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Plasmon resonances in metal nanoparticles provide a powerful way to amplify molecular circular
dichroism (CD). In this work, we use time-dependent density functional theory to systematically
investigate the CD enhancement of a molecule on a silver nanoparticle or sandwiched between two
silver-nanoparticles. We find that in both systems the enhancement increases roughly as the square
root of the number of Ag atoms up to the considered 923-atom Ag particle. The enhancement in
dimers is more significant. In addition, we analyze the influences of the the molecular orientation,
molecule-nanoparticle distance, and the molecular coverage on the CD enhancement.

I. INTRODUCTION

Chiral molecules play a fundamental role in biological
systems as many biomolecules exist only in one chirality,
for example, DNA double-helices are right-handed, and
all the twenty-one essential amino acids are left-handed.
Accordingly, chirality has been a subject of intense re-
search to unravel the basic origin of life [1]. The chi-
rality of molecules is also crucial in the pharmacology
because the different handedness of molecules may deter-
mine whether a drug achieves its desired beneficial effect
or becomes toxic.[2]

Circular dichroism (CD) spectroscopy, which probes
the different absorption of left and right circularly po-
larized light by chiral molecules, is a powerful tool for
studying chiral molecules of different kinds and sizes.
Structural, kinetic, and thermodynamic information can
be derived from CD measurements [3]. Since the enan-
tiomers, which are mirror images of each other, have
CD signals with opposite signs, the comparison of mea-
sured and calculated CD spectra reveals the handedness
of molecular enantiomers. However, the CD spectra are
generally weak for organic molecules and typically appear
in the UV region [4]. A high concentration of molecules
is usually required to detect the CD signal, hindering
their applications as molecule chirality sensors. There-
fore, feasible methods to enhance the weak CD signals
are required. Currently, different approaches to enhance
molecular CD signals are explored, for example, mea-
suring the CD of nanocrystals (NCs) capped or formed
with chiral molecules[5], embedding the chiral molecule
to achiral conjugated polymer matrices [6], using az-
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imuthally and radially polarized vector beams to probe
CD spectra [7].

An auspicious way to enhance CD is to use plasmonic
metal nanoparticles [5, 8]. Various experiments have
shown that plasmonic nanoparticles are able to amplify
the magnitude of the molecular CD signal as well as echo
its optical signature from UV into plasmonic bands[9, 10].
The plasmonic properties of nanoparticles are sensitive
to the size, shape and composition of the nanoparticles
[11, 12] which offers a large design space to optimize CD
enhancement. In addition, the usage of nanoparticles
benefits from the well-established methods for nanopar-
ticle synthesis [13].

The plasmon enhancement of CD is currently ex-
plained by theoretical models that are based on plasmon-
molecule-dipole and multipole Coulomb interactions [14,
15] or bynumerical solutions of the electromagnetic
equations.[16, 17]. Two main mechanisms have been
proposed by Govorov et al. to explain the dramatic
change of the CD by nonchiral nanoparticles. The first
mechanism is the plasmon-induced change in the electro-
magnetic field inside the chiral molecule, modifying the
molecular CD at molecular absorption wavelength. [15]
The second mechanism evokes chiral currents inside the
metal nanoparticle induced by the dipole of the chiral
molecule, which is the main source for the new CD sig-
nal at the plasmon resonance. [15] Both et al. showed
that the entire chiral light–matter interaction can be ex-
plained as a combination of five different contributions:
a nonresonant interaction, changes in the excitation and
emission efficiencies of the modes, modal resonance shifts,
and intermodal crosstalk.[16] In other recent work, Mo-
hammadi et al. elucidated how the reverse interaction be-
tween molecules and the resonator, called chirality trans-
fer, can produce strong circular dichroism.[17] However,
in these past studies, the description of the molecules and
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nanoparticles have been simplified and depend on preset
parameters. Hence, these theoretical models cannot ex-
plain the dependencies of the plasmonic enhancement at
an atomistic level. Rigorous ab initio calculations are
needed to bridge theory and experiment.

In this work we use time-dependent density-functional
theory [18] (TDDFT) to study the plasmonic enhance-
ment of molecular CD at the atomistic level. The elec-
tronic interactions in the molecule-nanoparticle hybrid
systems are realistically described, thus allowing us to
accurately simulate how the size of the nanoparticles,
the orientation of the molecules, and the molecular cov-
erage influence the CD enhancement. We focus on sil-
ver nanoparticles as prototypical realistic plasmonic sys-
tems. We also consider chiral molecule placed between
two nanoparticles. The systems and the computational
method are introduced in Section II and the results will
be presented in Section III.

II. MATERIALS AND METHODS

A. Structures

In this work, we have chosen five icosahedral plas-
monic nanoparticles Ag55, Ag147, Ag309, Ag561 and Ag923
as characteristic systems. Among them, the plasmonic
properties of Ag55, Ag147, Ag309 and Ag561 are well-
studied[19, 20] and their geometries are obtained from
Ref. 20. For Ag923, we build the atomic structure of the
nanoparticle and optimize the structure using the same
recipe as described in Ref. 20. This series of nanoparti-
cles gives us the opportunity to check the effects of the
nanoparticle size on the CD enhancement.

We use 9-helicene as the test molecule. Helicenes
are ortho-condensed polycyclic aromatic compounds in
which benzene rings form helically-shaped structures.
The molecule only has carbon and hydrogen atoms and
does not form chemical bonds with the nanoparticles.
The electrostatic and dispersion interactions between the
molecule and the nanoparticle do not affect the elec-
tronic structure of the molecule strongly, and we there-
fore expect the CD of the hybrid system to be rep-
resentative of the molecular CD. We add a single 9-
helicene molecule to Ag55, Ag147, Ag309, Ag561 and Ag923
nanoparticles (Fig. 1a). To exclude the influence of dif-
ferent molecule-nanoparticle distances in the analysis, we
set the distance between the molecule and the closest
atom in the nanoparticles to 3 Å. For Ag55, we sim-
ulate 20 different configurations in which the molecule
is rotated as rigid bodies. Once we have identified the
configuration of 9-helicene-Ag55 with maximum CD en-
hancement, we construct other 9-helicene-Agx systems
by keeping the same bonding site and relative orienta-
tion between the molecule and the nanoparticles, and
call them ”maximum-enhanced” configurations.

Evidence suggests that single plasmonic particles do
not induce a strong enough CD signal and that dimers

[21], chains [22] or surface lattice resonances of achi-
ral gold nanoparticles. [23] are required. Therefore,
in addition to single nanoparticles, we consider a 9-
helicene sandwiched between Ag55, Ag147, Ag309 and
Ag561 dimers (Fig. 1b). The molecule is kept in the
”maximum-enhanced” configuration, and the distance
from the molecule to both nanoparticles is 3 Å. For Ag309,
we also simulate the full coverage of 9-helicenes as shown
in Fig. 1c. The structure of Fig. 1c is obtained by tak-
ing the structure of Fig. 1a and adding the molecules in
this particular configuration on every corner site of the
nanoparticle.

B. Computational methods

All the calculations were carried out with the GPAW
21.6.0 package [24] using the ASE 3.22.0 library [25]
for atomic structure description and manipulation, and
the Libxc 4.3.4 library [26] for exchange and correla-
tion (XC). The nanoparticles, molecules, and hybrid
systems were placed into rectangular unit cells with
8 Å vacuum extension in each dimension from the
edge of the structures. The valence electron configura-
tion of the constituent atoms is H(1s1), C(2s22p2), and
Ag(4d105s1). The remaining electrons were treated as
a frozen core in the projector augmented-wave (PAW)
framework [27]. For all ground state calculations we used
the Gritsenko-van Leeuwen-van Lenthe-Baerends-solid-
correlation (GLLBSC-SC) [28, 29] XC functional for its
improved d-band description. [19, 30, 31] The atomic ge-
ometries were constructed as described in the previous
section and no structure optimization of the combined
system was performed.
The CD and optical absorption spectra were calcu-

lated with the δ-kick method in real-time TDDFT (RT-
TDDFT) [32] with localized atomic basis sets [33] as im-
plemented in GPAW [19, 34]. The default dzp basis sets
augmented by diffuse functions from aug-cc-pvdz basis
sets [35] were used for C and H. The improved double-
zeta basis set (so-called the “p-valence” basis set) was
used for Ag. [19] All RT-TDDFT calculations were prop-
agated to T = 30 femtosecond with a real-space grid
spacing of h = 0.3 Å and a time step of ∆t = 10 attosec-
onds. All spectra presented in this work are Gaussian-
broadened with σ = 0.2 eV.
The GPAW CD implementation is not gauge invariant.

As a result, the CD spectra can depend on the choice of
origin for finite basis sets [36, 37]. Such an origin de-
pendence is of course not physical and could be removed
by introducing correction terms [38], increasing the ba-
sis set size [36], using a ”generalized” momentum [36],
or designing particular basis sets [39]. In our work, we
found the origin dependence to be negligible for lower
energies (Fig. 8 of Appendix A). For higher energies, the
CD spectra vary slightly with the choice of origin (Fig.
8). Since we are primarily interested in lower energies,
we chose the origin to be at the central mass of the total
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FIG. 1. Structures illustrated with the Ag309 nanoparticles. (a) Single molecule and nanoparticle, (b) dimer nanoparticle, and
(c) total coverage structure with twelve 9-helicenes.

system and did not apply any corrections.

III. RESULTS AND DISCUSSION

A. Overview of analysis

The photoabsorption spectra of 9-helicene and 9-
helicene-Ag561 are shown in Fig. 2a and the CD spec-
tra in Fig. 2b. The photoabsorption spectrum of 9-
helicene-Ag561 closely resembles the one of the bare Ag561
nanoparticle [40] as shown in Fig 2a. The molecular fea-
tures (two peaks below 4 eV) are masked by the strong
plasmonic absorption of the silver nanoparticle. In the
CD spectra, however, the molecular features are clearly
visible, as Fig. 2b illustrates. Therefore, measuring the
CD of adsorbed molecules on metal nanoparticles is a
promising way to probe molecular chirality.

Although several processes can be involved in the CD
enhancement of hybrid systems, and the definition of the
enhancement factor can be ambiguous, in our system, the
CD of the hybrid system appears to represent the features
of molecular CD for energies below 4 eV. Therefore, we
next focus on the enhancement of the lowest energy peak
in the rotary strength and define the enhancement P as

P ≡ R (ω′)

R9h (ω′′)
, (1)

where R (ω′) and R9h (ω
′′) are the rotary strengths at the

first negative peak at around 2.5 eV for 9-helicene-Agx
and 9-helicene, respectively. Note that the peak energies
ω′ and ω′′ are not necessarily the same. In the case of

9-helicene-Ag561 (Fig. 1b) we obtain P ≈ 2.60, meaning
that the silver nanoparticle enhances the CD signal of
the 9-helicene molecule by a factor of 2.60.

B. Orientation dependent enhancement

Fig. 3a shows the rotary strength of 9-helicene on the
corner site of Ag55 for 20 different molecular orientations.
The maximum enhancement is P = 1.69 and the mini-
mum value obtained is P = 0.72. The orientation of the
molecule changes the rotatory strength of the hybrid sys-
tem by around a factor of 2 and can either enhance or
reduce the chiral optical signal of the molecule.

Figs. 4a and 4c show the 9-helicene-Ag55 configura-
tions with maximum and minimum CD enhancement.
In the maximum-enhanced configuration, the helical axis
of 9-helicene is aligned with the axis connecting the cen-
ters of mass of the 9-helicene and Ag55. In contrast, in
the minimum-enhanced configuration, the helical axis is
perpendicular to that axis. Figs. 4b and 4d present the
CD spectra of the two configurations and the contribu-
tions from the x, y, and z δ-kick components. The plot
clearly demonstrates the anisotropic nature of plasmonic
CD enhancement. The CD signal is primarily influenced
by the δ kick parallel to the molecule’s helical axis, and
the orientation of the molecule significantly impacts the
intensity of the CD signal.

Next, we investigate the effect of the molecular orien-
tations for the Ag55 dimer. We keep the same bonding
site and relative orientation between the molecule and
Ag55 and place the 9-helicene in the middle of two Ag55
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FIG. 2. (a) Photoabsorption spectrum of the 9-helicene
molecule (right axis), Ag561 nanoparticle (left axis) and
Ag561-9-helicene max-enhanced configuration (left axis), (b)
rotatory strength of the 9-helicene molecule and the Ag561-9-
helicene max-enhanced configuration.

particles. The maximum enhancement is 2.60 and the
minimum enhancement is 0.62 as shown in Fig. 3b. The
difference is more significant for the dimer system than
for the single nanoparticle.

C. Effect of nanoparticle size on the enhancement

The effect of nanoparticle size on the enhancement
in the maximum-enhanced structures is illustrated in
Fig. 5a. The spectral shape is similar in all cases and
seems to be insensitive to the nanoparticle size. The en-
hancement P increases with the numbers of Ag atoms
in the nanoparticles: P = 1.69 for Ag55, P = 1.96
for Ag147, P = 2.33 for Ag309, P = 2.60 for Ag561
and P = 3.07 for Ag923. These values and a square-
root fit (P (N) ≈ 0.065

√
N + 1.114 (standard error =

0.029), where N is the the number of Ag atoms in the
nanoparticles) are shown in Fig. 6. An extrapolation of
the fitting function to silver nanoparticles with N ∼ 104

and N ∼ 105 would give enhancements P ≈ 7.6 and
P ≈ 20.7, respectively. This behaviour isconsistent with

FIG. 3. Effect of orientation on the rotary strength. (a) Ag55-
9-helicene with different orientations of the molecule (b) Ag55-
9-helicene dimer with maximum-enhanced and minimum-
enhanced molecular orientations from (a) .

experiments that show that large-size nanoparticles and
particle aggregates (5-50nm) provide much stronger CD
enhancements than small nanoparticles (2-5 nm).[41] The
maximum size for which the extrapolation of the fit is ap-
plicable would need to be further checked in future work.

D. Effect of molecular coverage on the
enhancement

We find that the enhancement increases linearly with
the number of molecules covering the nanoparticle. The
fully covered Ag309 with twelve 9-helicenes on the corner
sites has P=28.83. If we normalize the CD spectra by the
number of molecules, we get essentially the same result
(Fig. 5a) for the single molecule case and the fully cov-
ered case. This result suggests that for making molecule
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FIG. 4. The 9-helicene-Ag55 structures with (a) maximum
and (c) minimum CD enhancement and (b,d) the contribu-
tions to their CD spectra from the x, y, and z δ-kick compo-
nents.

chirality sensors, one should choose nanoparticles that
are easy for molecules to adsorb to.

E. Enhancement in dimer systems

The rotary strength for the Ag55, Ag147, Ag309 and
Ag561 dimer systems are depicted in Fig. 5b. The shape
of the molecular rotary strength is again largely invariant
to the nanoparticle size in the dimers. We further find
that the enhancement is considerably and systematically
larger than for the single nanoparticles. With P = 2.54,
P = 3.30, P = 4.10 and P = 5.27 for Ag55, Ag147,
Ag309 and Ag561 dimers, respectively, the enhancements
are 1.50, 1.68, 1.76 and 2.07 times higher than for the
respective single nanoparticles.

A square-root fit for the dimer enhancements yields
P (N) ≈ 0.176

√
N + 1.099 (standard error = 0.044) and

is shown in Fig. 6. By extrapolating, one would obtain
P
(
103

)
≈ 6.7, P

(
104

)
≈ 18.7 and P

(
105

)
≈ 56.8. Ear-

lier theoretical work predicted a 125-fold enhancement
for a particular molecule orientation in Ag nanoparti-
cle dimers of 10 nm radius [14], corresponding to about
∼ 2 × 105 atoms. Extrapolating the obtained fit to this
size would give an enhancement of P ≈ 80, which is of
the same order of magnitude as the 125-fold enhancement
predicted in the earlier work albeit slightly lower. More
details for the fitting procedure are provided in Appendix

FIG. 5. Rotary strengths for (a) 9-helicene-Agx max en-
hanced configurations, including the full coverage Ag309 struc-
ture (normalized by the number of molecules included (12)),
(b) for the dimer structures.

B.

F. Distance dependent enhancement

Finally, we investigate the effect of the distance be-
tween the molecule and the nanoparticle on the CD en-
hancement. The enhancement of 9h-Ag309 for the dis-
tances from 2.5 Å to 10.0 Å is shown in Fig. 7. The
enhancement first increases from 2.14 to 2.27, as the dis-
tance increases from 2.5 Å to 3.0 Å, then continuously
decreases to 1.43 at a distance of 10.0 Å. The distance de-
pendence is thus relatively weak, but interestingly, even if
the molecule is 10.0 Å away from Ag309, the nanoparticle
still enhances the molecular CD.
Fig. 7 presents the enhancement of Ag309 dimers for

molecule–nanoparticle distances from 2.5 Å to 10.0 Å.
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FIG. 6. The relationships between the CD enhancement and
the number of Ag atoms in single Ag nanoparticles and Ag
nanoparticle dimers. The circles are calculated by TDDFT
and the solid line is the square root fit.

FIG. 7. The relationships between the CD enhancement and
the molecule–nanoparticle distance.

For the dimer, the initial enhancement is higher, but
then decreases much faster than for the monomer. At
2.5 Å, the dimer enhancement is 2.25 times larger than
the monomer enhancement, but only 1.39 time larger at
10 Å. With P=1.99, the enhancement is still sizeable at
10 Å, again indicating that plasmon CD enhancement
can be a long-range effect.

IV. CONCLUSIONS

We reported a RT-TDDFT study of molecular CD
spectrum enhancement in 9-helicene-Agx hybrid systems.

We found that the enhancement increases roughly as a
function of the square root of the number of atoms in
the nanoparticles up to the considered 923-atom par-
ticle. Furthermore, the enhancement increases linearly
as a function of the number of molecules covering the
nanoparticle. Based on the simulations on Ag55, we con-
clude that the orientation of the molecules and the direc-
tion of excitation influence the enhancement. From these
results, we can expect that the nanoparticles with larger
sizes and easy for molecules to absorb to could be good
candidates for molecule chirality sensors.

Beyond the single silver nanoparticles, we investigated
a molecule in the gap between silver nanoparticle dimers.
The CD enhancement again increases roughly as a func-
tion of the square root of the number of silver atoms in
the nanoparticles, but with a more significant enhance-
ment and larger increasing rate. Although finding the
validity range of the square-root trend would require fur-
ther study, by extrapolating the obtained square-root fit
to larger sizes, using two silver nanoparticles of about
320000 atoms would yield 100-fold enhancement for a
single molecule. The enhancement might be further in-
creased by fine-tuning the shape and composition of the
nanoparticles.

In this work, we focused on one simple molecule con-
taining only C and H atoms. The effect of molecu-
lar components, electronic properties, and interactions
with nanoparticles on the CD enhancement would de-
serve further studies. Our work provides valuable infor-
mation for designing molecular chirality sensors using sil-
ver nanoparticles and opens the doors to study molecular
CD enhancement with TDDFT methods.

Appendix A: Origin dependence

To study the origin dependence we establish a set of
calculations with different origins for the max enhanced
structures. The results are depicted in Fig. 8. At the
energies where the enhancement rate P is computed, the
origin dependence is rather moderate while at higher en-
ergies the dependence is stronger.

Appendix B: Polynomial fit between the number of
Ag atoms and CD enhancement

Generalizing the fit exponent, we obtain the fits
P (N) ≈ 0.1309N0.4011 + 1.0069 and P (N) ≈
0.2380N0.4532 + 1.0144 (Fig. 9) for the single nanopar-
ticles and dimers, respectively. These are quite close to a
square-root fit. However, the physical mechanism behind
these trends remains to be explored.
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FIG. 8. Origin dependence results for 9-helicene-Ag55 and
9-helicene-Ag561 max enhanced structures. The origins in-
cluded are of the form R⃗cm + r⃗l1l2l3 , where r⃗l1l2l3 = (l1, l2, l3)

such that li = −10, 0, 10 Å for i = 1, 2, 3. Here, R⃗cm is the
center-of-mass coordinate of the total system. In all struc-
tures the origin dependence is found moderate at the lowest
energy peak and it gets stronger when going towards higher
energies.

FIG. 9. The relationships between the CD enhancement and
the number of Ag atoms in single Ag nanoparticles and Ag
nanoparticle dimers. The circles are calculated by TDDFT
and the solid line is the polynomial fit.
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