptides into ordered structures that are effectively photoconduc-

tive, we take advantage of the geometric similarity between the assembly process of π-conjugated 

peptides (with π-π interactions around 3.5 Å) and the periodic lattice spacing (3.4 Å) of the (001) lattice 30 

planes in NbS3 (Figure 1A). We establish herein the 1D assembly of highly ordered π-conjugated 

peptide on the NbS3 crystal surface through this lattice-guided strategy. We further show that the 
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growth and deposition of the peptide assemblies on the crystal surface are controlled by tuning the 

assembly conditions, especially the incubation and deposition time of the NbS3 crystal with the mon-

omer solution. A suite of structural, spectroscopic, and device characterization, as well as computa-

tional simulation, support the feasibility of controlled 1D growth of organic π-conjugated peptides on 

the inorganic crystals. Moreover, the resulting organic-inorganic heterostructures of π-conjugated pep-5 

tides and vdW crystals demonstrate improved photocurrent generation under illumination upon inter-

facing, showing a significant enhancement in photocurrent compared to the dropcasted film of the bare 

π-conjugated peptides. Overall, this work accomplishes the directed assembly of 1D π-conjugated pep-

tides on lattice-matched 1D vdW surfaces with enhanced photophysical and optoelectronic properties. 

We anticipate that this strategy could be translated to the interfacing of an array of π-conjugated pep-10 

tide-based or organic molecular materials and 1D vdW solids and will fundamentally contribute to the 

growing understanding of the supramolecular self-assembly on inorganic surfaces. 

Results 

Here, we test our hypothesis that crystalline 1D vdW inorganic surfaces that display lattice surfaces 

with atomic spacings that correspond to π-π interaction distances, typically in the range of 3.4 ~ 3.5 Å 15 

(45–47),  can direct the supramolecular assembly of organic optoelectronic π-conjugated molecules 

(Figure 1A). To demonstrate our synthetic strategy, we utilize a model π-conjugated peptide (DDD-

4T) comprised of a central π-conjugated unit of quaterthiophene (4T) and a peptide sequence of three 

ionizable aspartic acids (DDD) at the periphery of the conjugated core (Figure 1B). Benefiting from 

the favorable 1D growth and assembly via π-π interactions and hydrogen bonds of these supramolec-20 

ular units, DDD-4T can reliably form 1D chiral nanostructures in aqueous acidic solutions (Figure 

1C−F, Figure S1) (48–50). The ideality of the model DDD-4T π-conjugated peptide relies on both the 

attractive semiconducting and optoelectronic properties of high aspect ratio 1D nanostructures formed 

by peptide-functionalized 4T units, as well as the pH-triggered hydrogen bonding interactions arising 

from the incorporation of three aspartic acids that reliably facilitate supramolecular 1D growth (47, 25 

51–54). Based on our molecular simulations of the freestanding assembly structures that accounted for 

20 molecules of DDD-4T, the typical π-π distances distribute ~3.5 Å (3.46 ± 0.02 Å, average ± standard 

error of the mean) from molecular simulations (Figure 1C,D). To guide the 1D assembly of these π-

conjugated peptides on surfaces, we utilized a model inorganic 1D vdW single crystal in the form of 

highly crystalline NbS3 (Figure 1I). 30 
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Figure 1. Lattice-guided assembly of π-conjugated peptides on 1D vdW crystal surfaces. (A) Schematic of the 

directed assembly of DDD-4T on the surface of NbS3 including the crystal structure representation of the 1D vdW 

chains of NbS3 along the (001) surface and the corresponding S-S distances that closely resemble the π-π stacking 

distances of quaterthiophene (4T) units. (B) Chemical structure of the π-conjugated DDD-4T monomer featuring the 5 
4T core (in yellow) and the peptide backbone (in red). (C) Energy-minimized assembly structures of DDD-4T with 

20 molecules. The central dimer unit is projected using a space-filling motif for illustrative purposes. (D) Dimer 

structure of DDD-4T highlighting the regions of π−π interactions and hydrogen bonding. For C and D, dark gray, 

light gray, purple, red, and yellow atoms correspond to C, H, N, O, and S atoms, respectively. (E, F) TEM images of 

acid-triggered solution phase assembly of DDD-4T nanostructures showing the 1D nature of the assemblies. (G) 10 
Optical microscopy image of bulk needle-like crystals of NbS3. (H) EBSD pattern of a micromechanically exfoliated 

NbS3 single crystal surface along the [001] zone axis. Inset: corresponding SEM image of the exfoliated crystal. (I) 

Representative STEM image and FFT of an NbS3 (001) surface (left) and the directly matched crystal structure model 

of NbS3 along the [001] zone axis (right). In the crystal structure representations of NbS3, teal atoms represent Nb 

and yellow atoms represent S. 15 

 

The crystal structure of NbS3 (Type I) is characterized by a dimerized 1D chain of sulfur-coordi-

nated niobium atoms, resulting in sizeable 1D needle-like morphologies (Figure 1G and Figure S2) 
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(31, 38, 55). The periodic sulfur atoms in NbS3 distribute at distances of 3.36 and 3.48 Å along the 

[010]-direction (crystallographic b-axis) of the (001) surface (Figure 1A and Figure S2), which is very 

close to the literature and simulated π-π distances for 4T and other π-conjugated units. In this work, 

specifically, we will test whether the self-assembly of π-conjugated peptides can be guided by the 

periodic lattice spacing of the NbS3 (001) surface due to the structural similarity between the idealized 5 

stacking distance and lattice periodicity (~3.5 Å). We adopted NbS3 as the model system to demon-

strate the growth of 1D organic-inorganic vdW heterointerfaced assemblies since NbS3 displays a well-

defined and atomically flat surface of sulfur atoms on the vdW (001) surface. The electron backscatter 

diffraction (EBSD) pattern of a micromechanically exfoliated NbS3 crystal surface is indexable to the 

[001] zone axis, supporting the expected 1D structure of NbS3 as well as the exposed (001) vdW sur-10 

face that displays the suitable crystallographic orientation that matches the π-π distances of the target 

monomers (Figure 1H). We further complement the EBSD imaging with scanning transmission elec-

tron microscopy (STEM) of NbS3 crystals which evidently showed the atomically well-resolved struc-

ture of the (001) vdW surface and highlighted the underlying 1D chain structure of NbS3 (Figure 1I). 

As a reference surface, we also sought to compare the templating efficiency of NbS3 (001) surface to 15 

another 1D vDW crystal, TaS3. Instead of having an atomically flat sulfur-based surface, the reference 

TaS3 crystal is comprised of corrugated 1D chains of sulfur atoms oriented along its (100) surface 

(Figure S3). 

Molecular dynamics (MD) simulations were performed to understand the interactions between the 

π-conjugated peptide and the 1D vdW crystal surface, as well as to predict the possible assembly struc-20 

tures formed by the π-conjugated peptide monomers. Based on the crystal structure, EBSD imaging, 

and TEM results, we used the expected vdW surfaces of NbS3 and TaS3 that correspond to the (001) 

and (100) surfaces, respectively (Figure 2A,B and Figure S3). These correspond to the same surface 

and orientation as the Miller indices only differ due to the axis assignments by convention. The exper-

imental single crystal structures were expanded to 14 × 10 × 1 and 1 × 20 × 5 supercells, respectively, 25 

to generate a sufficient lattice surface for adding the assembly structures of 10 molecules (Figure 2C,F 

and Figure S4). The long-axis (intrachain covalent direction) of NbS3 and TaS3 were kept along the b-

axis. By convention based on the reported crystal structures, the interchain vdW directions were ori-

ented along the c-axis and a-axis for NbS3 and TaS3, respectively. The molecular assemblies were 

positioned to orient the π-π stacking direction along the intrachain covalent directions, which is the b-30 

axis for NbS3 and TaS3 crystal structures. A vacuum layer of > 50 Å was then added to eliminate the 

mirror self-interactions. The resulting DDD-4T/NbS3 heterointerfaced assembly models were 
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geometrically optimized with the universal force field (UFF) and equilibrated atomic charges (56, 57). 

 

 

Figure 2. Molecular dynamics simulations of the heterointerfaced assembly structures of DDD-4T on NbS3 

and TaS3. (A) Side view of the vdW surfaces of NbS3 (001) and TaS3 (100). The [001] and [100] directions corre-5 
sponding to the zone axes of the NbS3 and TaS3 surfaces are oriented along the vertical axis. (B) Side view of a 

representative snapshot of ten molecules of DDD-4T on NbS3. The other atomic units were made translucent to 

highlight the correspondence of the opaque 4T units with the NbS3 surface. Note that the [001] direction correspond-

ing to the zone axis of the NbS3 surface is oriented along the vertical axis. Top views of the representative snapshot 

of ten molecules of DDD-4T on (C) NbS3 (001) and (F) TaS3 (100) surfaces. For emphases, the DDD-4T molecules 10 
were represented as space-filling models. These structures are oriented along the [001] and [100] zone axes corre-

sponding to the NbS3 and TaS3 surfaces used in this study, respectively. Distribution of the estimated total energy 

evolution as the π−π stacking directions were rotated with respect to the (D) NbS3 and (G) TaS3 long-axis directions 

(oriented along 0o/180o). The energetically favorable orientations of the DDD-4T assembly are observed when the 
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π−π directions are parallel to the NbS3 or TaS3 chain directions. Interaction energy histograms between (E) DDD-

4T/NbS3 and (H) DDD-4T/TaS3 which includes the calculated average and standard error of the mean. In the crystal 

structure representations of NbS3 and TaS3, teal, blue, and yellow atoms represent Nb, Ta, and S atoms, respectively. 

 

The preferential alignment between the π-π interaction distance of DDD-4T units and the intrachain 5 

direction of inorganic crystals were assessed by rotating the molecular assemblies every 15° followed 

by subsequent energy minimizations (Figure S5). We calculated the total energies of heterostructures 

of DDD-4T assemblies on NbS3 at different alignment angles (Figure 2D). Generally, the heterostruc-

tures showed relatively lower energies when the π-π stacking of the DDD-4T assembly was aligned to 

the intrachain directions of NbS3. The lower energies suggest that the DDD-4T molecules would fa-10 

vorably form π-π stacking along the 1D intrachain directions, which suggests that the sulfur atom 

ordering on the crystal surface could effectively template the molecular assembly of DDD-4T. Fur-

thermore, we estimated the interaction energies from 200 equilibrated MD snapshots with the favora-

ble orientation of molecular assemblies on the crystal surface using the equation of ∆E = EAB – EA – 

EB, where ∆E is the interaction energy, EAB, EA, and EB are energies of the heterostructure, crystal 15 

surface, and peptide assemblies, respectively. The interaction energies of DDD-4T/NbS3 were esti-

mated to be –42.2 ± 1.0 kcal mol–1 per monomer (Figure 2E). These results imply that there could be 

a direct influence of the underlying NbS3 surface structure on the self-assembly behavior of the DDD-

4T π-conjugated peptides to form 1D-1D organic-inorganic heterointerfaced assemblies. When the MD 

simulations were performed on the DDD-4T/TaS3 heterointerface, we also found that the assembly has 20 

a lower energy when DDD-4T was oriented along the long-axis direction of the underlying TaS3 sur-

face (Figure 2G). However, as expected from the corrugated nature of the surface, the interaction en-

ergies of the DDD-4T/TaS3 heterointerface which was estimated at –37.3 ± 0.8 kcal mol–1 per mono-

mer was found to be higher as compared to its NbS3 counterpart (Figure 2H). The lower interaction 

energy of –42.2 ± 1.0 kcal mol–1 per monomer of DDD-4T/NbS3 is a qualitatively significant energy 25 

difference compared with –37.3 ± 0.8 kcal mol–1 per monomer of DDD-4T/TaS3 (24, 58, 59), suggest-

ing that the π-conjugated peptides would more readily assemble on the NbS3 surface than TaS3. This 

result is supported by the microscopy and spectra shown in the next section. 

To probe the assembly behavior of DDD-4T on the surface of 1D vdW crystals, and to experimen-

tally validate our simulations, sizeable single crystals of NbS3 and TaS3 were incubated with aqueous 30 

solutions of DDD-4T (1 µM, pH 6) (Figure 3A). At pH 6, in consideration of the pKa of aspartic acid, 

DDD-4T is expected to still possess negatively charged residues preventing the pre-aggregation of 
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these π-conjugated peptides into high aspect ratio 1D structures prior to interfacing with the 1D vdW 

surfaces. For these incubation experiments, we implemented two methods that allow for the formation 

of nucleation sites and the growth of peptides in 1D. To establish a fluorescence baseline from DDD-

4T and to confirm that there is no background fluorescence from NbS3, we show that the DDD-4T 

solution exhibited homogeneous and weak fluorescence (excitation: 450 – 490 nm; emission: 500 – 5 

550 nm) under microscopy and NbS3 crystals showed negligible fluorescence within the same wave-

length range (Figure S6). We demonstrate the assembly of DDD-4T by incubating the crystals in the 

DDD-4T solution for 2 – 24 h to allow nucleation and slow growth, followed by the removal of the 

solution for subsequent natural drying to allow further growth (Method 1, Figure 3A). After solution 

drying, the fluorescence microscopy images clearly showed significantly enhanced, highly localized, 10 

and well-ordered fluorescence on NbS3 (Figure 3B, Figure S7A, and Figure S8) compared to the orig-

inal crystals and solutions (Figure S6). These results suggest that regions where DDD-4T molecules 

concentrated to form 1D assemblies on the NbS3 crystal surface. On the other hand, when the crystals 

were kept in solution (Method 2, Figure 3A), DDD-4T showed slow assembly kinetics to form even 

longer assemblies on the crystal surface, with some examples reaching lengths of more than 200 µm 15 

after a 15-day incubation period (Figure 3C, Figure S7B, and Figure S9). Quantitative integration of 

the fluorescence microscopy images also supports the different growth rates of DDD-4T assemblies 

on NbS3 crystal surfaces (Figure 3E). As expected, although DDD-4T could form assembled arrays on 

NbS3, no apparent assemblies were observed on TaS3 even with the same conditions used in both 

Methods 1 and 2 (Figure S10). We attribute this to the more positive interaction energies between the 20 

DDD-4T and the corrugated TaS3 surface that hinder the monomeric precursors from overcoming the 

nucleation energy barrier to form supramolecular assemblies (60, 61). 

Atomic force microscopy (AFM) was performed to further gain morphological insights on the 

DDD-4T assemblies on NbS3 crystal surfaces. Accordingly, DDD-4T formed 1D ribbon-like 

nanostructures on NbS3 crystal surfaces, where the assemblies showed thicknesses of 1.5 ~ 2.0, 1.0 ~ 25 

2.1, and 2.8 ~ 5.1 nm (1.58 ± 0.09, 1.17 ± 0.05, and 4.43 ± 0.53 nm as average with standard error of 

the mean) for 4, 8, and 24 h incubation, respectively (Figure 3D and Figure S11). As a comparison, 

bare NbS3 crystals showed smooth surfaces or multiple crystal edges (Figure S12). The nanometer 

thickness of DDD-4T assemblies on NbS3 crystal surfaces indicates several molecular layers, while 

one molecular layer is around 1 nm (Figure 2B). Furthermore, the longitudinal direction of molecular 30 

assemblies followed the long-axis direction of NbS3 1D crystals, which is in accordance with the sim-

ulated direction from MD calculations (Figure 2D). It is particularly interesting to note the flat nature 
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of the DDD-4T assembly on the NbS3 surface which is in stark contrast to its typical freestanding 

twisted/helical morphology when assembled in solution. 

 

 

Figure 3. Time-dependent evolution of DDD-4T assembly on the NbS3 crystal surface. (A) Schematic diagram 5 
of two growth methods used in this study. A portion of this figure was created with BioRender.com. (B) Representa-

tive brightfield (top row) and fluorescence (bottom row) microscopy images of the NbS3 crystals after incubation 

with the DDD-4T monomer solution (1 µM, pH 6) at specific time points. The samples were naturally dried in air 

prior to imaging. (C) Representative brightfield (top row) and fluorescence (bottom row) microscopy images of the 

NbS3 crystals after incubation with the DDD-4T monomer solution (1 µM, pH 6) at specific time points. The samples 10 
were kept in solution during imaging. All scale bars in (B) and (C) are 200 µm. All fluorescence microscopy images 

were obtained with excitation of 450 – 490 nm and emission of 500 – 550 nm. (D) AFM height images of the DDD-

4T assemblies on NbS3 crystal with corresponding step heights indicated. The corresponding height profiles can be 

found in Figure S11. (E) Relative evolution of the fluorescence intensity (average with standard error of the mean) 

as a function of incubation time of the DDD-4T monomers on the NbS3 crystal surface. The fluorescence intensities 15 
are calculated from the fluorescence microscopy images and normalized to the initial value before incubation. 
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The well-defined morphologies of assembled DDD-4T on the surface of NbS3 enabled us to sys-

tematically probe the influence of surface assembly on the physical properties of DDD-4T. To inves-

tigate the molecular ordering at the interface of DDD-4T/NbS3 heterostructures, we performed photo-

luminescence and Raman mapping on an NbS3 crystal incubated with the DDD-4T monomer solution 

(pH ~6) for 8 h (Figure 4). The prominent false-color fluorescence arising from 470 nm excitation 5 

wavelength verified the assembly of DDD-4T on the NbS3 crystal surface (Figure 4A). We then 

mapped the same area using the photoluminescence (PL) signal from DDD-4T (405 nm laser line) and 

Raman phonon mode signals from NbS3 (167 – 240 cm−1; 532 nm laser line) obtained from rastering 

the laser beam in a micro-Raman spectrometer (Figure 4B). These spatial conformity of both the PL 

signal and the Raman map to the expected deposition regions confirm the assembly of DDD-4T on the 10 

crystal surface. The PL spectral profile of DDD-4T on NbS3 showed multiple peaks that signify various 

intrinsic vibronic modes. Upon inspection, we observe that the aggregated PL peaks red-shifted by 

approximately 50 to 70 nm compared to DDD-4T in solution or on SiO2 substrates, assembled at pH 

2 and 6, respectively (Figure 4E, Figure S13). The significant red shift suggests that the 4T chromo-

phores of DDD-4T manifest more pronounced intermolecular interactions, thereby leading to a 15 

stronger polarization effect to lower the energy of excited state in the aggregates. We found that these 

observations closely resemble the red-shifting of photoluminescence peaks observed in reports that 

depict ordered quaterthiophene aggregates (62–64). Like in prior described samples (Figure 3D and 

Figure S11), AFM imaging of these mapping regions revealed 1D assemblies of DDD-4T with a thick-

ness of 0.8 ~ 1.2 nm on the same NbS3 crystals (Figure 4F). Unlike the twisted 1D nanostructures with 20 

evident entanglements induced by acid-triggered assembly in solution (Figure 1H,I and Figure 4G), 

the DDD-4T assemblies on NbS3 crystals presented a more uniform flat morphology, devoid of twisted 

features, looping, or entanglements (Figure 4F, Figure 3D, and Figure S11). Our MD simulations sug-

gested that the NbS3 crystal surface can significantly adsorb DDD-4T molecules in a structurally tem-

plated manner (Figure 2), which could lead to considerably untwisted molecular packing structures. 25 
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Figure 4. Spectroscopic characterization of the DDD-4T/NbS3 heterointerfaced assemblies. (A) Fluorescence 

image of a NbS3 crystal after incubation with the DDD-4T solution (1 µM, pH 6) for 8 h followed by air drying 

(Method 1). The red dashed frame highlights the imaging region of interest. (B) Corresponding brightfield optical 

image of the region of interest of the NbS3 crystal with the assembled DDD-4T. The red dashed frame indicated 5 
mapping region in C and D. (C) Raman mapping based on the phonon signals from NbS3 (167 – 240 cm−1 region, 

excitation: 532 nm). (D) Photoluminescence mapping based on the PL signals from DDD-4T (417 – 423 nm region, 

excitation: 405 nm). This specific region was selected to maximize the integrable signal without saturating the detec-

tor during the PL mapping. (E) Photoluminescence profiles of DDD-4T on SiO2 substrates or NbS3 after incubation 

with DDD-4T solution (1 µM, pH 2 or 6) for 8 h followed by air drying (Method 1). (F) Representative AFM height 10 
image of the DDD-4T/NbS3 heterointerface corresponding to the regions imaged and mapped in A-D. (G) Repre-

sentative AFM height images of the solution phase acid-triggered assemblies of DDD-4T that were dropcasted on 

SiO2 substrates. Three white dashed frames were included as guides to the eye and highlight the 1D twisted nanostruc-

ture formed from solution. (H) Energy-minimized structures of twisted or parallel 4T dimers and corresponding 

TDDFT-calculated energies of the excited states. The peptide sidechains were omitted for ease of calculation. (I) 15 
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Raman spectra of the NbS3 crystal and the DDD-4T/NbS3 heterointerfaced assemblies showing the influence of 

DDD-4T deposition on NbS3 phonon modes (excitation: 532 nm). 

 

To further reconcile the morphological observation and recorded photophysical properties, we per-

formed time-dependent density functional theory (TDDFT) calculations on stacked dimer of quater-5 

thiophenes (63, 65). Using MD simulated structures, we optimized two idealized dimer models with 

different twisted angles of approximately 0° (close to the molecules on the substrate) and 10° (close to 

the molecules in solution) (Figure 4H). The twisted dimer structure exhibited a larger optical gap of 

1.89 eV between the ground (S0) and excited states (S1) compared to the untwisted dimer structure. 

This disparity is also consistent with previously reported for the twisted dimer of another π-conjugated 10 

unit (perylene diimide) (66). To complement these results, we conducted Raman spectral analysis on 

the DDD-4T/NbS3 heterointerfaces to assess the direct influence of DDD-4T deposition on the lattice 

vibrations of NbS3. The Raman peaks at ~155 (Peaks 1 and 2), 198 (Peak 3), 265 (Peak 4), 342 (Peak 

5 and 6), and 393 (Peak 7) cm−1 are assignable to the lattice compression along the chain and Nb-Nb 

stretching modes (Peaks 1 and 2), Nb-S2 vibrational mode (Peak 3), symmetrical valence of the Nb-S 15 

vibrational mode (Peak 4), intrachain Nb-S vibrational modes (Peaks 5 and 6), and interchain Nb-S 

vibrational modes (Peak 7), respectively (Figure 4I and Figure S14) (67). As the incubation time in-

creased from 0 to 24 h, these calibrated Raman peaks shifted to lower wavenumbers by 2–4 cm−1 

(Figure 4I and Figure S14), indicating a slight overall lattice expansion within the NbS3 lattice upon 

the assembly of DDD-4T on the crystal surface. 20 

Lastly, we demonstrate the functional impact of the lattice-guided formation of organic-inorganic 

heterointerfaces between the π-conjugated peptides and 1D vdW crystals that we present herein by 

quantifying the degree of photocurrent generation in prototype devices (Figure 5). Heterostructures 

comprising of conjugated molecules on 2D materials have been shown to manifest promising potential 

as photoconductive materials (68–70). To measure the influence of the templating strategy on the op-25 

toelectronic activity of the resulting materials, the photocurrent generating ability of the DDD-4T/NbS3 

heterointerfaced assembly was compared to the dropcasted film of π-conjugated peptides obtained via 

acid-triggered assembly in solution by fabricating Ag-contacted two-probe devices based on these two 

distinct samples (Figure 5A,B). The DDD-4T/NbS3 heterointerfaced assembly device was prepared by 

incubating pre-contacted NbS3 crystal devices with the DDD-4T monomer solution for 8 h, followed 30 

by removing the solution and natural air-drying. In these devices, the apparent well-defined fluores-

cence of DDD-4T concentrated on the crystal surface verified the formation of DDD-4T assemblies 
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(Figure 5C). NbS3, a known indirect gap semiconductor (42, 71, 72), exhibited a measured conductiv-

ity of 1.28 ± 0.03 S cm−1 in the fabricated crystal device (Figure 5D), resulting in a measurable current 

of approximately 750 nA at 10 V. Meanwhile, the dropcasted film derived from acid-triggered solution 

phase assembly of DDD-4T was confirmed to show uniform fluorescence (Figure S15) and measured 

conductivities of 0.015 ± 0.002 S cm−1 (Figure 5D). Notably, when the DDD-4T is assembled on the 5 

surface of NbS3 to form the DDD-4T/NbS3 heterointerfaced assembly was measured, the device ex-

hibited photocurrents of about 2.40 ± 0.06 nA upon illumination with a 415-nm LED light source at 

an intensity of 16 mW cm−2 (Figure 5E,F and Figure S16). Based on these measurements, we calcu-

lated a photocurrent density of 9.9 ± 0.2 µA cm−2 by normalizing the measured photocurrent to the 

device area (Figure 5F). This photocurrent generation behavior upon visible light excitation (415 nm) 10 

was consistent with another individually fabricated device incubated with DDD-4T which yielded 

measured photocurrents of approximately 2.0 nA under the same illumination conditions (Figure S16). 

Moreover, the DDD-4T/NbS3 heterostructure device exhibited substantial responsiveness to light 

pulse frequencies of 1 and 2 Hz. In comparison, the NbS3 crystal-based control device showed no 

noticeable photocurrent before the deposition of the DDD-4T molecules under the experimental con-15 

ditions (42, 71, 72). Additionally, the drop-coated thin film control device based on solution-assembled 

DDD-4T exhibited significantly weaker photocurrents of about 0.084 ± 0.004 nA and a photocurrent 

density of 0.17 ± 0.01 µA cm−2 (Figure 5E,F). Overall, these prototypical device measurements under-

score the enhancement of photocurrent generation in DDD-4T/NbS3 heterostructures, reaching up to 

about ~58 times increase of photocurrent density compared to the individual DDD-4T assembled film 20 

(Figure 5F). Based on these measurements, we infer that the enhanced photocurrent generation is, in 

greater part, due to the efficient collection of the photogenerated carriers from DDD-4T into the sig-

nificantly more conducting NbS3 crystal. The demonstrated photocurrent enhancement suggests the 

improved molecular ordering of π-conjugated peptides at the interface, providing potential applications 

as photodetectors and sensors based on organic-inorganic heterostructures (22, 23, 73). 25 
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Figure 5. Enhanced photocurrent generation in DDD-4T/NbS3 heterointerfaced assemblies. (A) Schematic di-

agram of the photocurrent-generating prototype device based on the DDD-4T/NbS3 heterointerfaced assembly. (B) 

Optical microscopy image of the DDD-4T/NbS3 device depicting the positioning of the assembly with respect to the 

Ag electrodes. (C) Fluorescence microscopy image of the assembled DDD-4T on the surface of the NbS3 crystal 5 
depicted in B. The red dashed frames in B and C highlight the imaged crystal region. (D) Current−voltage curves of 

the DDD-4T/NbS3 heterointerfaced assembly device and the solution-assembled DDD-4T dropcasted thin film con-

trol device. (E) Current−time curves depicting photocurrent generation of the DDD-4T/NbS3 heterointerfaced assem-

bly, control NbS3, and solution-assembled DDD-4T dropcasted thin film control device under illumination (415 nm, 

16 mW cm−2). (F) Pronounced enhancement of the photocurrent density in the DDD-4T heterointerfaced assembly 10 
device in comparison with the solution-assembled DDD-4T dropcasted thin film control device. The photocurrent 

density values were measured using the 40 peaks derived from the Current−time curves in (E). These curves were 

measured with 2 Hz illumination and were normalized with the device area (DDD-4T/NbS3 heterointerfaced assem-

bly device: 23 µm × 1053 µm; solution-assembled DDD-4T dropcasted thin film control device: 500 µm × 100 µm). 

 15 

Discussion 

In this study, we presented a lattice-guided strategy towards creating optoelectronically active 1D 

heterointerface of organic π-conjugated peptides and inorganic 1D vdW crystals of NbS3. The periodic 
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distribution of sulfur atoms on the NbS3 (001) crystal surfaces served as a suitable interfacial assembly 

template for the π-π interactions within the peptidic supramolecular assemblies, which typically exhibit 

distances of around 3.5 Å. We have observed that the π-conjugated peptides could self-organize on 1D 

vdW crystal interfaces into highly ordered 1D assembly structures, which is morphologically flat and 

straight—distinct from the acid-triggered twisted assemblies. The lattice-guided assembly of π-conju-5 

gated peptides on NbS3 crystals is well supported by various experimental characterizations and com-

putational simulations that we have shown throughout the study. Moreover, the DDD-4T/NbS3 het-

erointerfaced assemblies displayed markedly improved photocurrent generation upon excitation with 

415 nm light pulses. In particular, the heterointerfaced assemblies exhibited an enhancement in pho-

tocurrent density up to 9.9 ± 0.2 µA cm−2, which is ~58 times higher compared to the solution-assem-10 

bled DDD-4T dropcasted thin film control device. Collectively, our work presents a means towards 

creating well-defined organic-inorganic assemblies endowed with photocurrent generation capability 

under visible light, offering proof-of-concept insights on the directed self-assembly pathways that en-

able the optoelectronic functionality of these heterointerfaced assemblies. 

Supplementary Materials 15 

The Supporting Materials document is available free of charge including material and method de-

scriptions and additional figures. 
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