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ABSTRACT: Optical nanocavities have revolutionized the
manipulation of radiative properties of molecular and semi-
conductor emitters. Here, we investigate the amplified photo-
luminescence arising from exciting a dark transition of β-carotene
molecules embedded within plasmonic nanocavities. Integrating a
molecular monolayer into nanoparticle-on-mirror nanostructures
unveils enhancements surpassing 4 orders of magnitude in the
initially light-forbidden excitation. Such pronounced enhance-
ments transcend conventional dipolar mechanisms, underscoring
the presence of alternative enhancement pathways. Notably,
Fourier-plane scattering spectroscopy shows that the photo-
luminescence excitation resonance aligns with a higher-order
plasmonic cavity mode, which supports strong field gradients.
Combining quantum chemistry calculations with electromagnetic simulations reveals an important interplay between the
Franck−Condon quadrupole and Herzberg−Teller dipole contributions in governing the absorption characteristics of this
dark transition. In contrast to free space, the quadrupole moment plays a significant role in photoluminescence enhancement
within nanoparticle-on-mirror cavities. These findings provide an approach to access optically inactive transitions, promising
advancements in spectroscopy and sensing applications.
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INTRODUCTION
Optical nanocavities have been extensively explored to modify
the radiative properties of molecular and semiconductor
emitters.1−8 Plasmonic nanoparticles of noble metals support
collective oscillations of conduction electrons known as
plasmons, which can confine optical fields to mode volumes
far below the diffraction limit (<100 nm3), yielding field
enhancements exceeding 500.9 This strong concentration of
optical fields in plasmonic nanocavities can routinely boost the
interaction of quantum emitters with light, resulting in Purcell-
accelerated spontaneous emission rates,6 modified charge
relaxation pathways,10,11 enhanced fluorescence,12,13 highly
efficient nonlinear optical effects,14 and polaritonic phenom-
ena.7,15,16

In free space, optical fields are spatially uniform over the size
of quantum emitters, and their interaction with light is
completely governed by electrical-dipole-active excitations.
However, higher-order multipolar transitions in quantum
emitters become relevant when strong field gradients are
present in their photonic environment.17−20 Recent studies
have shown how field gradients unreachable by conventional
optics (e.g., optical evanescent fields or tweezing) become

accessible through tightly confined plasmonic modes sup-
ported by nanocavities.21−25 In such nanostructures, the modal
frequencies, radiative efficiencies, and electric field spatial
characteristics can be tuned via multiple design parame-
ters.9,23,26 This makes them ideally suited for the excitation and
probing of far-field-forbidden excitations in quantum emit-
ters.27−29 However, these theoretical predictions have yet to be
experimentally demonstrated.
Here, we study the enhanced photoluminescence (PL) from

a dark transition of β-carotene by integrating a molecular
ensemble into nanoparticle-on-mirror (NPoM) plasmonic
nanocavities. Our investigation begins with the characterization
of various plasmonic modes supported by these NPoM
structures, employing Fourier-plane-based energy-momentum

Received: January 29, 2024
Revised: May 2, 2024
Accepted: May 10, 2024

A
rtic

le

www.acsnano.org

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsnano.4c01368

ACS Nano XXXX, XXX, XXX−XXX

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
M

B
R

ID
G

E
 o

n 
M

ay
 2

4,
 2

02
4 

at
 1

5:
14

:4
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junyang+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oluwafemi+S.+Ojambati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cla%CC%80udia+Climent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+Cuartero-Gonzalez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eoin+Elliott"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Feist"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Feist"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+I.+Ferna%CC%81ndez-Domi%CC%81nguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremy+J.+Baumberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c01368&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01368?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01368?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01368?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01368?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01368?fig=tgr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


spectroscopy to delineate their scattering properties. Central to
our experimental design is the assessment of absorption and
radiative efficiencies of molecular transitions through PL
analysis, in both the presence and absence of plasmonic
nanocavities. We employ two excitation wavelengths specifi-
cally selected to excite distinct absorption pathways that are
governed by bright and dark transitions. We demonstrate that
by coupling the molecules to NPoM plasmonic modes, the
contribution from the originally light-forbidden excitation is
enhanced by more than 4 orders of magnitude. Finally, we
present a numerical analysis combining quantum chemistry
and classical electromagnetic calculations which reveal that the
β-carotene dark transition observed in PL spectra has hybrid
Franck−Condon quadrupole30 and Herzberg−Teller di-
pole31,32 character. Our theoretical results indicate that the
latter governs the radiative characteristics of the molecules,
while both the dipole and quadrupole transition moments
similarly contribute to the optical absorption. Our results
provide an encouraging approach to directly access dark
electronic transitions, such as higher-order multipole moments
or symmetry-forbidden dipoles, potentially applicable in
spectroscopic sensing, improving molecular light emitting
diodes, and molecular spintronics.

RESULTS AND DISCUSSION
We exploit plasmonic nanocavities based on a NPoM
geometry,9 where a monolayer of β-carotene molecules are
sandwiched between a gold nanoparticle (diameter D = 80
nm) and a gold mirror (Figure 1a). Coulombic coupling
between the nanoparticle and its image charges in the mirror
gives optical confinement volumes V ≃ Dd2/2ng2 ∼ 100 nm3

(for gap size d = 2.4 nm and refractive index ng = 1.56),
providing routine access to field enhancements |E|/|E0| > 100.
As the Au nanoparticles are inherently faceted,33,34 the NPoM
cavity is laterally bounded by the downward-facing nano-
particle facet.24,35,36 A set of plasmonic modes are supported in

such metal−insulator−metal cavities, out of which the three
most radiative ones (labeled by lm = 10,11,20) dominate its
optical response.23,24 Their simulated near-field profiles
(Figure 1b) show that higher-order cavity modes, such as
(11) and (20), produce substantial field gradients across the
x−y plane of the gap. These gradients (|∇E|/|E0|) are 3000
times larger than those achieved by focusing a laser field with a
lens of NA = 1, making them ideally suited for facilitating light-
forbidden multipolar transitions.29

The resonant wavelengths of the bright nanocavity modes
are experimentally resolved by angularly separating the high-
angle (θhigh) and low-angle (θlow) dark-field scattering, for each
nanostructure (Figure 1c).37 Vertical emission (along z-
direction) from the (11) mode is captured in low-angle
scattering spectra, while (10) and (20) preferentially out-
couple at high angles (θ ∼ 60°, defined from the vertical
direction), spectrally distinguished from the low-angle
component.23 The experimental mode wavelengths agree
with mode positions extracted from finite element method
simulations performed with typical parameters for β-carotene
nanogaps: D = 80 nm, w = 32 nm, ng = 1.56, and d = 2.4 nm
(Figure 1d), where the facet width w has a linear dependence
on the particle diameter (w/D = 41%)35 and ng is defined by β-
carotene molecules.38 Employing the plasmonic spectral
resonances in NPoM as an effective plasmonic ruler, an
average gap size of 2.4 ± 0.2 nm is estimated by comparing the
simulated (10) mode position with the experimental dark-field
distribution (Figure S1).39,40 With these parameters, we
achieve in our simulations a successful alignment of the
spectral positions of all three optical modes (Figure 1c,d).23

β-carotene is ubiquitous and crucial in photosynthesis41 and
nutrition.42 Strong one-photon absorption from the ground
state S0 to the singlet state S2 in the blue region of the
spectrum determines its orange color pigment (Figure 1e,f).
However, carotenoids have atypical photophysical organization
since the lowest energy excited state S1 is one-photon

Figure 1. Plasmonic modes of NPoM plasmonic cavities and vibronic transitions of β-carotene. (a) Rhombicuboctahedral nanocavity
geometry with β-carotene molecular spacer (orange) between the Au mirror and Au nanoparticle (with triangular facet face-down). (b)
Normalized vertical component of optical field at the midplane of the gap for (10), (11), and (20) plasmonic modes (scale bar is 20 nm). (c)
Experimental dark-field scattering spectra at high (θhigh) and low (θlow) collection angles (from the mirror normal) of β-carotene-NPoMs,
revealing modes as labeled. (d) Simulated resonances for the three plasmonic modes for facet width w = 32 nm, gap size d = 2.4 nm, and
refractive index ng = 1.56. (e) Absorption (blue) and emission (red) spectra of β-carotene in 25 μM ethanol solution under λp = 447 nm
excitation. Inset shows chemical structure of β-carotene, backbone conjugated over 9 double bonds, with calculated dark-transition
Herzberg−Teller dipole (blue) and Franck−Condon quadrupole (orange) orientations. (f) Simplified Jablonski diagram for β-carotene.
Bright transition from ground state S0 to excited state S2 (blue, see calculated Franck−Condon dipole moment) is followed by fast
vibrational relaxation (gray) to S1, yielding weak PL (red). Note that the fluorescence from S2 is also observed. Direct S0 → S1
photoexcitation is symmetry-forbidden (orange). Calculated vibrationally enabled Herzberg−Teller dipole (p) and electronic Franck−
Condon quadrupole (Q) moments for this transition as indicated.
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(symmetry) forbidden with respect to the ground state and is
located below the dipole-allowed S2 state (Figure 1f).

43−45 The
lifetime and energy alignment of the excited states of
carotenoids depend on the number of conjugation bonds in
the backbone.41−43 When the S2 state (11Bu

+) of all-trans-β-
carotene is photoexcited, it internally relaxes into the S1 state
within ∼200 fs,46 which in turn decays to the ground state
within several picoseconds.47,48 Upon excitation of the S2 state,
fluorescence from both the dark S1 and bright S2 states has
been observed with very low radiative quantum yields (∼10−6

and ∼10−4, respectively).49−53 In accordance with previous
reports, we attribute the broad PL band in solution at ∼700
nm (Figure 1e) to fluorescence from the S1 state, and the
emission shoulder below 600 nm to S2 → S0 relaxation. This
assignment is also supported by the PL spectrum of β-carotene
powder where either S1 or S2 emission is observed depending
on the excitation wavelength (Figure S2). Such residual dark S1
state fluorescence originates from the breakdown of the
Franck−Condon approximation which neglects the nuclear
dependence of transition dipole moments.30 Specifically,
symmetry-forbidden transitions, such as the S1 state of β-
carotene may be brightened via vibrations that break the
molecular symmetry. Such vibrationally enabled transition
moments are commonly referred to as the Herzberg−Teller
contribution, which represents a higher-order interaction term
going beyond the Franck−Condon approximation, see the
Supporting Information.31,32

As discussed in more detail below (see also the Supporting
Information), quantum chemistry calculations reveal that the
transition from the ground state S0 (11Ag

−) to the lowest
excited state S1 (21Ag

−) presents a Franck−Condon quadru-
pole moment, |Q| = Q ≈ 0.06 e·nm2, and a small vibrationally
enabled Herzberg−Teller dipole moment, |p| = p ≈ 0.006 e·
nm, both aligned along the molecular backbone (Figures S8−
S9). Based on Fermi’s golden rule, the light−matter interaction
Hamiltonian for the S0 → S1 transition can therefore be written
as a sum of dipolar and quadrupolar terms of the form

= · + ·H p E Q E( )int (1)

As a model molecule, all-trans-β-carotene is thus suitable to
investigate the multipolar character of dark transitions, which
are expected to be significantly enhanced by large field
gradients supported in plasmonic nanocavities. We can
estimate the relative weight of the two terms in eq 1 for the
PL of the S1 → S0 transition of β-carotene in free space. Taking
the ratio of the emission rates from both terms, we obtain
(details in the Supporting Information)
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where k0 = 2π/λ is the wave-vector in free space. The first term
in the products of eq 2 accounts for the ratio between
absorption (or in-coupling) efficiencies and is evaluated at the
experimental pumping wavelength (see below, λp = 637 nm).
The second term, which corresponds to the radiative (or out-

coupling) rates,26 is calculated at the maximum PL as shown in
Figure 2b (λPL = 700 nm). We conclude that despite its small

value, the emission in free space from this dark molecular
transition is fully governed by its Herzberg−Teller dipole
moment. In the following, we explore if this is also the case
when the β-carotene molecules are placed within the gap of
NPoM nanocavities.
Intriguingly, despite the absence of optically allowed excited

states below S2, lower energy excitation (λp = 637 nm) of β-
carotene molecules within a majority (90%) of randomly
selected NPoM cavities results in pronounced PL from the S1
state, centered around 700 nm (Figure 2a, solid orange; Figure
S3). This is accompanied by additional surface-enhanced
resonance Raman scattering (SERRS) (Figure 2a, dashed line)
matching the Raman peaks obtained from β-carotene bulk
powder (Figure 2a, gray line). Direct excitation of the S2 state
at 447 nm also yields the same S1 state emission in NPoMs
(Figure 2b, solid blue line), although its total PL quantum
efficiency is 5-fold lower compared to 637 nm excitation. Such
emission is completely absent from NPoM cavities without β-
carotene molecules, which have red-shifted dark-field reso-
nances (due to the smaller gap size) and lack any SERS
response.
The NPoM-modified emission as shown in Figure 2 is in

strong contrast to the results for β-carotene powder. In the
case of β-carotene powder when directly exciting the S2 state,
the PL quantum efficiency is found to be 260 times higher
compared to the excitation of the S1 state (Figure S2). The
experimental PL enhancement factor (EFe) per molecule of β-
carotene in NPoMs with respect to in ethanol solution, is
estimated using

= · ·
I

I
N

N
C

C
EFe

NpoM

sol

sol

NpoM

sol

NpoM (3)

where, with 637 nm excitation of the S1 state, INPoM = 190 cts/
μW/s and Isol = 1.0 cts/μW/s are the integrated experimental
PL intensity in NPoM cavities and in ethanol solution,
respectively, NNPoM ≈ 50 and Nsol ≈ 3 × 104 are the numbers
of molecules excited in each case (see the Supporting
Information), and CNPoM = 0.33 and Csol = 0.29 are the
collection efficiencies in the two different measurement

Figure 2. NPoM-modified emission from β-carotene. (a) Surface-
enhanced resonance Raman spectrum on PL background from β-
carotene in NPoM cavity with λp = 637 nm (orange). Raman
spectrum of β-carotene powder is also shown (gray). (b) PL
spectrum from β-carotene in NPoM cavity using S0 → S1 (λp = 637
nm, solid orange) or S0 → S2 (λpd2

= 447 nm, solid blue) excitation.
PL from β-carotene in solution for the same excitation wavelengths
shown for comparison (dashed lines). Inset depicts scheme of
excitation and emission in NPoMs and solution. Arrows show
enhancement.
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schemes with a 0.8 NA objective.14 Using these parameters,
EFe ∼ 1.3 × 105 is obtained for NPoMs compared to solution.
The observed enhancement factors of β-carotene within the

NPoM system are significantly high, surpassing the EFe
achieved using low quantum yield emitters by 2 orders of
magnitude.6,13 This indicates that dipole in-/out-coupling
enhancement is inadequate to account for the emission
efficiency observed experimentally. Consequently, a detailed
investigation into the role of quadrupole enhancement in PL
from NPoM cavities at low energy excitation is needed.
Contrary to the negligible impact of the quadrupole interaction
in free space (as delineated in eq 2), within the NPoM system,
the quadrupole term in eq 1 assumes a substantial role. For
comparison, when directly exciting the S2 state at λpd2

= 447 nm,
EFe = 100 is estimated for the β-carotene PL. This
enhancement is mostly attributed to the cavity-boosted out-
coupling efficiency at 690 nm, given the relatively weak field
confinement at the 447 nm excitation wavelength.
We exploit the fact that the out-coupling rate is independent

of the excitation wavelength to further investigate the
quadrupole contribution to the optical absorption of β-
carotene molecules through the S0 → S1 transition. First, we
evaluated the dipole-assisted absorption at both pumping
wavelengths. Quantum chemistry calculations indicate that the
transition dipole moment for S1, p, is roughly 80 times lower
than that for S2, p2. Electromagnetic simulations (see maxima
in the dipole-absorption spectrum, |E∥/E0|2, in Figure S10)
reveal that the maximum field enhancement in the NPoM
cavity is 5000 80 times higher at λp = 637 nm than at λpd2

= 447 nm (|E∥/E0|447 nm
2 ≈ 1, as the cavity does not sustain

bright plasmonic modes in this spectral range), thus resulting

in a ratio between absorption rates,
| | | |

| | | |
1

E

E

p

p
p

2 2

p2
2

2
2 . Therefore,

even in the optimum scenario, the enhancement in dipolar
absorption at the dark transition through the NPoM plasmonic
modes is not sufficient to explain the contrast in the
experimental PL efficiencies observed in Figure 2b (∼5×
higher under 637 nm excitation). This result provides further
evidence that there is an additional quadrupolar contribution
to the optical absorption of the S0 → S1 transition.

To manifest the wavelength dependence of the absorption
enhancement, we collect the S1 → S0 emission spectra while
scanning the excitation wavelength (λp) from 610 to 645 nm
for 45 individual β-carotene NPoMs (Figure 3a). Using 1 ps
excitation pulses reduces the laser line width enough to be able
to trace both the SERRS lines and the broadband PL as λp is
tuned. The PL spectra yield a consistent emission band from
the S1 state centered at around 700 nm. This emission is
independent of λp and is identical for different NPoMs,
confirming the molecular origin of the emission. By
comparison, the molecular SERS peaks from the C�C stretch
at 1520 cm−1 and the CH stretch at 2870 cm−1, shift in
wavelength according to λp. A SERRS resonance is observed as
the C�C Raman line tunes across the S1 emission wavelength,
being enhanced along with the PL intensity and maximized
where the Raman resonance and S1 peak overlap (Figure S4).
Since phonon-assisted absorption modifies selection rules, we
note that phonon-assisted relaxation might also play a role in
the NPoM-enhanced molecular emission.48

The fitted PL excitation spectra show that the integrated S1
emission peaks at λp = 627 ± 1 nm for NPoM cavities filled
with β-carotene molecules (Figure 3b, orange line). We can
also encapsulate each β-carotene in a cucurbit[7]uril (CB[7])
molecule to better separate and scaffold them,54 but the
resonant behavior remains very similar (labeled NPoM* in
yellow). Beneficially, this also matches the measured scattering
resonance of the (20) NPoM cavity mode (Figure 3b, dashed
line). As discussed above, this higher-order plasmonic cavity
mode exhibits desirable radiative efficiencies while supporting
significant optical field gradients capable of enhancing
quadrupole transitions.23,29 As a control measurement, the
PL excitation spectrum of β-carotene solution is uniformly
negligible across this excitation wavelength range (Figure 3b,
gray), concurring with the negligible dipolar absorption in
optical extinction (Figure 1e).
To quantitatively assess the weight of Herzberg−Teller

dipole and Franck−Condon quadrupole contributions to the
absorption and radiative efficiency of the S0−S1 transition in
the NPoM cavities, we perform electromagnetic simulations
for single molecules placed at different positions within the gap
facet area. The enhancement factors for purely dipolar (p) and

Figure 3. S0→ S1 absorption enhancement. (a) Emission spectra for a single β-carotene-filled NPoM vs pump excitation tuned from 610 to
645 nm, vertically offset for clarity. Dashed lines mark molecular Raman resonances at 1520 cm−1 (C�C stretch). (b) PL excitation spectra
of β-carotene (orange)- and β-carotene⊆cucurbit[7]uril (yellow)-filled NPoMs, compared to β-carotene in solution (gray). Solid curves are
Lorentzian fits; error bars give standard deviation from 45 NPoM cavities. Dark-field scattering resonance of (20) cavity mode (dashed
curve) with (inset) its near-field map under a triangular facet.
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quadrupolar (Q) transitions are defined as = | · |
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55 The radiative Purcell enhancement of the

molecular dipole within the NPoM cavity is determined by

= = ·SP
c

s( )
2

( ) dpp
p
rad

p
rad,0

p
rad,0

where κprad,0 (λ) = 8π2 |p|2/3λ3 ε0 ℏ, ⟨Sp (λ)⟩ represents the
numerically obtained time-averaged Poynting vector from the
dipolar source p placed in the NPoM gap and Ω denotes the
far-field surface that accounts for the dark-field collection angle
(with NA ≈ 1 to reflect the experimental high-angle
collection). For the quadrupolar case, the enhancement is
given by

= = ·SP
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with κprad,0 (λ) = 4π4 |Q|2/45λ5 ε0 ℏ and ⟨SQ (λ)⟩ as the time-
averaged Poynting vector from the quadrupolar source Q in
the NPoM gap. Our estimation of the gap size (d = 2.4 ± 0.2
nm) from the scattering spectra suggests that the β-carotene
molecules (∼3 nm long, from quantum chemistry calculations)
are not vertically aligned to the facets in the experimental
samples. For this reason, we analyze in detail the influence of
tilting angle, θ, on the PL.
Figure 4a−d shows the in-coupling (left) and out-coupling

(right) enhancement spectra (normalized to free space) for a
dipolar (top) and a quadrupolar (bottom) transition for a
molecule at the facet center and θ = 30°. As anticipated, the
dipole spectra are governed by the (10) NPoM plasmonic
mode, while the (20) mode governs the quadrupole ones. The
vertical gray arrows in Figure 4a,b mark the experimental
pumping wavelength, which is resonant with the latter mode.
This fact, together with the large field gradients associated with
the resonant electric field yield absorption rate enhancements

∼100 times larger for the quadrupole moment. Figure 4c,d
shows the wavelength-dependent radiative Purcell factors along
with the free-space PL spectrum (gray shaded area), which is
significantly detuned from both nanocavity modes. The
extremely large local density of photonic states supported by
the (20) mode gives rise to another ∼100-fold larger out-
coupling enhancement for the quadrupole transition. Thus, by
simple inspection of Figure 4a−d, and using eq 2, we can
conclude that the S1 → S0 emission at this particular position
and orientation is still governed by the Herzberg−Teller

dipole, since 10 4p

Q

p
0

Q
0 ≈ 180. This ratio indicates that the

FC quadrupole is no longer negligible, in contrast to the
situation in free space where this ratio is ∼106. It is crucial to
recognize, however, that this estimation unphysically assumes
that the fluorescence mechanisms mediated by the Herzberg−
Teller dipole and Franck−Condon quadrupole moments are
entirely independent. Realistically a strong interplay can occur
between these mechanisms. As we discuss further below, our
theoretical analysis reveals that, despite its minimal radiative
contribution, the quadrupolar character of the S0 → S1
transition significantly influences the β-carotene absorption
within the NPoM cavity.
Figure 4e presents a comprehensive study of the ratio

between in-coupling rates of the Herzberg−Teller dipole and
Franck−Condon quadrupole for different molecule positions
(see the inset of Figure 4f) and orientations (see the
Supporting Information for further details on the calculation
procedure). The ratio in free space and the condition γpabs/γQabs
= 1 are marked by horizontal black dashed and dotted lines,
respectively. We can observe that for vertically oriented
molecules located at the center under the NP facet the
disparity between quadrupole and dipole absorption is more
pronounced. However, for most configurations, this difference
is substantially diminished, so quadrupole contributions are
more important away from the facet center. Intriguingly, at
high tilt angles and at edge and corner positions directly
exposed to the incident fields, the Franck−Condon quadrupole

Figure 4. Theoretical dipole and quadrupole contributions to S1 → S0 PL emission. (a,b) Dipole and quadrupole absorption enhancement
spectra for a β-carotene molecule at the facet center, tilted 30° with respect to the vertical direction (vertical arrow marks λp). (c,d) Dipole
and quadrupole radiative Purcell spectra for the same position and orientation (the shaded area represents the molecule PL spectrum). (e)
Ratio between Herzberg−Teller dipole (p) and Franck−Condon quadrupole (Q) optical in-coupling rates as a function of the molecular
orientation for β-carotenes at different locations under the NP facet (colors). (f) Same as (e) but for the out-coupling rates. The insets
sketch the molecule position and orientation within the incident plane and relative to the direction of incidence, k0.
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absorption rate surpasses its Herzberg−Teller dipole counter-
part by up to a factor of 10, likely due to the result of edge
effects. This observation underscores the dominant quad-
rupolar nature of the absorption of the dark β-carotene
transition in these experimentally relevant cases. This is in
good agreement with our experimental data, suggesting that a
purely dipolar enhancement cannot adequately account for the
observed PL enhancement in the NPoM samples.
Finally, we investigate the dipole-to-quadrupole radiative

rate ratio, as depicted in Figure 4f. The NPoM dramatically
reduces the discrepancy between the two out-coupling
mechanisms, resulting in a lower ratio compared to free
space (horizontal dotted line) for all considered configurations,
except for central, vertically oriented molecules. Nevertheless,
γprad/γQrad > 10 in all cases, indicating that, contrary to its
absorption characteristics, the molecular radiation in our
NPoM-β-carotene samples predominantly exhibits a Herz-
berg−Teller dipolar nature. Notably, however, this dominance
is considerably reduced in tilted molecules under direct
illumination.
The intricate complexity of such β-carotene NPoM samples

suggests the potential involvement of a variety of distinct
mechanisms that may contribute to the observed PL. These
mechanisms range from cavity-induced molecular charge
transfer or collective interactions to the initiation of photo-
chemical reactions within the nanogap. The data above
constrain these (for instance, since the dark field resonances
do not shift with irradiation). Additionally, the substantial
electric field gradients within the plasmonic cavity can generate
AC magnetic fields, suggesting that magnetic dipole mecha-
nisms could also play a role in modulating the transition rates.
Our combined experimental and theoretical analysis presented
above thus elucidates the influence exerted by the quadrupolar
character of the dark S0 → S1 transition on the PL of β-
carotene NPoM systems. Further experimental confirmation
would require direct tuning of the optical field gradients
(without changing the resonance conditions), perhaps using
mechanically translated nanoparticles using tip-based scanning
microscopies.

CONCLUSIONS
In this study, we elucidated the far-field probing of optically
forbidden molecular transitions using tightly confined
plasmonic fields supported by metallic nanocavities. In
particular, we experimentally examined the PL from an elusive
S1 → S0 transition of β-carotene molecules positioned within
the gap of NPoM plasmonic cavities. We observe an emission
enhancement from our samples that surpasses the limitations
of explanations solely relying on dipolar channels. Through
examination of the PL excitation spectrum, we identify a
notable alignment with the resonance of a higher-order
plasmonic cavity mode where strong field gradients are
supported. Through a numerical analysis combining quantum
chemistry and electromagnetic calculations, we have found that
the Franck−Condon quadrupolar contribution to optical
absorption by the molecules, negligible in free space, becomes
comparable to, and even larger than, the vibrationally enabled
Herzberg−Teller dipolar mechanism, proving the multipolar
character of the β-carotene light-forbidden transition. Our
results facilitate the exploitation of optically inactive material
excitations in photon-based techniques ranging from spectros-
copy or sensing to imaging or microscopy.

MATERIALS AND METHODS
Sample Preparation. To form a SAM, all-trans-β-carotene

(Sigma-Aldrich) is dissolved in 25 μM ethanol solution with 10
min sonication at room temperature. Template-stripped gold
substrates are immersed in β-carotene solution for 24 h to allow
the SAM to saturate. The samples are rinsed with pure ethanol before
being blow-dried with nitrogen. For β-carotene⊆cucurbit[7]uril
samples, β-carotene and cucurbit[7]uril (Sigma-Aldrich) are mixed
in a 1:1 molar ratio in ethanol. To create the NPoM geometry, 80 μL
of AuNP dispersion (BBI Solutions, D = 80 nm) is drop-cast onto the
β-carotene-coated gold substrate. Excess AuNPs are washed off with
deionized water after 40 s of deposition, followed by drying with
nitrogen.
Optical Measurement. PL measurement is performed with a

customized dark field microscope (Olympus BX51) in reflection
geometry. A CW diode laser at 447 or 637 nm (Coherent CUBE) is
spectrally filtered before coupling to the microscope through a single
mode fiber. The excitation laser is collimated to fill the back focal
plane of a 100× Olympus objective (0.8 NA). Individual NPoM
constructs are excited with a diffraction limited illumination spot
while solution samples are measured in quartz cuvettes. The reflected
laser light is blocked by long-pass filters (Edmund Optics) in the
collection path where PL signals are captured with a cooled
spectrometer (Ocean Optics QE65000).
PL excitation spectroscopy is realized using the experimental setup

detailed in ref 14. Spectrally tunable pulses (500−720 nm) from an 80
MHz pumped Spectra-Physics optical parametric oscillator are
spectrally filtered to yield a 1 ps pulse duration. The optical power
of the pulses is controlled by using an automated continuously
variable neutral density filter. The attenuated pulses are coupled to
the microscope through free space and focused by a microscope
objective NA = 0.9. Emission signals are spectrally filtered by using
long-pass interference filters and recorded on a grating spectrometer
system (Andor EMCCD).
Energy momentum spectroscopy is performed using a modified

Olympus BX51 microscope in reflective dark field geometry.
Individual NPoMs are illuminated with focused incoherent halogen
source at an annular illumination angle of 64−75° with respect to
normal incidence, and scattered light of <64° is collected through a
dark-field objective (Olympus, NA 0.9). Single NPoM structures are
spatially isolated by spatially filtering the real image plane with a
pinhole. The scattering pattern from a NPoM at the back focal plane
of the microscope objective is demagnified by 3 times before being
imaged on the entrance slit (150 μm wide) of a Triax 320
spectrometer, where a narrow range of the scattering pattern near
kx/k0 = 0 is filtered and dispersed by a 150 L/mm grating and
recorded using an Andor Newton 970 BVF EMCCD.
Quantum Chemistry Calculations. Electronic structure calcu-

lations with the Q-Chem and Gaussian software packages were carried
out to estimate the relative magnitudes of the transition Franck−
Condon quadrupole and Herzberg−Teller dipole moments of the
dark S1 excited state of β-carotene. All the details of the calculations
can be found in the Supporting Information.
Electromagnetic Simulations. Finite element simulations were

performed using the frequency-domain solver of Maxwell’s equations
implemented in commercial software Comsol Multiphysics. NPoM
cavity geometry and material characteristics were set using the
nominal parameters extracted from the experimental samples.
Absorption spectra were obtained by solving the scattering problem
under grazing plane-wave illumination. Point-like dipolar and
quadrupolar currents were used as the electromagnetic source in
the calculation of the radiative Purcell spectra. Details of the
procedure employed in the calculation of in/out-coupling and PL
rates can be found in the Supporting Information.
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bergan̈ge bei mehratomigen Molekülen. Z. Phys. Chem. 1933, 21B (1),
410−446.

(32) Kundu, S.; Roy, P. P.; Fleming, G. R.; Makri, N. Franck-
Condon and Herzberg-Teller Signatures in Molecular Absorption and
Emission Spectra. J. Phys. Chem. B 2022, 126 (15), 2899−2911.
(33) Personick, M. L.; Mirkin, C. A. Making Sense of the Mayhem
behind Shape Control in the Synthesis of Gold Nanoparticles. J. Am.
Chem. Soc. 2013, 135 (49), 18238−18247.
(34) Marks, L. D.; Peng, L. Nanoparticle Shape, Thermodynamics
and Kinetics. J. Phys.: Condens. Matter 2016, 28 (5), 053001.
(35) Benz, F.; Chikkaraddy, R.; Salmon, A.; Ohadi, H.; de Nijs, B.;
Mertens, J.; Carnegie, C.; Bowman, R. W.; Baumberg, J. J. SERS of
Individual Nanoparticles on a Mirror: Size Does Matter, but so Does
Shape. J. Phys. Chem. Lett. 2016, 7 (12), 2264−2269.
(36) Chen, W.; Zhang, S.; Kang, M.; Liu, W.; Ou, Z.; Li, Y.; Zhang,
Y.; Guan, Z.; Xu, H. Probing the Limits of Plasmonic Enhancement
Using a Two-Dimensional Atomic Crystal Probe. Light Sci. Appl.
2018, 7 (1), 56.
(37) Chikkaraddy, R.; Huang, J.; Kos, D.; Elliott, E.; Kamp, M.; Guo,
C.; Baumberg, J. J.; de Nijs, B. Boosting Optical Nanocavity Coupling
by Retardation Matching to Dark Modes. ACS Photonics 2023, 10 (2),
493−499.
(38) Abe, T.; Abboud, J.-L. M.; Belio, F.; Bosch, E.; Garcia, J. I.;
Mayoral, J. A.; Notario, R.; Ortega, J.; Rosés, M. Empirical Treatment
of Solvent-Solute Interactions: Medium Effects on the Electronic
Absorption Spectrum of β-Carotene. J. Phys. Org. Chem. 1998, 11 (3),
193−200.
(39) Hill, R. T.; Mock, J. J.; Hucknall, A.; Wolter, S. D.; Jokerst, N.
M.; Smith, D. R.; Chilkoti, A. Plasmon Ruler with Angstrom Length
Resolution. ACS Nano 2012, 6 (10), 9237−9246.
(40) Hill, R. T.; Kozek, K. M.; Hucknall, A.; Smith, D. R.; Chilkoti,
A. Nanoparticle-Film Plasmon Ruler Interrogated with Transmission
Visible Spectroscopy. ACS Photonics 2014, 1 (10), 974−984.
(41) Polívka, T.; Frank, H. A. Molecular Factors Controlling
Photosynthetic Light Harvesting by Carotenoids. Acc. Chem. Res.
2010, 43 (8), 1125−1134.
(42) Grune, T.; Lietz, G.; Palou, A.; Ross, A. C.; Stahl, W.; Tang, G.;
Thurnham, D.; Yin, S.; Biesalski, H. K. β-Carotene Is an Important
Vitamin A Source for Humans. J. Nutr. 2010, 140 (12), 2268S−
2285S.
(43) Hashimoto, H.; Uragami, C.; Yukihira, N.; Gardiner, A. T.;
Cogdell, R. J. Understanding/Unravelling Carotenoid Excited Singlet
States. J. R. Soc. Interface 2018, 15 (141), 20180026.
(44) Polívka, T.; Herek, J. L.; Zigmantas, D.; Åkerlund, H. E.;
Sundström, V. Direct Observation of the (Forbidden) S1 State in
Carotenoids. Proc. Natl. Acad. Sci. U.S.A. 1999, 96 (9), 4914−4917.
(45) Polívka, T.; Sundström, V. Ultrafast Dynamics of Carotenoid
Excited States-From Solution to Natural and Artificial Systems. Chem.
Rev. 2004, 104 (4), 2021−2072.
(46) Kandori, H.; Sasabe, H.; Mimuro, M. Direct Determination of a
Lifetime of the S2 State of β-Carotene by Femtosecond Time-
Resolved Fluorescence Spectroscopy. J. Am. Chem. Soc. 1994, 116 (6),
2671−2672.
(47) Wasielewski, M. R.; Johnson, D. G.; Bradford, E. G.; Kispert, L.
D. Temperature dependence of the lowest excited singlet-state
lifetime of all-trans-β-carotene and fully deuterated all-trans-β-
carotene. J. Chem. Phys. 1989, 91 (11), 6691−6697.
(48) McCamant, D. W.; Kim, J. E.; Mathies, R. A. Vibrational
Relaxation in β-Carotene Probed by Picosecond Stokes and Anti-
Stokes Resonance Raman Spectroscopy. J. Phys. Chem. A 2002, 106
(25), 6030−6038.
(49) Cherry, R. J.; Chapman, D.; Langelaar, J. Fluorescence and
Phosphorescence of β-Carotene. Trans. Faraday Soc. 1968, 64 (0),
2304−2307.
(50) Gillbro, T.; Cogdell, R. J. Carotenoid Fluorescence. Chem. Phys.
Lett. 1989, 158 (3−4), 312−316.
(51) Bondarev, S. L.; Knyukshto, V. N. Fluorescence from the S1(2
1Ag) state of all-trans-β-carotene. Chem. Phys. Lett. 1994, 225 (4−6),
346−350.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c01368
ACS Nano XXXX, XXX, XXX−XXX

H

https://doi.org/10.1021/acs.nanolett.7b04283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.112.253601
https://doi.org/10.1103/PhysRevLett.112.253601
https://doi.org/10.1103/PhysRevLett.112.253601
https://doi.org/10.1103/PhysRevLett.117.107401
https://doi.org/10.1103/PhysRevLett.117.107401
https://doi.org/10.1103/PhysRevLett.92.053001
https://doi.org/10.1103/PhysRevLett.92.053001
https://doi.org/10.1103/PhysRevLett.92.053001
https://doi.org/10.1021/acsphotonics.8b00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevA.97.013821
https://doi.org/10.1103/PhysRevA.97.013821
https://doi.org/10.1126/science.aaf6308
https://doi.org/10.1126/science.aaf6308
https://doi.org/10.1021/acsphotonics.8b00678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.2c00116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.2c00116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/nanoph-2023-0392
https://doi.org/10.1515/nanoph-2023-0392
https://doi.org/10.1021/acs.jpcc.6b11018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b11018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b11018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.101.035403
https://doi.org/10.1103/PhysRevB.101.035403
https://doi.org/10.1103/PhysRevB.101.035403
https://doi.org/10.1103/PhysRevA.85.022501
https://doi.org/10.1103/PhysRevA.85.022501
https://doi.org/10.1103/PhysRevB.86.035404
https://doi.org/10.1103/PhysRevB.86.035404
https://doi.org/10.1038/s41467-019-13748-4
https://doi.org/10.1038/s41467-019-13748-4
https://doi.org/10.1038/s41467-019-13748-4
https://doi.org/10.1515/zpch-1933-2136
https://doi.org/10.1515/zpch-1933-2136
https://doi.org/10.1021/acs.jpcb.2c00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja408645b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja408645b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-8984/28/5/053001
https://doi.org/10.1088/0953-8984/28/5/053001
https://doi.org/10.1021/acs.jpclett.6b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41377-018-0056-3
https://doi.org/10.1038/s41377-018-0056-3
https://doi.org/10.1021/acsphotonics.2c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.2c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1099-1395(199803)11:3<193::AID-POC989>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1099-1395(199803)11:3<193::AID-POC989>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1099-1395(199803)11:3<193::AID-POC989>3.0.CO;2-U
https://doi.org/10.1021/nn3035809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3035809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ph500190q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ph500190q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar100030m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar100030m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3945/jn.109.119024
https://doi.org/10.3945/jn.109.119024
https://doi.org/10.1098/rsif.2018.0026
https://doi.org/10.1098/rsif.2018.0026
https://doi.org/10.1073/pnas.96.9.4914
https://doi.org/10.1073/pnas.96.9.4914
https://doi.org/10.1021/cr020674n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020674n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00085a078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00085a078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00085a078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.457337
https://doi.org/10.1063/1.457337
https://doi.org/10.1063/1.457337
https://doi.org/10.1021/jp0203595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0203595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0203595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/tf9686402304
https://doi.org/10.1039/tf9686402304
https://doi.org/10.1016/0009-2614(89)87342-7
https://doi.org/10.1016/0009-2614(94)87092-6
https://doi.org/10.1016/0009-2614(94)87092-6
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(52) Bachilo, S. M.; Gillbro, T. Beta-Carotene S1 Fluorescence. In
5th International Conference on Laser Applications in Life Sciences; SPIE,
1995; Vol. 2370, pp 719−723.
(53) Lee, J.; Song, J.; Lee, D.; Pang, Y. Metal-Enhanced
Fluorescence and Excited State Dynamics of Carotenoids in Thin
Polymer Films. Sci. Rep. 2019, 9 (1), 3551.
(54) Barrow, S. J.; Kasera, S.; Rowland, M. J.; del Barrio, J.;
Scherman, O. A. Cucurbituril-Based Molecular Recognition. Chem.
Rev. 2015, 115 (22), 12320−12406.
(55) Giannini, V.; Fernández-Domínguez, A. I.; Heck, S. C.; Maier,
S. A. Plasmonic Nanoantennas: Fundamentals and Their Use in
Controlling the Radiative Properties of Nanoemitters. Chem. Rev.
2011, 111 (6), 3888−3912.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c01368
ACS Nano XXXX, XXX, XXX−XXX

I

https://doi.org/10.1038/s41598-019-40446-4
https://doi.org/10.1038/s41598-019-40446-4
https://doi.org/10.1038/s41598-019-40446-4
https://doi.org/10.1021/acs.chemrev.5b00341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr1002672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr1002672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

