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Abstract 

Mastering the manipulation of the electron spin plays a crucial role in comprehending the behavior of 

organic materials in various practical applications, such as asymmetric catalysis, chiroptical switches, 

and electronic devices. A promising avenue for achieving precise such control lies in the Chiral Induced 

Spin Selectivity (CISS) effect, where electrons with a favored spin exhibit preferential transport through 

chiral assemblies of specific handedness. Chiral supramolecular polymers emerge as excellent 

candidates for exploring the CISS effect due to their ability to modulate their helical structure through 

noncovalent interactions. Chiral supramolecular polymers capable of responding to external stimuli are 
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particularly intriguing, sometimes even displaying chirality inversion. This study unveils spin 

selectivity in chiral supramolecular polymers, derived from single enantiomers, through scanning 

tunneling microscopy (STM) conducted in scanning tunneling spectroscopy (STS) mode. Following 

two distinct sample preparation protocols for each enantiomer, we generate supramolecular polymers 

with opposite handedness and specific spin transport characteristics. Our primary focus centers on chiral 

-conjugated building blocks, with the aim of advancing novel systems that can inspire the organic 

spintronics community from a supramolecular chemistry level. 
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     Introduction 

     Controlling processes occurring at the nanoscale plays a vital role in understanding the macroscopic 

properties of materials. An intriguing example of such control involves the manipulation of electron 

spin, which allows us to explain significant biological mechanisms like the migratory behavior of birds1 

or chemical transformations at the molecular level.2 A promising approach for achieving this control is 

the Chiral Induced Spin Selectivity (CISS) effect.3,4 It states that electrons with a preferred spin are 

transported more efficiently through chiral assemblies of specific handedness. The CISS effect was first 

reported in 1999 by Naaman and collaborators while studying the photoelectric effect on gold-coated 

slides exposed to laser light.4 When using right-handed circularly polarized laser light, the ejected 

electrons were preferentially spin up, whereas they were spin down for left-handed light. When the 

gold-layer was covered with L-stearoyl lysine they found that spin-up electrons were transmitted more 

than spin-down electrons and due to symmetry, spin-down was more transmitted by D-stearoyl lysine. 

Interestingly, the authors concluded that it is not chirality at the molecular scale that matters, but rather 

a chiral arrangement of molecules. The authors showed that supramolecular chirality was needed for 

the CISS effect to take effect. Inspired by this pioneering work, researchers have explored various chiral 
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supramolecular structures in different materials, including DNA/oligopeptides,5–11 perovskites,12 

polymers,13,14 covalent organic frameworks15 and in overcrowded alkenes.16  

     In particular, supramolecular polymers have emerged as promising candidates for investigating the 

CISS effect due to their ability to form chiral structures through noncovalent interactions.17 

Additionally, their helical structure can be reversibly modulated thanks to their noncovalent nature. 

Recent studies have demonstrated the potential of selectively transporting spins through chiral 

assemblies of supramolecular polymers, resulting in novel behaviors.18–20 For instance, chiral 

supramolecular polymers have been utilized to enhance the efficiency of organic light-emitting diodes 

(OLEDs) by selectively injecting preferred spins, leading to increased light emission and efficiency 

without the need of an external magnetic field.13 Another example involves the use of chiral porphyrin 

and triarylamine derivatives, which undergo supramolecular polymerization into helices of a specific 

handedness. These helices, when placed on an electrode surface, prevent the recombination of spins of 

the same type during water splitting, thereby reducing the formation of hydrogen peroxide.21 

While many supramolecular polymers have been investigated, some possess the interesting ability to 

reversibly switch their chirality based on external parameters such as temperature,18,22 pH,22a,22b light,23 

or solution aging time.24 This property has been harnessed to develop chiroptical switches,25 which are 

valuable tools for studying multifunctional electronic materials and exploring spin selectivity. In this 

work, we show spin polarization on supramolecular polymers with opposite handedness emerging from 

single enantiomers. The building blocks of the supramolecular polymers are based on a -conjugated 

quinquethiophene segment coupled to rhodanine rings in both extremities (Figure 1a). The amide 

hydrogen-bonding units, necessary to guide the self-assembly process, are attached to the rhodanine 

rings by six-carbon alkyl linkers, and the chiral centers are provided by incorporating L or D-alanine 

methyl ester substituents (QR-S and QR-R, Figure 1a). The formation of the supramolecular polymers 

with opposite handedness was followed by UV-Vis and circular dichroism (CD) spectroscopies and 

their morphology by transmission electron microscopy (TEM). The spin polarization (P), which is 

defined as 𝑃 =
(𝐼𝛼−𝐼𝛽)

(𝐼𝛼+𝐼𝛽)
 where 𝐼𝛼 and 𝐼𝛽 refer to the spin-specific experimental measurables (e.g., current, 

rate constant) for spin angular momentum aligned parallel and anti-parallel to the electron’s velocity,3,26 
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was measured by scanning tunneling microscopy (STM) using scanning tunneling spectroscopy (STS) 

mode upon applying an external magnetic field. In the present study, the tunneling current (Itunnel ∝ 

𝑒−2
√2𝑚𝜙

ħ
𝑧
, where z is the STM tip to surface distance and ϕ is the potential width) in STS was set at 8 

nA, and the electrons tunnel through a very small gap of around 30 nm from the STM tip to the ITO 

surface.26a 

     We recently reported an interesting supramolecular system involving the inversion of chirality in a 

quinquethiophene-rhodanine derivative, diverging from a single enantiomer.22 Our choice of this 

specific π-conjugated segment stems from its exceptional semiconducting properties in organic 

electronic devices.27,28 We aim to delve into the domain of supramolecular polymers, exploring their 

potential applications in organic solar cells (OSCs) and organic field effect transistors (OFETs). 

Oligothiophenes are widely recognized as some of the most effective π-conjugated systems in organic 

electronics29 and by coupling them to the electron-withdrawing rhodanine rings, these systems showed 

remarkable efficiency in diverse types of electronic devices.27,28 Intriguingly, when we synthesized 

hydrogen-bonded analogues of the quinquethiophene-rhodanine system to form supramolecular 

polymers, slight variations in solvent mixtures and sample preparation resulted in the inversion of 

chirality within the supramolecular polymers in solution. Nevertheless, no chirality inversion was 

observed on thin film, making it difficult to explore spin polarization with the traditional techniques 

utilized.3 In this work, we present new oligothiophene derivatives, QR-L and QR-D (Figure 1a), 

containing alanine substituents to introduce chiral centers. These new supramolecular polymers exhibit 

chirality inversion both in solution and thin films, making them excellent models for studying the CISS 

effect in supramolecular polymers with complex pathways. We expect that our findings make a 

significant impact on the development of chiral nanostructures, particularly in the realm of organic 

spintronics. These findings also hold potential for inspiring the scientific community to explore novel 

materials in the domains of asymmetric catalysis, chiroptical switches, and organic electronics, where 

precise management of electron spin is of utmost importance. 
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     Results and discussion 

     The chiral building blocks, QR-L and QR-D (Figure 1a), have been synthesized following a 

previously described synthetic protocol.22 The synthetic route included the coupling of derivative 1 

(Scheme S1), that includes pending carboxylic acid groups, to L- or D-alanine methyl esters (Scheme 

S1) using hexafluorophosphate benzotriazole tetramethyl uranium (HBTU) as the coupling agent in 

basic conditions at room temperature. The final products were isolated by column chromatography and 

obtained in 64% and 74% yields for QR-L and QR-D, respectively. The building blocks were 

characterized by 1H- and 13C-NMR and high resolution mass spectrometry (see Section 2, ESI† for full 

characterization). 

     The self-assembly properties of QR-L and QR-D were followed by UV-Vis spectroscopy using 

initially dichloroethane (DCE) as the solvent (Figure 1b and 1c, black traces). In this case, the absorption 

spectra of QR-L and QR-D show a broad band with max located at 499 nm that corresponds to the 

active chromophore, as reported for dilute solutions of the non-hydrogen-bonded analogues27 and by 

our group in our previous work on hydrogen-bonded QR derivatives in the molecularly dissolved 

state.22 In a next step we added a small percentage (10%) of methylcyclohexane (MCH) to promote 

aggregation (Figure 1b and 1c, blue and red traces). The samples were prepared either by heating and 

cooling at controlled rate (1°C/minute) or by sonication during 1h using an ice bath to avoid the increase 

of temperature. This way we ensured that we start from the molecularly dissolved state, and promote 

aggregation either by cooling down or stopping the sonication. In both cases, there was a broadening of 

the main absorption band and a red-shift to 550 nm and to 580 nm when the samples were heated/cooled 

or sonicated, respectively (Figure 1b and 1c, blue and red traces). These results already highlight the 

tendency of QR-L and QR-D to form aggregates in the DCE/MCH 9:1 mixture. Furthermore, the 

spectra displayed a new shoulder band with center at 670 nm (Figure 1b and 1c) that is attributed to the 

formation of J-type aggregates by hydrogen-bonding was observed. Similar results were found in 

analogue hydrogen-bonded QR systems22 reported by us and other hydrogen-bonded -conjugated 

derivatives.30–33 Variable temperature (VT) UV-vis studies (Figure S1) revealed that the supramolecular 

polymers formed by QR-L and QR-D disassembled at high temperature (80 oC), until reaching the 
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molecularly dissolved state, obtaining spectra similar to the one in DCE without any additional 

aggregation bands, and a blue shift of the main absorption band (Figure S1a and S1b).  

 

 

Figure 1. a) Chemical structure of QR-L and QR-D. Absorption spectra in DCE and DCE/MCH 1/9 

solutions prepared by sonication or heat/cool at 1 °C/min of b) QR-L and c) QR-D. [QR-L] = [QR-

D] = 20 M. 

     We used circular dichroism (CD) spectroscopy to investigate the emergence of supramolecular 

chirality resulting from the aggregation of QR-L and QR-D in solution. In Figure 2, the CD spectra of 

QR-L and QR-D are depicted in both DCE and DCE/MCH 9:1 solution, prepared by heating/cooling 

(Figure 2a and 2b, blue trace) as well as sonication (Figure 2a and 2b, red trace). Interestingly, while 

the CD signal remains silent in DCE due to the absence of aggregates (black traces), the spectra in 

DCE/MCH solution at room temperature exhibit strong CD signals, indicating that the chirality of the 

assemblies is driven by supramolecular polymerization. Similarly, to the spectra in pure DCE, the CD 

signal was silent in the spectra of DCE/MCH solutions at high temperature (Figure S2a and S2b). 

Notably, the supramolecular structures formed by each single enantiomer prepared by the two different 

protocols display opposite chirality (Figure 2a and 2b). For instance, when the solution is sonicated, 

QR-L exhibits a positive signal at the J-aggregate wavelength, whereas when the solution is heated and 

cooled, it shows a negative signal (Figure 2a). QR-D follows a similar pattern, but with signals of 

opposite sign. Despite observing Cotton effect with the two different sample preparations, the signals 

are not mirror images, differing in intensity and wavelength. These findings suggest that the 

supramolecular polymerization mechanism and the arrangement of molecules undergo changes under 
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the different preparation protocols. Thus, even though the building blocks consist of single enantiomers, 

their secondary structure can be modified by external stimuli. In all cases, we discarded linear dichroism 

effects due to the almost insignificant signals measured (Figure S3).  

 

 

Figure 2. CD spectra in DCE and DCE/MCH 1/9 solutions prepared by sonication or heat/cool at 1 

°C/min of (a) QR-L and (b) QR-D. [QR-L] = [QR-D] = 20 M. 

 

Similarly, to the results in solution, we also observed chirality inversion on thin films of QR-L and QR-

D prepared by drop-casting DCE/MCH 9:1 solutions that were previously sonicated or heated/cooled 

(Figure 3a and 3b). In this case, the CD signals were much weaker than the ones in solution, but the 

sign of the signals was maintained with respect to the samples in solution. As in the case of solutions, 

the CD signals on thin film of each enantiomer prepared by different protocols are not mirror images. 

These results were very useful for the spin filtration studies by STM on STS mode (see below), since 

the presence of thin films is required to perform such measurements. 
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Figure 3. CD spectra on thin films prepared by drop-casting DCE/MCH 1/9 solution after sonication 

or heat/cooling of (a) QR-L and (b) QR-D. [QR-L] = [QR-D] = 20 M. 

 

The morphology of the supramolecular polymers formed by QR-L and QR-D was studied using 

transmission electron microscopy (TEM) on samples prepared by sonication or heating/cooling at 

controlled rate (Figure 4). In the case of the sonicated samples, QR-L and QR-D showed short-length 

twisted fibers that form larger aggregates of 50-100 nm in width (indicated with blue arrows in figure 

4). When the samples were heated/cooled the morphology differed to the one of sonicated samples. In 

this case, much longer helical fibers were observed. The width of the observed helical fiber ranged from 

80 to 150 nm once individual fibers assembled to form a secondary structure (red arrows in figure 4). 

     After the characterization of the chiral supramolecular polymers, we explored the spin-specific 

transport of QR-L and QR-D using STM on STS mode upon applying an external magnetic field (0.05 

Tesla). STS is an extension of STM that provides information about the density of electrons in a sample 

as a function of their energy. The STM tip is used as a nanometer scale contact to obtain a plot of the 

current (I) as a function of the tip bias voltage (V).26a,33a 

Thin films of QR-L and QR-D were prepared by drop-casting sonicated and heated/cooled solutions 

(Figure S4) in DCE/MCH 1:9 mixtures on indium tin oxide (ITO) substrates. The samples were 

measured at room temperature and ambient environment (See SI for details). An external magnetic field 

is placed below the sample holder and the STM tip trails over the sample surface to measure the I-V 

curve upon changing the direction of the magnetic field (up or down). This way, the electrons tunnel 
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from the substrate to the tip and vice-versa through the chiral assemblies. The electron's penetration 

strength depends on the supramolecular structure handedness and the magnetization direction, 

favouring a particular out of two different electron spin wave functions tunnelling into the film. 

 

 

Figure 4. TEM images of QR-L prepared by (a) sonication and (b) thermal treatment, and QR-D 

prepared by (c) sonication and (d) thermal treatment. [QR-L] = [QR-D] = 20 M in DCE/MCH 1/9. 

Blue arrows indicate twisted structures and red arrows indicate the formation of secondary structures. 

 

a) b)

c) d)
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Figure 5 illustrates the STS characteristics of QR-L and QR-D upon changing the direction of the 

magnetic field. Interestingly, a symmetric plateau centered at 0V was observed for both the QR-L and 

QR-D samples from sonicated solutions (Figure 5a and 5c), but for heated/cooled QR-L and QR-D 

samples (Figure 5b and 5d), significant offsets in the I-V curves were observed. The interactions of the 

two different chiral structures, QR-L(D) sonicated and QR-L(D) heated/cooled with the ITO substrate 

creates distinct contact potentials due to the CISS effect, which are reflected in the offsets in the I-V 

measurements.  

 

 

Figure 5: STS characteristics of QR-L and QR-D (with 8 nA tunneling current) for different 

preparation protocols with “up (U)” and “down (D)” magnetic field directions with respect to the ITO 

surface. (a) QR-L film from sonicated solutions. (b) QR-D films from sonicated solutions. (c) QR-L 

from heated/cooled solutions. (d) QR-D films from heated/cooled solutions. 
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     As previously shown in figure 3, the CD spectra of QR-L and QR-D on thin films cast from solutions 

prepared by different protocols showed chirality inversion. Therefore, we anticipated that the spin 

polarization would be reversed as well. This is shown in figure 6, where the percentages of spin 

polarization for QR-L films cast from sonicated solutions and heated/cooled samples at 1V applied bias 

are of -25% and +17%, respectively (Figure 6a and c). Regarding QR-D, the percentages of spin 

polarization at 1V bias for films cast from sonicated solutions and heated/cooled ones were of -30% 

and +3%, respectively (Figure 6b and d). The maximum spin polarization recorded for each sample was 

of -30% and -42% for films prepared from sonicated solutions of QR-D and QR-L (Figure 6a and 6b), 

respectively and of +25% and +3% for films prepared by heated/cooled solutions of QR-L and QR-D, 

respectively (Figure 6c and 6d).  
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Figure 6. Spin filtration characteristics of QR-L and QR-D molecules for different preparation 

protocols. (a) QR-L film from sonicated solutions. (b) QR-D films from sonicated solutions. (c) QR-

L from heated/cooled solutions. (d) QR-D films from heated/cooled solutions. 

 

The TEM images of QR-L and QR-D shown in figure 4 reflect morphological differences between the 

two different sample preparations. As previously described, the samples prepared from sonicated 

solutions show shorter but wider aggregates of twisted fibers than the samples prepared by thermal 

treatment, resulting in better adsorption as well as high density of fibers onto the ITO substrates. Thus, 

these samples exhibited higher spin filtration percentages (Figure 6a and 6b) than the samples prepared 

by thermal treatment (Figure 6b and 6d). In contrast, the structures formed by controlled heating/cooling 

are twisted fibers with higher aspect-ratio than the structures formed by sonication. We can think of 

these supramolecular structures as long helical tubes with finite radius and pitch.10 The confinement 

potential restricts the charge particle motion to the proximity of the helix curve. Assuming that the shape 

of the potential does not vary along the curve and that the potential is spherically symmetric, the strong 

confinement being equivalent to the tube having a radius close to zero. It is also known that the spin 

polarization increases with the length of the supramolecular structures with a roughly linear 

correlation7,10. There have been numerous reports of organic compounds having active groups, 

including carboxylic acid and ester, forming self-assembled monolayers (SAM) on ITO12-16 substrates. 

Due to the shorter length in the supramolecular structures of sonicated QR-L and QR-D molecules, the 

arrangement of SAMs is such that the residence time of the electrons in the chiral system is larger with 

high density spins accumulation, making even a small spin orbit coupling very effective, and 

subsequently, higher spin polarization comparing to the thermally treated QR-L and QR-D 

supramolecular structures. These results confirm that QR-L and QR-D show different spin selectivity 

for supramolecular polymers obtained under different conditions. It is important to remark that the spin 

filtration measurements are done on supramolecular structures physiosorbed onto ITO substrates, 

having no control over the orientation of the supramolecular polymers. While this technique has the 

advantage of preparing the samples in an easy manner, our future directions are focused on modifying 
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the building blocks so they can be grafted to surfaces and electrodes in order to obtain SAMs with 

precise structure.  

 

     Conclusions 

     In conclusion, our findings demonstrate the remarkable capability to manipulate and quantify spin 

specificity in chiral supramolecular polymers derived from single enantiomers, showcasing opposing 

handedness. Through the synthesis of two enantiomers of quinquethiophene-rhodanine derivatives, we 

successfully generated supramolecular polymers facilitated by hydrogen-bonding interactions. By 

varying the sample preparation methods, distinct chiral supramolecular structures were obtained, each 

exhibiting different spin filtration percentages, as revealed through STM conducted in STS mode. 

Interestingly, the supramolecular polymers prepared via sonication of solutions exhibited higher spin 

filtration rates. Further investigation will be performed to elucidate the underlying factors contributing 

to the properties of these specific structures. While film deposition via drop-casting from solution offers 

convenience in measurement, we hope to enhance our results by precisely controlling the growth of the 

supramolecular structures on substrates. Through this study, we aim to highlight the potential of 

chiroptical switching in supramolecular polymers in the field of spin selectivity and functional 

spintronic devices. 
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