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Abstract

Supramolecular short-peptide assemblies have been widely used for the development of biomaterials with potential biomedical applications. These peptides can self-assemble in multitude of chiral hierarchical structures triggered by the application of different stimuli, such as changes in temperature, pH, solvent, etc. The self-assembly process is very susceptible to the chemical composition of the peptides, being affected by specific amino acid sequence, type and chirality. The resulting supramolecular chirality of these materials has been explored to modulate protein and cell interactions. Recently, significant attention has been focused on the development of chiral materials with potential spintronic applications as it has been shown that transport of charge carriers through a chiral environment polarizes the carrier spins. This effect, named Chirality Induced Spin Selectivity or CISS, has been studied in different chiral organic molecules and materials, as well as carbon nanotubes functionalized with chiral molecules. Nevertheless, this effect has been only explored in homochiral systems in which the chirality of the medium, and hence the resulting spin polarization, is defined by the chirality of the molecule, with limited options for tunability. Herein, we have developed heterochiral carbon nanotube-short-peptide materials made by the combination of two different chiral sources, that is, homochiral peptides (L/D) + glucono-δ-lactone. We show that the presence of a small amount of glucono-δ-lactone with fixed chirality can alter the supramolecular chirality of the medium, thereby modulating the sign of the spin signal from “up” to “down” and vice versa. In addition, small amounts of glucono-δ-lactone can even induce non-zero spin polarization in an otherwise achiral and spin-inactive peptide-nanotube composite. Such “chiral doping” strategies could allow development of complimentary spintronic devices on a single material platform, opening novel design directions for CISS-based spintronic devices and circuits.

I. Introduction.

Short-peptide supramolecular hydrogels have turned out to be excellent materials with multiple bio- and technological applications.1–5 Some of these applications are due to the way these peptides self-assemble to form the hydrogel. In particular, aromatic short-peptides such as those containing Fmoc- (Fluorenylmethoxicarbonyl) or Nap- (2-naphthylacetic acid) dipeptides, are extremely versatile, being able to self-assemble under the influence of multiple and diverse stimuli, such as, solvent and pH switch, change in temperature, the presence of different salts, the action of enzymes, etc.6–9 This versatility has been very useful to develop hydrogels for different applications such as, tissue engineering,10,11 drug delivery,12,13 and to control the type and morphology of the polymeric fibers and the macroscopic and physical properties of the resulting gels.14–18 Furthermore, the triggering process has also been key in obtaining hybrid or composite materials.19 Composite materials have been obtained mainly by the combination of two different organic materials, such as the combination of two aromatic peptides that can be copolymerized20 or independently homo-polymerized21 by controlling the stimulus process. The formation of hybrid materials has also been a success since these peptides can self-assemble in the presence of multitude of inorganic, metallic and carbon-based materials.22,23 A particular type of interesting hybrid hydrogels are those containing carbon nanotubes (CNTs).24–26 The hydrophobic character of these peptides due to the presence of multiple aromatic groups have turned out to be ideal to solvate and disperse CNTs, being able to gel a homogeneous suspension of CNTs-peptide networks. The inclusion of CNTs inside the peptide hydrogel have shown to improve the mechanical properties of the hybrid materials as well as increase their electronic conduction. Moreover, these hybrid hydrogels have been used as a media to grow protein crystals, giving rise to catalytic and electron conduction, and novel biomaterials with potential applications in the field of bioelectronics and molecular electronics.24

Another area of increasing interest in which these hybrid hydrogels can show novel properties and find useful applications is the area of organic or molecular spintronics.27 This area studies spin transport through organic compounds or materials and has shown that there is a connection between the chirality of the molecule and the spin polarization, named CISS effect.28–30 Organic molecules, in general, have poor electronic conductivity, which limits their potential device applications. However, as indicated above, many chiral organic molecules bind efficiently with CNTs to form hybrid structures, and can potentially imprint chirality induced spin polarization on the carriers in nanotubes. Given the immense technological importance of CNTs in the areas of electronic devices, circuits and sensors, such functionalities could open the door for a wide range of spintronic devices. Initial studies in this direction have employed single strand DNA and peptides and have shown a correlation between the nanotube-molecule interaction strength and the observed CISS effect.27,31–34 The induced spin polarization also affects carrier transport in nanotubes via spin-momentum locking, which is a signature property of CISS.34 

[bookmark: _GoBack]A schematic illustration of charge transport in CNT networks functionalized with chiral molecules is shown in Figure 1(a). Spin unpolarized charge carriers are injected into the CNTs from the left and undergo phonon-assisted and electric field assisted hopping from one localized state to the other in the direction of transport. The localized states are separated by electrical barriers that arise from molecular functionalization, inter-tube junctions or tube defects.35 In the absence of any chiral functionalization, this process does not result in any net spin polarization of the outgoing electrons. However, in the presence of chiral molecules, the barriers are “chiral”, which makes the outgoing electron population spin polarized, the spin polarization being correlated with the chirality of the molecules.27 Spin polarization originates due to spin-orbit interaction arising from spatial inversion asymmetry of the chiral barriers.27 Spin polarization has been found to survive over length scale ~1𝜇m in these systems.27 In general, the CISS effect manifests at temperatures below ~50K, where the electron transmission is primarily via tunneling through the chiral barriers.27 At higher temperatures, electrons start to conduct via thermionic emission over the top of the barriers, a process which is intrinsically not spin-selective, and hence the CISS signal is lost.27 

We have recently shown that chiral Fmoc-dipeptide supramolecular aggregates are able to induce spin polarization in 2D CNT networks.27 In particular, the effect is strongest when an aromatic ring is present on the chiral side chain of the dipeptide (such as in Fmoc-diphenylalanine or Fmoc-FF, Figure 1(b)), presumably because aromatic rings bind more efficiently with CNTs via π-π interaction.27,36 Chiral side chains of Fmoc-FF (L/D) have two chiral centers with an absolute configuration of (S, S) and (R, R) respectively. These two molecules are enantiomers, meaning they are non-superimposable mirror images of each other — Fmoc-FF (L) is levorotatory ( = – 15,3) and Fmoc-FF (D) is dextrorotatory ( = 13,8), as shown in the Supporting Information. Basic aqueous solutions of these peptides form enantiomeric supramolecular fibrils that show specular images in circular dichroism (CD) spectra, as shown in Figure 1(c) (see Figure S1 for HT spectra). These chiral side chains interact strongly with the CNTs and result in chirality dependent spin signals. The incorporation of an additional chiral molecule into Fmoc-FF (L/D)-CNT hybrid hydrogels will make the resulting hydrogels diastereomeric “doped” mixtures, in the sense that they will no longer be formed exclusively by Fmoc-FF (L) or Fmoc-FF (D) enantiomeric hydrogels. The influence, if any, of such diastereomeric “doped” mixtures on CISS is unknown.

In this work, we have triggered the formation of Fmoc-FF (L/D) hybrid hydrogels by adding chiral glucono-δ-lactone (GdL), a well-known gel promoter of these type of molecules.24 The amount of GdL in the mixture is “small”, in the sense that it does not show any detectable difference in terms of its interaction with CNTs, as evidenced from Raman studies described below. As shown in Figure 1 (d), GdL has four chiral centers – 3R,4S,5S,6R – where the number defines the position of the chiral carbon.37 Presence of these additional chiral centers makes Fmoc-FF (L)+GdL and Fmoc-FF(D)+GdL heterochiral media.

In principle, due to minimal interaction of GdL with CNTs, it is not expected to directly influence CISS effect in the CNT network. However, as we report below, its presence in the chiral medium does have a significant impact on the supramolecular chirality of the peptide fibers and hence on the CISS effect. Introduction of such additional chiral molecules in the synthesis process could therefore offer a way to tune the CISS effect in 2D CNT networks.
 
II. Results and Discussion.

Fabrication of CNT networks functionalized with GdL and Fmoc-dipeptides has been described previously (see Experimental Section in Supporting Information).24 Briefly, a suspension of single wall (SW) CNTs was prepared in an aqueous basic solution of Fmoc-dipeptides. Formation of CNT suspension confirms that the CNTs are indeed interacting with Fmoc-dipeptides, otherwise they would precipitate. Interaction of CNTs and Fmoc-dipeptides in the solution occurs via π-π interactions between nanotube sidewall and the aromatic fluorenyl group of Fmoc as well as the sidechain of the peptide.36 Next, the pH of the solution is lowered by adding GdL, which makes the peptides less soluble, resulting in a collapse of the peptides into a fibrous network and formation of a hydrogel structure. The peptide nanofiber network is formed by molecular stacking mediated by  hydrogen bonding and π-π interaction between the aromatic fluorenyl rings.38 Clearly, the CNTs remain encapsulated in this fibrous network and they primarily interact with the Fmoc-dipeptides as mentioned above. Due to the presence of GdL in the media, it will also be present within the network, adding additional chiral centers, even though they do not directly interact with the CNTs. 

We also prepared control samples in which gelification was induced by achiral Na2CO3, instead of GdL. In general, GdL is more effective in inducing gelification and forming peptide nanofibers than Na2CO3. Thus the nanotubes are properly encapsulated into Fmoc-dipeptides, and hence have better nanotube-peptide interaction, when GdL is used. This was clearly demonstrated by measuring the viscoelasticity under oscillatory shear of the resulting hybrid hydrogels by rheology (Figure S2). Fmoc-FF (L/D) hybrid hydrogels formed by the addition of GdL showed very similar G’ values of around 5000 Pa, as expected for enantiomeric gels. Similarly, Fmoc-FF (L/D) hybrid hydrogels formed by the addition of Na2CO3 showed G’ values similar to each other, but in this case of much lower magnitude (~ 25 Pa) than those formed by GdL. Values of tan 𝛿 = G”/G’ confirm that gels prepared with GdL were strong (tan 𝛿 < 0.1) and gels prepared with Na2CO3 were weak (tan 𝛿 > 0.1).39

A slice of the gel is placed on Ni-Au electrode pairs (~ 100 nm thick, nominal electrode gap ~ 1‒2 𝜇m) fabricated on SiO2/Si, dried at room temperature and subsequently annealed. FESEM image of the final device structure is shown in Figure 1(d). Two-dimensional nanotube network, functionalized with Fmoc-dipeptides and GdL (or Na2CO3, in case of control samples) is connected between the contacts. Both chiral (6,5) and achiral SWCNTs were tested in this work. No significant effect of CNT chirality on CISS was observed, and the data shown in this paper corresponds to (6,5) CNTs. Fmoc-FF (L/D) molecules were used to demonstrate the interplay between its chirality and that of GdL. Fmoc-GG (diglycine), which is non-aromatic and achiral, was used as a control sample to investigate the role of GdL as the sole chiral source.  

Figure 2 (a) shows Raman characterization of SWCNTs functionalized with Fmoc-dipeptides and GdL. The G+ peak at ~1580 cm-1 is common in all cases, because it’s the signature of in-plane vibration of the graphitic lattice of CNTs.40 The intensity of the G– peak (~1540 cm-1, which is caused by the transverse vibration of the carbon atoms) is suppressed as a result of functionalization, as shown in the inset of Figure 2 (a). The FF molecules strongly suppress this peak, presumably due to strong π-π interaction of its sidechain with the CNT walls, whereas GG has a lesser effect. Similar observations were made before in ref.36, where 𝜋-stacking between aromatic groups of the amino acids and CNT have been found to have greater interaction energies. Figure 2 (b) shows the aggregate behavior (~15 samples) of G–/G+ intensity ratio for each functionalization, confirming this observation. Stronger functionalization also shifts the G– peak frequency as shown in Figure 2(a) inset. The G–/G+ intensity ratios with GdL and without GdL (with Na2CO3) are compared in Figure 2 (c). No statistically significant difference was observed, which is consistent with the fact that GdL does not directly bind with CNTs, rather they are trapped in the chiral medium between the CNTs and the peptides. Nevertheless, as mentioned before, the gel quality is more robust when GdL is used, indicating better nanotube-peptide interaction in this case.

We also note that the width of the G+ peak gets narrowed as a result of functionalization (Figure 2 (d)). Aside from affecting the G–/G+ intensity ratio, functionalization causes all other characteristic peaks (RBM, G+) to upshift as seen from Figure S3 (Supporting Information). This upshift indicates fractional charge transfer between molecules and nanotubes, which is more prominent in the case of Fmoc-FF.40 

We start our investigation with Fmoc-GG functionalization, because its lack of chirality will allow us to isolate the effect of GdL molecules. In this case, binding with CNTs takes place via interaction with the aromatic Fmoc group, which, like the sidechain, is achiral. Figure 3(a) shows typical current-voltage (I-V) characteristics of Fmoc-GG + GdL samples. Strong semiconducting behavior is observed as a function of temperature (T), with resistance (R) dropping by more than an order of magnitude as temperature is raised from 9K to 300K (Figure 3(a) inset). The I-V characteristics are also non-linear, especially in the low temperature range. Such behavior have been reported before in CNT networks, and is often modeled using variable range hopping (VRH) model, in which charge carriers undergo phonon-assisted tunneling from one localized state to another (Figure 1(a)).41–44  Figure 3 (b) shows fitting of temperature-dependent resistance R(T) with a two-dimensional variable range hopping (VRH) model44: R(T) ∝ exp (T0/T)1/3, where T0 is a parameter often referred to as the “characteristic temperature”. A linear fit has been observed over a wide temperature range. This confirms the physical carrier transport picture depicted in Figure 1(a). Figures 3(c) and (d) show similar studies performed on Fmoc-GG +Na2CO3 samples, which, unlike Figures 3(a) and (b), shows a weak semiconducting trend with device resistance decreasing by a meager 60% as temperature is varied from 9K to 300K, and the fitting with the VRH model is also poor. 

Weak semiconducting behavior in Figures 3(c) and (d) can be understood from the poorer interaction of Fmoc-GG with CNTs when using Na2CO3. We note that the G–/G+ intensity ratios discussed above do not capture any appreciable difference in interaction strengths with and without GdL. However, as discussed earlier, Fmoc-GG samples form a proper hydrogel structure in presence of GdL, ensuring better interaction of the peptide with the CNTs. The samples without GdL are more fluid, and indicate poorer interaction between peptide and CNTs. Lack of any aromatic side chain is also responsible for the weak interaction. In this case, rheological measurements of Fmoc-GG hybrid hydrogel formed by the addition of GdL showed G’ values of 279 Pa, while those formed by the addition of Na2CO3 showed G’ values of 6 Pa. Again, the differences between both hydrogels are significant and while the gel formed with GdL can be considered weak with respect to Fmoc-FF, the gel formed with Na2CO3 can be classified as extremely weak (Figure S2). Therefore, in the context of transport measurements (Figures 3(c), (d)), the carriers are less localized due to poorer CNT-molecule interaction and hence poorer barrier formation. As a result, metallic behavior of the nanotube networks plays a strong role. This tends to offset any semiconducting behavior that originates from functionalization and carrier localization, and hence explains the weaker temperature dependence of the transport characteristics in Figures 3(c), (d), compared to Figures 3(a), (b).

To investigate the CISS effect in this system, we measured two terminal magnetoresistance (MR) with one ferromagnetic contact (Ni). The other contact is nonmagnetic Au. The basic idea is that if there are indeed chirality-induced spins in the CNT network, then their transmission through Ni should depend on the magnetization direction of Ni.28,29 One magnetization direction is supposed to offer different transmission probability of the carriers compared to the opposite magnetization. While this scheme is not effective in linear devices, CISS systems, including ours, are inherently non-linear, with conductance (dI/dV) being a strong function of bias (V) even at low bias range.28 As discussed above, this nonlinearity arises from energy-dependent electron transport and energy relaxation due to phonons in the VRH mode of transport. In this case there is no theoretical restriction on non-zero MR in a two-terminal setup.45,46 According to a recent model,47 under true equilibrium (i.e. zero bias and zero net current) there could be local chirality-dependent spin accumulation on the non-magnetic contact, which essentially would make the device somewhat similar to a spin valve. Thus, it can exhibit differential resistance as Ni magnetization is changed.

Figures 4(a), (b) show the MR response of Fmoc-GG + GdL functionalized CNTs at different temperatures. Magnetic field, and hence Ni magnetization, is perpendicular to the sample plane (𝜃 = 90o). A background negative MR is observed, which is a common occurrence in CNT networks.41,42,48 This negative MR can arise from various sources, but in the present case, as discussed earlier,48 its origin is due to an interference effect between the forward and backward hopping paths. Most importantly, a MR asymmetry has been seen i.e. R (– 12 kG) ≠ R (+12 kG), which has been quantified by the normalized parameter Δ = [ R (– 12 kG) – R (+12 kG) ] / min [R (±12 kG)]. 

Figure 4 (c) shows MR data from Fmoc-GG+CNT samples using Na2CO3 (without GdL). The data is more noisy than before, presumably due to poor functionalization using Na2CO3. No Δ has been detected, above the noise level. Figure 4 (d) summarizes the evolution of Δ as a function of temperature for both cases, highlighting the difference due to GdL.

From Figures 4(a)-(d), it is clear that the presence of GdL has an impact on the chirality of the medium contributing to the non-zero Δ. This effect can be due to the chirality of GdL or due to any influence that GdL may have on the supramolecular chirality of Fmoc-GG. Although Fmoc-GG is achiral and forms supramolecular aggregates of both hands in equal proportions, the presence of a chiral molecule can promote the preferential formation of one supramolecular handedness by a “Sergeant-and-Soldier” effect.49 To investigate if this were the case, we measured the CD spectra of Fmoc-GG hydrogels formed by the addition of Na2CO3 (Figure 4 (e)) and GdL (Figure 4 (f)), since measuring the CD spectra of the hybrid hydrogels containing CNT was not possible due to the opaque media. While the value of CD was zero for the Fmoc-GG hydrogel formed with Na2CO3 showing the absence of supramolecular chiral aggregates, the CD spectrum of the mixture of Fmoc-GG with GdL showed the formation of a preferred supramolecular chirality. Since GdL does not interact with CNTs directly, and since Fmoc-GG doesn’t have any CISS effect, the non-zero CISS effect observed in the Fmoc-GG+GdL mixture must be due to the supramolecular chirality triggered by GdL. It has been reported that the CISS effect measured in supramolecular aggregates depends on the resulting supramolecular chirality of the aggregate and not on the chirality of simple molecules.50 This offers the possibility to tune the magnitude and sign of Δ by varying the supramolecular arrangement of the molecules, which can be achieved by the application of different stimuli or addition of molecules.49 Ref.50 have been able to prove this effect by obtaining chiral helical supramolecular polymers of M and P handedness using the same enantiomer but by changing the temperature at which the supramolecular aggregates form.

To further investigate the relationship between supramolecular chirality and the CISS effect in these hybrid networks, next, we consider Fmoc-FF functionalization of the nanotubes both with (Figure 5) and without (Figure S4) GdL. In this case, gel formation still occurs when Na2CO3 is used, although gel quality is better with GdL (Figure S2). Unlike Fmoc-GG, Fmoc-FF has an aromatic sidechain, which may facilitate forming gel structure even if GdL is not used. This clearly manifests in the I-V responses of these samples shown in Figures 5(a), (c), S4. Semiconducting temperature dependence has been observed in both cases with device resistance decreasing by more than an order of magnitude as sample temperature is increased from 9K to 300K. As shown in Figures 5(b), (d), S4, the data matches reasonably well with the two-dimensional VRH model, with a linear fitting over a wide temperature range. Small deviations are present in the low temperature range, which has been reported before in chirally functionalized nanotubes.34 

Figures 6(a), (b), (c) show the MR response of Fmoc-FF functionalized nanotubes in presence of GdL. A clear MR asymmetry (non-zero Δ) has been observed, which is dependent on the chirality of the medium. For example, Δ is positive (i.e. R (-12 kG) > R (+12 kG)) for Fmoc-FF(L) whereas Δ is negative for Fmoc-FF(D). Figures 6(d), (e), (f) show the MR responses of Fmoc-FF functionalized nanotubes without GdL. The MR asymmetry is opposite compared to before i.e. Δ is positive for the Fmoc-FF(D) samples, and negative for Fmoc-FF(L). It is therefore clear that the presence of GdL molecules in the medium flips the sign of the CISS signal Δ. In all cases, magnetic field, and hence Ni magnetization, is perpendicular to the sample plane (𝜃 = 90o). This flip in the sign of Δ might be due to a stereoinversion of the supramolecular chirality of the peptides aggregates. To investigate if GdL was changing the supramolecular chirality of the peptide aggregates, CD spectra were performed in Fmoc-FF (L/D) hydrogels prepared with GdL and Na2CO3 (Figure 6 (g) and (h)). As it can be seen from Figures 6 (g) and (h), the addition of GdL effectively flips the sign of the peak of around 280 nm, corresponding to the π-π* transition of the Fmoc group and, similar to ref.50, this results in a change of the sign of Δ compared to the results obtained using Na2CO3.

The role of GdL molecules on MR asymmetry is also apparent from the differential resistance (dV/dI) vs. bias (V) plots shown in Figures 7(a)-(d). It is clear that the non-zero Δ has been observed in the non-linear bias regime, thereby posing no contradiction to the reciprocity principles.47 

Irrespective of the details of the molecular functionalization, in all cases the magnitude of Δ decreases with increasing temperature, which is summarized in Figures 8(a), (b). This could be attributed to increased spin randomizing scattering as temperature is increased. As can be seen from Figure 1(a), at higher temperatures, the electrons will conduct via thermionic emission over the top of the barriers, a process which is not spin selective. We note that spin transport in carbon nanotubes is in general sensitive to temperature, and spin signals typically manifest at lower temperatures.51 Figures 8(c), (d) show the evolution of normalized Δ as a function of magnetic field direction for different functionalizations. For each molecule, normalization has been done relative to the corresponding maximum value of Δ (say Δmax), which allows direct comparison between different molecules. Role of the magnetic field is twofold – first, it determines the magnetization direction of Ni, which acts as spin detector and second, it influences the local magnetization on the Au electrode under equilibrium condition (zero bias and net zero current).47 The local magnetization, as mentioned before, will also depend on molecular chirality.47 Thus evolution of Δ is a complex function of the magnetic field angle 𝜃, but exhibits ~360o periodicity, which is expected for chiral systems in which Ni magnetization and chirality jointly select one direction along which current flow is favored. The crucial thing to note is that the sign of Δ is chirality dependent only at certain field angles (such as ~90o, 270o). Figures 8(c), (d) clearly show that at these measurement angles the sign of Δ is opposite depending on the presence of GdL molecules in the medium.

To summarize, we have demonstrated that the CISS effect is governed by the supramolecular chirality of the resulting CNT-molecule hybrid materials. This offers the possibility to tune, modulate and generate CISS effect by the application of different stimuli in the formation of the supramolecular network. Here we have shown (a) that by the addition of a chiral molecule (GdL), CISS effect can surge from achiral molecules (Fmoc-GG) through the formation of chiral supramolecular aggregates and (b) that the sign of the CISS effect can be controlled based on the stimulus used to trigger gel formation, in this case, Na2CO3 or GdL. We note that the experimentally accessible signal Δ is an “ensemble average” quantity, generated as a result of multiple spin-dependent chiral scatterings in the CNT network, and surprisingly the MR signal is still approximately in the same range of those obtained from ordered chiral molecules under comparable conditions.30 The planar geometry of these devices makes them inherently more reliable than the vertically stacked devices, where any unwanted coupling between the top and the bottom electrodes can adversely affect the MR signal. This, combined with the observation that CISS effect can be modulated by the combination of different stimuli, can lead to novel design directions for planar CISS devices, for example, enabling formation of complimentary spin devices on a single material platform. This study also highlights the importance of “global chirality” (due to supramolecular arrangements), rather than “local chirality” (due to individual molecules), which plays a dominant role in the CISS effect.
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Figure 1. (a) Schematic depiction of charge transport through CNT networks functionalized with chiral molecules. Left (Enantiomeric networks) – Molecules are purely R or S chiral, transmitting “preferred” spins. Right (Diastereomeric network) – There is a presence of a small amount of opposite chirality molecules, which can result in opposite spin polarization of the outgoing electrons, as discussed later in this paper. (b), (c), (d) Chemical structure of chiral Fmoc-FF, CD spectra of Fmoc-FF (L/D) and chemical structure of 𝛿-gluconolactone molecule respectively. (e) FESEM image of functionalized CNT network connected between Au and Ni electrodes. Sample is in the x-y plane and 𝜃 = 0o corresponds to the case when the magnetic field B is along . For angle-dependent measurements, the sample plane is rotated as shown, while keeping the direction of B fixed. 
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[bookmark: _1gx5aan3qzhe]Figure 2.  (a) Effect of molecular functionalization (Fmoc-dipeptide + GdL) on the Raman spectrum of CNTs. (b) Stronger CNT-peptide interaction in case of Fmoc-FF suppresses the G–/G+ ratio significantly more than that of Fmoc-GG. (c) Comparison of the G–/G+ ratio with and without GdL. No statistically significant difference has been observed. (d) Narrowing of the G+ peak as a result of functionalization. The effect is stronger in case of Fmoc-FF.
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[bookmark: _jqzmiaqbqnti]Figure 3. Current-voltage (I-V) characteristics and fitting with two-dimensional variable range hopping (VRH) model, with ((a), (b)) and without ((c), (d)) GdL.
















[bookmark: _85nxtafi83vo][image: ]
[bookmark: _f3lrgg1elbmy]Figure 4. Two-terminal (Ni and Au) MR responses of Fmoc-GG functionalized CNT networks in presence ((a), (b)) and in absence ((c)) of GdL. Forward and backward magnetic field scan results are shown (open and filled markers). In case of (a) and (b), the scans are highly reproducible, with the error bar of the order of the marker size. A clear MR asymmetry Δ is present in this case. In case of (c) the error bar is larger and no Δ is detected above the noise level. (d) MR asymmetry Δ as a function of temperature in both cases. (e), (f) CD spectra of the hybrid samples without and with GdL respectively.
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[bookmark: _4c96zei1u73w]Figure 5. Current-voltage (I-V) characteristics of (a) Fmoc-FF (L) + GdL and (c) Fmoc-FF (D) + GdL functionalized SWCNTs with Ni-Au contacts. (b), (d) Fitting of device resistance R (= dV/dI) with the two-dimensional variable range hopping model.
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Figure 6. (a), (b), (c) Asymmetric MR (𝜃 = 90o) of SWCNTs functionalized with Fmoc-FF (L/D) + GdL at various temperatures. (d), (e), (f) Asymmetric MR (𝜃 = 90o) of SWCNTs functionalized with Fmoc-FF (L/D) + Na2CO3 at various temperatures. Applied bias is 0.5 V in all cases. Solid (open) symbols indicate magnetic field scan from negative (positive) to positive (negative) fields. MR asymmetry has been found to be chirality dependent, and has opposite signs for with and without GdL. (g), (h) CD spectra of the hybrid solutions with and without GdL respectively. 
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Figure 7. (a), (c) Differential resistance (dV/dI) vs bias (V) of SWCNTs functionalized with Fmoc-FF (L/D) + GdL (𝜃 = 90o). (b), (d) Differential resistance (dV/dI) vs bias (V) of SWCNTs functionalized with Fmoc-FF (L/D) + Na2CO3 (𝜃 = 90o). As seen from the insets, the resistance value is sensitive to the chirality of the medium as well as to the presence or absence of GdL.
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[bookmark: _2s8eyo1]Figure 8. (a), (b) MR asymmetry Δ (%) as a function of temperature (measured at 𝜃 = 90o) for Fmoc-FF (L/D) + GdL functionalized and Fmoc-FF (L/D) + Na2CO3 functionalized SWCNTs respectively. (c), (d) Normalized Δ (%) at different orientations of Ni magnetization.  For each sample, normalization is done relative to the corresponding maximum value of Δ. Sample is in the X-Y plane, and for 𝜃 = 0o, magnetic field coincides with the positive X axis. For angle dependent measurements, the sample plane is rotated relative to the Y axis as shown in the insets, while keeping the direction of the magnetic field fixed. Responses from two different samples are shown in (c), for each functionalization, demonstrating the reproducibility of the data. Applied bias is 0.5 V in all cases.
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