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Classical nexus between chiral inducers and
achiral silver nanoparticles and integration of the
digital XOR logic gate†

Manajit Mandal, Ankur Malik and Prakash Chandra Mondal *

Chirality-induced metallic and metal–oxide nanoparticles (NPs) hold promising potential in chiroptical

activity, asymmetric catalysis, chiral discrimination, and drug delivery. Herein, we report a simple but

scalable method for the preparation of achiral, metallic colloidal Ag NPs in which chirality was imprinted

using organic chiral inducers. Chirality can be imprinted into Ag NPs upon surface functionalization using

L- and D-cysteine. The formation of nanostructure assemblies, morphology, and chemical compositions

are ensured by electron microscopy (TEM, FE-SEM) and X-ray photoelectron spectroscopy (XPS). Amino

acid-driven enhanced chiroptical activity, followed by anisotropy factors (g-factor) of the Ag core and

thiolate adsorbates were investigated by CD spectroscopy. Strong chiroptical activity in cysteine-

modified Ag NPs originates from metal-based interband electronic transitions (as transitions are highly

energetic), which is absent in free chiral inducers. Considering the chiral ligands, individual or combined

use for Ag NP surface modification as chemical inputs and CD signal as an output, an XOR logic gate

was implemented. L-Cys@Ag and D-Cys@Ag NPs are integrated into electronic devices for DC-based

electrical measurements (current–voltage, I–V) and AC-based electrical impedance spectroscopy (EIS)

for deducing individual electrical components, followed by equivalent circuit modeling. The conductivity

of the L-Cys driven-Ag NPs assembly decreases compared to the D-Cys Ag-NPs assemblies, thus

ensuring a higher degree of Ag NPs surface modification than the former chiral inducer. The present

work enriches the facile synthesis of chiral NPs and large-scale electrical devices that can be envisioned

for chirality-driven photocatalysis, optoelectronic devices, bio-sensing, and molecular spintronics.

1. Introduction

‘Structure defines properties’ is a compelling statement appro-
priate in chemistry, materials science, biology, and engineer-
ing. It is true that when the dimension of noble metals or
metal–oxides is reduced to nanoscale size (diameter B1–
100 nm), they show many striking optical and electronic
properties, which are well-celebrated phenomena at the
nanoscale.1–5 Their size-dependent optoelectronic properties
differ to a great extent from their respective bulks as nanoma-
terials show high surface area over volume ratio and quantum
confinement of charge carriers at the nanoscale.6,7 Although
gold (Au) nanoparticles such as Au34 cluster show inherent

chirality, their g valves are extremely low and do not serve
practical purposes.8–11 A simple but effective way to convert
achiral metallic or semiconducting nanomaterials into chiral is
using a chiral precursor, an icing on the cake. Chirality, an
important property that can be found in many compounds, is
significant in biochemistry, pharmacy, and spin-filtering
phenomena.12–15 However, an excellent nexus between nano-
particles and chiral ligand is a must, not only to imprint
chirality but to control the growth of nanomaterials and degree
of surface functionalization. Recently, chiral inorganic materi-
als have gained considerable attention due to their unique
chiroptical activity and applications in many fields, for e.g.,
chiral catalysis, chiral (or helical) supramolecular assemblies,
optical, chiral discrimination, sensing, and drug delivery.16–21

Chirality in inorganic materials, especially plasmonic metallic
nanoparticles, can emerge due to inherent asymmetrical geo-
metry or induction of chirality by naturally occurring organic
chiral molecules.22–25 The enhancement of chiroptical property
in chiral ligand-linked nanomaterials due to the electronic
transitions (interband and intraband) is related to the non-
zero dot product of electric and magnetic dipole transition
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moments.10,26,27 To control the surface morphology, size, reac-
tivity, and shape of nanoparticles by introducing inherent
chirality is a challenging task; however, efforts have been made
to overcome these obstacles.28–31

Chirality induction into achiral metallic nanomaterials has
received increasing attention because the method offers the
ability to achieve strong optical activity over a broad spectral
range.9,32,33 Since the first report on the formation of chiral gold
nanoparticles in the year 2000 by Schaaff and co-workers, the
domain has flourished incredibly.34 However, gold (Au) NPs are
widely employed to imprint chirality into them, using the
chirality-grown mechanism, followed by a wide range of
applications.18,35–38 However, silver (Ag) NPs are relatively unex-
plored in terms of chirality induction, which could be due to
that fact that its reactivity is difficult to control at the nanoscale.
Considering its abundance and inexpensiveness, as compared
to Au, the development of chiral Ag nanoparticles via a reason-
able and cost-effective approach can be an attractive additive for
the fabrication of heterostructured memory devices and nano-
technological applications, provided controlled growth techni-
que is accomplished.39 Recently, few groups have employed
different synthesis platforms (Turkevich method, microwave-
assisted, ultrasonication) to prepare either L or D or L- and D-
cysteine-modified Ag NPs for studying chiroptical properties,
chiral amino acids, and biological fluids sensing.40–43 However,
the electrical properties of chiral assemblies are almost
untouched, and chiral-induced growth is uncontrolled. Thus,
there is a pressing need for using them as circuit elements in
electronic devices and understanding the current–voltage rela-
tionship as it is vital for real applications, besides achieving
controlled growth via a feasible chemical method.

Herein, we report a facile two-step approach for the prepara-
tion of L- and D-cysteine-modified chiral Ag NPs via surface
modification. Several parameters, such as the concentration of
L-/D-Cys and effect of temperature, were investigated using UV-
vis and CD spectroscopy measurements. Based on CD intensity
as the output signal, and L-Cys (Input1), D-Cys (Input2), an XOR

logic gate was integrated. Such mimicking is vital to build
nanomaterials-based transistors. Electrical measurement
experiments such as I–V measurements and solid-state electri-
cal impedance spectroscopy followed by circuit modelling were
performed and relation with the degree of functionality with
the chiral ligand was established.

2. Results and discussion
Synthesis

Polydisperse silver nanoparticles were synthesized by borohy-
dride reduction of AgNO3 in presence of tri-sodium citrate
(TSC) and polyvinylpyrrolidone (PVP) K-30 (Fig. 1). L-Cys@Ag
and D-Cys@Ag were obtained by the functionalization of Ag NPs
using chiral L-Cys and D-Cys. Detailed synthetic procedures can
be found in the experimental section. We performed this
reaction at least 20 times and could be able to find the similar
results in 18 cases (B90% reproducibility), and non-
reproducible results were obtained due to the oxidation of Ag
NPs. However, the variation in the respective data is also
mentioned during its description. Morphology and chemical
compositions were studied by field-emission scanning electron
microscopy (FE-SEM), transmission electron microscopy (TEM),
and X-ray photoelectron spectroscopy (XPS). Circular dichroism
(CD) spectroscopy was employed to study the chiroptical prop-
erties of L-Cys@Ag and D-Cys@Ag NPs. Once the Ag NPs were
modified with the chiral ligands, they were integrated into
solid-state devices for both DC and AC electrical measurements
using the two-probe contact method.

Morphology and chemical composition

The spherical shape of Ag nanoparticles can be observed in the
TEM images of unmodified AgNPs, L-Cys@Ag, and D-Cys@Ag NPs
(Fig. 2(a)–(c)), and the average particles size of AgNPs was calcu-
lated with the help of ImageJ software; the values were 16.9 �
0.3 nm, 16.6� 0.5 nm, and 16.4� 0.4 nm, respectively (see inset of

Fig. 1 Synthetic scheme for the preparation of Ag NPs, followed by imprinting chirality into Ag NPs by L/D-cysteine used for chiroptical and DC and AC-
based electrical measurements on drop-casted films deposited on ITO.
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Fig. 2(a)–(c)). This result ensures that the chiral ligand modifica-
tions do not alter the size of the Ag NPs, which ensures stability
and control of reactivity, i.e., no agglomeration was found during
the process of chirality transfer. In the selected area electron
diffraction (SAED) pattern of unmodified AgNPs, L-Cys@Ag, and
D-Cys@Ag NPs, concentric rings corresponding to the (111),
(200), (220), and (311) planes of Ag-Syn (JCPDS-00-04-0783) were
observed, indicating the polycrystalline nature of Ag NPs (Fig. 2(d)–
(f)). L-Cys@Ag and D-Cys@Ag NPs show intertwisted flower-like
morphology, as can be seen in the FE-SEM images (Fig. S1c–f,
ESI†); more TEM images are provided in Fig. S1a and b (ESI†). To
determine the particle size, dynamic light scattering (DLS) mea-
surements were employed, and it eas found to be 14.9 � 0.3 nm,
16.2 � 0.3 nm, and 15.4 � 0.5 nm for AgNPs, L-Cys@Ag, and
D-Cys@Ag NPs, respectively (Fig. S2, ESI†), which are in good
agreement with the TEM results. Such minor variation may occur
from different batches of sample preparation. A decrease in the
zeta potential as compared to the unmodified Ag NPs was
observed. For instance, the zeta potentials were measured at
�25.3 � 2 mV and �29.5 � 1.5 mV, �27.9 � 1.8 mV for pristine
Ag NPs, L-Cys@Ag, and D-Cys@Ag NPs, respectively, demonstrating
the formation of stable colloidal particles even after the functio-
nalization of Ag NPs with chiral ligands. A similar observation was
made with the hydroxylamine-modified colloidal Ag NPs.44

FT-IR and Raman studies

Formation of covalent interfaces at Ag NPs and sulphur of L/D-
Cys in L-Cys@Ag NPs and D-Cys@Ag NPs were confirmed by FT-
IR spectroscopy (Fig. S3a, ESI†). ATR-FTIR spectra were

recorded in the range of 4000–600 cm�1 and the band observed
at 2540–2550 cm�1 for pure L/D-Cys corresponded to S–H
stretching frequency.45 The above band was absent in the case
of either L-Cys@Ag or D-Cys@Ag NPs, unequivocally indicating
the formation of Ag–S bonds. This is not surprising due to the
soft–soft interaction between the thiols of L/D-Cys and Ag NPs
that prefers to make a covalent bond over the possibilities of
Ag–NH2 or Ag–O bond formation. A high intensity signal in the
frequency range of 3000–3600 cm�1 is attributed to N–H
stretching merged with –OH deformation. A weak signal
observed at 1638 cm�1 corresponds to CQO stretching, attrib-
uted to the carbonyl of carboxylic acids. Aromatic C–H stretch-
ing observed at 3030 cm�1 was merged with N–H stretching.
Raman spectra were recorded in the liquid state, where the free
–NH3

+ of one L/D-Cys molecule combined with the COO� end of
another L/D-Cys through H-bonding, which was confirmed by
Raman spectra as the peaks corresponding to –COO� and –NH2

at 1400 cm�1 and 1067 cm�1, respectively, were absent (Fig. S3b
and c, ESI†). A peak at 1090 cm�1 for C–N was observed,
confirming no direct interaction between Ag NPs and the NH2

group of L/D-Cys.45,46

X-Ray photoelectron spectra (XPS)

The deconvoluted XPS spectra of Ag 3d of pristine Ag NPs, L-
Cys@Ag, and D-Cys@Ag NPs are depicted in Fig. 3(a)–(c) (ESI†),
and the full scan survey spectrum is shown in Fig. S4 (ESI†). All
the peaks (binding energies) were calibrated with reference to
the C 1s signal at 284.5 eV. The full scan survey spectrum of Ag
NPs shows the presence of metallic silver, and that of L-Cys@Ag

Fig. 2 TEM images of (a) unmodified Ag NPs, (b) L-Cys@Ag, and (c) D-Cys@Ag (particle size distributions (counts vs. diameter) shown in inset), and
corresponding selected area electron diffraction (SAED) pattern of (d) Ag NPs, (e) L-Cys@Ag, and (f) D-Cys@Ag NPs, respectively.
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and D-Cys@Ag NPs shows the presence of Ag, C, N, S, and O at
their respective binding energies. The binding energies of
different electronic states of the elements of Ag NPs,
L-Cys@Ag, and D-Cys@Ag NPs are provided in Table S1 (ESI†).
The high intensity peaks at 367.30 eV and 373.30 eV due to Ag
3d5/2 and Ag 3d3/2 were observed in Ag NPs, while lower
intensity peaks of Ag 3d5/2 and Ag 3d3/2 in L-Cys@Ag and D-
Cys@Ag NPs were observed at 367.86 eV and 373.87 eV, and
367.44 eV and 373.44 eV, respectively.47 The peaks with mod-
erate intensity at 162.61 eV and 162.08 eV were corresponding
to S 2p3/2 in L-Cys@Ag and D-Cys@Ag NPs. N 1s was observed at
399.60 eV and 399.55 eV, and O 1s was seen at 530.80 eV and
530.50 eV in L-Cys@Ag and D-Cys@Ag NPs, respectively. The
expanded and deconvoluted spectra of S 2p of L-Cys@Ag and
D-Cys@Ag NPs is given in Fig. 3(d) and (e). The deconvoluted
spectra of C 1s and N 1s of L-Cys@Ag and D-Cys@Ag NPs are
given in Fig. S5 (ESI†). The XPS results confirm the formation of
L- and D-Cys-capped Ag NPs.

Polarimetry

Polarimetric study of pure solution of free chiral ligands and
capped Ag NPs was performed at room temperature (298 K) to
explore the chirality enhancement. For instance, the optical
rotation of 5 mM L-Cys and L-Cys@Ag was observed at �0.003
degree and �0.030 degree, respectively. Similarly, the optical
rotation of 5 mM pure D-Cys and D-Cys@Ag was 0.002 degree
and 0.019 degree, respectively, indicating a 10-fold increase in
the optical rotation of free chiral ligands upon interacting with
the Ag NPs, ensuring an upsurge in the chiroptical activity. The
optical rotation values are summarized in Table S2 (ESI†). The
above results support the shifting and intensification of the CD
spectra data in both L- and D-Cys@Ag NPs, as discussed below.

Optical and chiroptical studies

Chirality in any object is caused by a non-zero numerical
function of the dot product of magnetic dipole moment transi-
tion (m) and electric dipole moment transition (m), given by
Rosenfeld equation, R = Im(m�m), where R represents the CD
intensity at a given transition and Im is the imaginary section
of the scalar product.48 A broad absorption band at 396 nm was
observed in the UV-vis spectrum of freshly prepared Ag NPs
corresponding to surface plasmon resonance (SPR) phenom-
enon (Fig. 4(a)), which matches well with a previous report.49

The intensity of the SPR band is drastically decreased after the
functionalization of Ag NPs with L/D-Cys chiral molecules, and
there was no change in the lmax, indicating that the band
originated from Ag SPR in L/D-Cys@Ag NPs; thus, the possibility
of agglomeration can be ruled out. The functionalization by L/D-
Cys in L/D-Cys@Ag NPs blocks the direct absorption of light
photons, thus reducing the SPR population and band intensity.
The absorbance of L-Cys@Ag is slightly lower than that of D-
Cys@Ag; this may be due to the slight variation in the surface
coverage of Ag NPs caused by the experimental conditions.43

Temperature-dependent UV-vis analysis was performed in the
range of 25–80 1C at an increment of 5 1C. The result showed
that there was no significant change in the absorbance value
and lmax, indicating that the chiral assemblies are stable up to
atleast 80 1C (Fig. S6, ESI†). We further employed circular
dichroism (CD) spectroscopy, which is a very useful technique
for the characterization of chiroptical properties.50,51 A con-
trolled experiment performed with L/D-Cys (racemic mixture)-
capped AgNPs showed a flat line in the CD signal due to the
nullified chiroptical behavior of AgNPs (Fig. S7a, ESI†). The
concentration of Ag NPs was kept fixed at 5 mM, while
the concentration of L/D-Cys was varied as 0.1, 0.5, 1, 5 and 10 mM

Fig. 3 XPS spectrum of Ag 3d of (a) pristine Ag NPs, (b) L-Cys@Ag NPs, (c) D-Cys@Ag NPs, (d) and (e) expended and deconvoluted spectra of S 2p of
L-Cys@Ag NPs and D-Cys@Ag NPs, respectively.
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for CD measurements (Fig. 4(b)). The intensity of the CD signal
increased regularly as the concentration of the L/D-Cys
increased from 0.1 mM to 10 mM in the UV range of 240–
360 nm. The CD signal of L/D-Cys@Ag NPs showed that at low
concentration of L/D-Cys, they were not perfect mirror images of
each other (Fig. 4(b)), which was also evident from the very low
values of g-factor (0.006, 0.01, and 0.02) at lower concentrations
(0.5 mM, 1 mM, and 5 mM) of L/D-Cys. A red shift due to the
higher concentration of the chiral ligand is attributed to the
stronger interaction among the chiral NPs. The maximum
anisotropy factor or g-factor was calculated for L/D-Cys@Ag
NPs prepared using 10 mM of L/D-Cys as chiral inducer organic
ligand and was found to be 0.04 (Fig. 4(c)). The g-factor was
calculated using the following equation

g = [2(AL � AR)]/(AL + AR)

where, AL and AR indicate absorbance of left and right circularly
polarized light, respectively. Fig. 4(d) reveals a plot of concen-
tration vs. ellipticity (mdeg), which follows the linear trend with
R2 value of 0.95 for L-Cys@Ag and 0.99 for D-Cys@Ag NPs.
The plasmonic CD signals of L-Cys@Ag and D-Cys@Ag NPs
are known to be strongly temperature-dependent. The
temperature-dependent CD spectra show that with an
increased temperature, the CD intensity decreased regularly
in both L-Cys@Ag and D-Cys@Ag NPs (Fig. S7b, ESI†). A plot of
temperature vs. CD (mdeg) is presented in Fig. S7c (ESI†),
which also followed a linear trend (R2 = 0.99) with a negative
slope of �0.15 for L-Cys@Ag NPs and �0.18 for D-Cys@Ag NPs,
suggesting that the rate of decrease in the CD intensity for
D-Cys@Ag NPs is higher that of L-Cys@Ag NPs. It seems that CD

induction is largely produced by the electromagnetic or dipole
coupling mechanism.52 Pure chiral inducers L/D-Cys show a CD
signal at about 190–240 nm, and the same was performed upon
increased concentration of each chiral inducers but in the
absence of Ag NPs (Fig. S7d, ESI†), which are entirely different
from that of capped Ag NPs.

Integration of exclusive OR Logic gate

Logic gates are the heart of integrated circuits (ICs). For
example, IC 7486 consists of four XOR logic gates. Therefore,
it would be exciting to mimic the XOR logic gates employing the
L-Cys@Ag and D-Cys@Ag NPs and understand their logic gate
behavior. It can be demonstrated that Ag NPs can simulate the
XOR logic function based on the response profiles of ellipticity
in terms of the CD signal. A XOR gate is a two-input device with
its output signal in the ‘‘on-state’’ when the input strings are
‘‘10’’ and ‘‘01’’, and in the ‘‘off-state’’ when the input strings are
‘‘00’’ and ‘‘11’’. In our case, to implement XOR logic gates, L-Cys
and D-Cys are considered as Input1 (A = In1) and Input2
(B = In2), respectively, while the CD intensity is considered as
an output (Out1). From the above chiroptical studies, it is
evidenced that in the absence of L/D-Cys, Ag NPs do not show
enhanced CD signal; thus, Out1 would be zero (‘‘0’’). On the
other hand, either L-Cys or D-Cys can enhance the CD signal;
thus, the corresponding Out1 would be one (‘‘1’’) for both the
cases. Interestingly, when both the chiral inducers were added
simultaneously with equivalent molar, they cancelled each
other, and the resultant Out1 would be zero (0). The molecular
level logic gate is implemented here based on the individual
and combined usages of chiral inducer, L- and D-Cysteine. We
consider the CD signals of 5 mM concentrations of either Ag

Fig. 4 (a) Comparison of the UV-vis spectra of Ag NPs, L-Cys@Ag, and D-Cys@Ag, (b) comparison of the CD spectra at various concentrations of L/D-
Cys, (c) g-factor plot at 5 mM concentration of L/D-Cys, and (d) plot of ellipticity (mdeg) vs. concentration of chiral ligands (L, D-Cys) added to Ag NPs.
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NPs (‘00’ input), or L-Cys alone (‘01’), D-Cyst alone (‘10’), or
combined L-Cys + D-Cys (‘11’) added to Ag NPs. The threshold
values for the CD signals at this particular concentration was
set at �20 (mdeg) and recorded at 260 nm. The corresponding
output produces XOR logic functions following the equation

Y = A " B = %A B + A %B

where, A = In1 = L-Cys and B = In2 = D-Cys. The overall results
mimic Exclusive OR (XOR) logic circuit, and the truth table is
shown in Fig. 5.

Fig. 5 Expression of an XOR logic circuit diagram, and the corresponding truth table. True and False indicate the presence or absence of input. Similarly,
True and False imply detectable and undetectable CD signals recorded. 5 mM of L, D-Cys were considered for the recording of the CD signals used for
logic gate implementation (threshold values: �20 (mdeg)).

Fig. 6 (a) Schematic representation of device fabrication for I–V measurements, (b)–(d) applied voltage vs. current density plots of Ag NPs, L-Cys@Ag,
and D-Cys@Ag NPs, respectively. Inset images show photographs of actual devices.
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DC-based electrical characterization

Solid-state devices for electrical measurements were fabricated
by combining two freshly cleaned ITO substrates. The bottom
ITO-electrode (working electrode) was prepared by drop-casting
the colloidal solution of Ag NPs, L-Cys@Ag, and D-Cys@Ag NPs,
and an electrolyte gel was placed on another ITO, which worked
as a top electrode (counter electrode). After drying at room
temperature, both the ITO electrodes were combined to com-
plete the device (Fig. 6(a)). A two-probe contact method was
employed for current–voltage (I–V) measurements in these
devices. A DC potential window was set between �4 V to +4 V
and equal current density at the both the applied bias of 14.4 �
0.9 mA cm�2 was observed for AgNPs-based devices. The
current densities measured for L-Cys@Ag and D-Cys@Ag NPs
was 4.7 � 0.5 mA cm�2 and 5.7 � 0.9 mA cm�2, respectively
(Fig. 6(b) and (c)), which are almost five times lower than that of
Ag NPs. Since free Ag NPs are much more conductive, L/D-Cys
are insulating; thus, the conductivity of the combined systems
reduced. A little hump at about 1.27 V is observed in all three
cases, which may be due to the moisture contribution. A
reference device was also made with only ITO and ITO with
gel, which showed completely ohmic behavior (Fig. S8, ESI†).
The current density in the case of D-Cys@Ag NPs was slightly
higher than in L-Cys@Ag NPs, which is according to the
functionalization of Ag NPs by D-Cys, well-correlated with the
previous characterization. The functionalization of Ag NPs by
D-Cys was less as compared to L-Cys, which can be seen in the
TEM images discussed earlier.

AC-based electrical characterization

Electrical impedance spectroscopy helps understand the dis-
crete electrical parameters of electronic devices, which cannot
be obtained from DC-based measurements.53 Solid-state elec-
trical impedance measurements were performed for a better

understanding of the individual circuit element of the devices
shown above. The AC-based experimental data were fitted using
the modified Randles equivalent circuit model (Fig. 7(a)) and
values of Rcntc, Rct, C, and CPE are listed in Table S3 (ESI†). In
circuit modelling, double layer capacitance is in parallel with
Rct and CPE (ZCPE = 1/Q(io)a, a is the CPE exponent, whose
value lies partitioning between 0 and 1 and the CPE parameter
Q).53 The Nyquist plot shows the charge-transfer resistance at
the molecules–electrolyte and electrolyte–electrode interfaces
of the devices (Fig. 7(b)–(d)). At higher frequency regime, a
sharp increase in the impedance value was observed. The
charge transfer resistance Rct in the case of Ag NPs,
L-Cys@Ag, and D-Cys@Ag NPs was 57.1 � 0.5 O, 341.2 �
1.2 O, and 203.4 � 0.3 O, respectively. These results also show
that as the functionalization occurs at the surface of Ag NPs, Rct

also increases; however, it also depends on the degree of
functionalization. For instance, Rct increased more for L-
Cys@Ag NPs than for D-Cys@Ag NPs, indicating that the
number of L-Cys attached to AgNPs is much higher than the
D-Cys attachment. The electrical measurement indicated that
the chiroptical and electrical properties of the Ag NPs depend
on the degree of functionalization by chiral inducers.

3. Conclusion

Chiral ligands have been found to be a strong influence in ‘copy
and paste’ chirality in achiral Ag NPs. Chiral amino acids
contain many functional groups such as –NH2, –OH, and
–COOH; however, thiols are more effectively adsorbed on
achiral Ag NPS surfaces over other functionalities. The for-
mation of chiral assemblies by direct covalent bonding of Ag–
S (–S from chiral ligand) can be attributed to the origin of the
chiroptical property in L-Cys@Ag and D-Cys@Ag NPs, which is
due to electric field polarization. The chiral ligands used here
are not only able to transfer the chirality but also control the

Fig. 7 (a)–(c) Nyquist plots of Ag NPs, L-Cys@Ag, and D-Cys@Ag NPs, respectively and (b) schematic fitted circuit model.
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agglomeration formation. Solution-processable L/D Cys Ag NPs
were integrated into electronic devices for DC- and AC-based
electrical measurements. DC-based electrical conductivity
decreases in the case of surface modification of the Ag NPs
with the chiral inducers, which is due to the insulating nature
of chiral ligands. Thus, AgNPs alone may be a good candidate
for electrical devices requiring higher conductivity; however, it
is challenging to retain their metallic state. It is well-studied
that Ag NPs are prone to oxidation at ambient conditions and/
or agglomeration formation. The present work showcases an
easy way of imprinting chirality in achiral metallic nano-
particles for tuning electrical and optical properties that may
be suitable for fabricating optoelectronics and bio-applications
using induced chiral nanomaterials.

Experimental section
Materials

Silver nitrate (AgNO3, 99.0%), Trisodium citrate (TSC, 99%),
sodium borohydride (NaBH4, 496%) L-cysteine (497%), and
D-cysteine (499%) were acquired from Sigma-Aldrich and used
without any further purification.

Instrumentation used for measurements

The FTIR spectra were obtained with the help of a Bruker
Alpha-II in the ATR mode in the range of 500–4000 cm�1. UV-
vis spectroscopy measurements were done using a JASCO UV-
Visible-NIR V-770 spectrophotometer. A Carl Zeiss ULTRA Plus
field emission scanning electron microscope working at 15 kV
was employed for the morphological analysis. The colloidal
solution was sonicated for 10 min, drop-casted on a glass
substrate, and dried in vacuum overnight. The TEM study
was performed by an FEI Tecnai G2 12-TWIN electron micro-
scope operating at an acceleration voltage of 120 kV. 20 mL
colloidal solution was put on carbon-coated TEM grid, which
was further dried in a desiccator. The crystalline nature of the
samples was analyzed by selected area electron diffraction
(SAED). UV-vis analysis was performed on a JASCO V-770 in
the wavelength range of 300–800 nm. The DLS size and zeta
potential was measured by a Scopals PALS. The CD spectra were
measured on a JASCO 815 spectrometer. The X-ray photoelec-
tron spectra (XPS) of the synthesized colloidal nanoparticles
were recorded using a PHI 5000 Versa Probe II. Current–voltage
(I–V) measurements were performed on a Keithley Source meter
2604B. EIS and circuit modeling of the devices were studied
using a GAMRY Reference 600+ Potentiostat.

Ag nanoparticles synthesis

Ag nanoparticles were synthesized by the direct reduction of
silver nitrate using sodium borohydride. Typically, 20 mL of 1%
solution trisodium citrate (TSC) was added to 200 mL of 5 mM
AgNO3 while stirring, and the temperature was maintained
60 1C. After 20 min, 20 mL of 30 mM NaBH4 was added, and
a pale yellow was observed, indicating the formation of silver
nanoparticles. Then, 400 mg PVP K-30 was added as a

surfactant into the reaction.54 The pH of the solution was
maintained at B7.0 throughout the reaction. After 3 h of
stirring the reaction mixture, a colloidal solution was collected
after centrifugation and washed with distilled water several
times to remove excess of surfactant and tri-sodium citrate.

Chiral modification by L/D-cysteine

200 mL of L- and D-cysteine chiral ligand with different concen-
trations (0.1, 0.5, 1, 5, 10 mM) were dropped into 2 mL Ag NPs
colloidal solution and 1.8 mL of distilled water in a 15 mL
vial;40 the reaction was stirred at 450 rpm at room temperature
for 6 h, maintaining the pH between 3 and 4. The obtained L-
cysteine-capped Ag NPs (L-Cys@Ag) and D-cysteine-capped
AgNPs (D-Cys@Ag) were stored at 4 1C for further studies. A
schematic overview encompassing the synthetic methodology
of chiral Ag NPs is illustrated in Fig. S8 (ESI†).

Fabrication of electrical devices

Indium tin oxide (ITO)-coated glasses were cleaned with
n-hexane, acetonitrile, and isopropanol by sonicating ITO for
15 min each. Subsequently, ITO substrates were dried under N2

flow. 1 mL of colloidal solution of Ag, L-Cys@Ag, and D-Cys@Ag
nanoparticles were drop-casted on cleaned ITO and dried at
room temperature in a desiccator. Another ITO coated with a
gel electrolyte was used to contact the NPs-deposited ITO for
electrical measurements at ambient conditions.
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Q. Zhu, N. Vanthuyne, R. Gómez, R. Naaman, L. Sánchez
and J. Crassous, J. Am. Chem. Soc., 2022, 144, 7709–7719.

16 S. Tsunega, T. Tanabe and R. H. Jin, Nanoscale Adv., 2019, 1,
581–591.

17 A. Guerrero-Martı́nez, J. L. Alonso-Gómez, B. Auguié, M. M. Cid
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X. López-Lozano and I. L. Garzón, Acc. Chem. Res., 2019, 52,
34–43.

34 T. Gregory Schaaff and R. L. Whetten, J. Phys. Chem. B, 2000,
104, 2630–2641.

35 N. N. Zhang, H. R. Sun, Y. Xue, F. Peng and K. Liu, J. Phys.
Chem. C, 2021, 125, 10708–10715.

36 C. Gautier and T. Bürgi, ChemPhysChem, 2009, 10, 483–492.
37 N. H. Cho, G. H. Byun, Y.-C. Lim, S. W. Im, H. Kim,

H.-E. Lee, H.-Y. Ahn and K. T. Nam, ACS Nano, 2020, 14,
3595–3602.

38 J. J. Pelayo, R. L. Whetten and I. L. Garzón, J. Phys. Chem. C,
2015, 119, 28666–28678.

39 R. Gupta, P. Jash and P. C. Mondal, J. Mater. Chem. C, 2021,
9, 11497–11516.

40 J. Wang, S.-S. Zhang, X. Xu, K.-X. Fei and Y.-X. Peng,
Nanomaterials, 2018, 8, 1027.

41 M. Jakob, A. Von Weber, A. Kartouzian and U. Heiz, Phys.
Chem. Chem. Phys., 2018, 20, 20347–20351.

42 P. Rodrı́guez-Zamora, C. A. Cordero-Silis, G. R. Garza-Ramos,
B. Salazar-Angeles, J. C. Luque-Ceballos, J. C. Fabila, F. Buendı́a,
L. O. Paz-Borbón, G. Dı́az and I. L. Garzón, Small, 2021,
17, 2004288.

43 J. Nan and X.-P. Yan, Chem. – Eur. J., 2010, 16, 423–427.
44 A. Stewart, S. Murray and S. E. J. Bell, Analyst, 2015, 140,

2988–2994.
45 A. Obaid, A. K. Mohd Jamil, S. M. Saharin and S. Mohamad,

Chirality, 2021, 33, 810–823.
46 C. Garrido, A. E. Aliaga, J. S. Gómez-Jeria, J. J. Cárcamo,
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