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Modified optical absorption of molecules on
metallic nanoparticles at sub-monolayer coverage

Brendan L. Darby, Baptiste Auguié, Matthias Meyer, Andres E. Pantoja and Eric C. Le Ru*

Enhanced optical absorption of molecules in the vicinity of metallic nanostructures is key to a number of surface-enhanced
spectroscopies and of great general interest to the fields of plasmonics and nano-optics. However, experimental access to
this absorbance has long proven elusive. Here, we present direct measurements of the surface absorbance of dye
molecules adsorbed onto silver nanospheres and, crucially, at sub-monolayer concentrations where dye-dye interactions
become negligible. With a large detuning from the plasmon resonance, distinct shifts and broadening of the molecular
resonances reveal the intrinsic properties of the dye in contact with the metal colloid, in contrast to the often studied
strong-coupling regime where the optical properties of the dye molecules cannot be isolated. The observation of these
shifts together with the ability to routinely measure them has broad implications in the interpretation of experiments
involving resonant molecules on metallic surfaces, such as surface-enhanced spectroscopies and many aspects of

molecular plasmonics.

nanoparticles of various sizes and shapes' have been
exploited in numerous contexts: for sub-wavelength light
manipulation, as nano-antennas’ or as building blocks for meta-
materials®; for ultrasensitive spectroscopy, such as surface-enhanced
fluorescence*® (SEF) and Raman spectroscopy®® (SERS); or as
sensors’ !, More recent applications are emerging, leveraging this
understanding of plasmonic optical properties and relying on the
rigorous modelling offered by electromagnetic theory: we can cite,
for example, the development of new types of chiroptical spectro-
scopies'?, the enhancement of photochemical reactions on
surfaces'> %%, enhanced light emission in light-emitting diodes
(LEDs)'” or improved photovoltaics’®*0. Many of these existing
and emerging applications are underpinned by the fact that the
optical (electronic) absorption of molecules on the surface of met-
allic nanoparticles is enhanced. However, spectral changes
induced by molecular adsorption are often ignored because of the
experimental challenge of measuring surface absorbance spectra
on nanoparticles, despite early attempts more than 30 years ago?!.
This problem is not addressed directly in the great number of
recent studies devoted to the topic of strong coupling between plas-
mons and molecules??~*. In this regime, the plasmon-molecule
interaction is evidenced by a typical anti-crossing of the two reson-
ances as a function of detuning?>**, but in such a strongly interact-
ing system the molecular response cannot be isolated. Moreover, in
such studies the dye concentration is often large (typically mono-
layer coverage and above) to maximize dye-plasmon interactions.
Dye-dye interactions cannot therefore be neglected and are
expected to induce resonance shifts of the dye layer independently
of any plasmonic effects. In fact, many studies specifically work
with J-aggregates rather than isolated dyes?>*>-273133 As a result,
the intrinsic effect (chemical and/or electromagnetic) of the nano-
particle on an isolated adsorbed molecule cannot be elucidated.
To this end, we will show that it is necessary to measure the absor-
bance of the dye when the dye and plasmon resonances are detuned
(to avoid dye-plasmon interaction effects) and at low surface cover-
age (to avoid dye-dye interaction effects). This low surface coverage

O ver the last two decades, the optical properties of metallic

poses a significant experimental challenge because the dye absor-
bance is then very small, and is overwhelmed by the large optical
response (absorption and scattering) of the nanoparticles.

Here, we propose to measure nanoparticle/dye solutions inside
an integrating sphere to obtain the modified absorbance spectra
of the commonly used chromophores Rhodamine 700,
Rhodamine 6G, Nile Blue and Crystal Violet adsorbed onto spheri-
cal silver nanoparticles in solution, at dye concentrations of the
order of only 10 nM. This approach enables the first direct exper-
imental observation of the surface absorbance of dyes on nanopar-
ticles in a regime where dye-dye and dye-plasmon resonance
interactions are negligible. The observation of noticeable changes
in the absorption spectrum of several common dyes clearly demon-
strates that spectral shifts are the norm rather than the exception
and therefore crucial to quantitative interpretation of many SERS,
SEF or molecular plasmonics experiments involving dyes.

Predictions from electromagnetic theory

Figure 1 presents a general description of the problem, using Mie
theory to model the optical response of silver colloids and a stan-
dard isotropic effective medium?22>27:30:31:33:3536  for the thin
coating layer of adsorbed dyes (see Methods and Supplementary
Section I). This simple shell model allows us to illustrate the prin-
ciple of the experimental technique and highlight a number of dif-
ficulties to be overcome in practice. Figure la considers the optical
properties of a colloidal solution of silver nanospheres (30 nm
radius) in water. For a colloid concentration of 8 pM, as used in
this work, the peak extinction corresponds to an optical density
(OD) of 0.85cm™. In comparison, the peak extinction of a
typical chromophore has an OD of only 107 cm™ at a concen-
tration of 10 nM. This dye concentration corresponds to sub-mono-
layer coverage on the colloid surface. Assuming 100% adsorption for
simplicity, this translates to ~1,200 dyes per colloid, or 0.1 dye nm™.
This is therefore low enough to ensure negligible interaction
between dyes and is also in the typical range for surface-enhanced
spectroscopy experiments, but remains much larger than for
single-molecule conditions!®.
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Figure 1| Mie theory simulations of dye-coated spheres. a, Extinction (red), absorption (green) and scattering (blue) cross-sections for a silver nanosphere
(30 nm radius) in water, and the absorption cross-section of a typical dye (orange). Peak optical densities (ODs) are indicated for concentrations of 8 pM
silver colloids and 10 nM dye. b, Difference spectra obtained by subtracting the response of the bare sphere shown in a from the same colloid coated with a
1nm dye shell (concentration, 0.1 nm™>). The corrected differential absorbance 86,,5(1)/(Mioc(4)), where (Myoc) is the surface-averaged field intensity
enhancement factor (black dashed line), closely matches the reference dye absorbance. ¢,d, Differential absorption spectra as a function of dye concentration
(from 0.1to 2.0 nm~>) in the shell (normalized by (Mioe) in d) and reference dye spectrum (red dashed line). The fictitious hollow shell with the nanoparticle
replaced by water (¢) is used as a toy model to understand the case of a dye layer on a silver sphere (d). Insets: polarization ellipses of the local electric

field (at 530 nm).

A natural approach to retrieve the absorbance spectrum of the
adsorbed dye would then consist of measuring the UV-vis extinc-
tion spectrum for the mixture, and subtracting a reference taken
as the bare colloids (with no adsorbed dyes). If the dye and
plasmon resonance coincided, it would be difficult to disentangle
them, but because the detuning between the dye and plasmon
resonances is chosen to be relatively large (100 nm), one could
expect to isolate a meaningful absorbance for the dye. However,
as shown in Fig. 1b, this naive approach does not work: the pre-
dicted difference spectrum obtained from extinction measurements
departs substantially from the absorbance spectrum of the adsorbed
dye, showing a negative difference within the tail of the plasmon res-
onance, strongly distorting the lineshape around 500 nm. This is a
consequence of the minute shift of the plasmon resonance
induced by the dye layer and is comparable in magnitude to the
dye absorbance itself. This unavoidable effect is largely alleviated
by considering the differential absorbance §o,,5(A), which results
in a spectrum similar to that of the original dye. The nanoparticle
absorbance is approximately six times smaller than extinction,
thus allowing easier extraction of the dye contribution within the
otherwise overwhelming nanoparticle scattering response. A closer
look at Fig. 1b nevertheless shows that do,ps(A) is not exactly the
same as that of the bare dye, in particular in the relative intensity
of the main and vibronic peaks. This is attributed to the wavelength
dependence of the plasmonic enhancement, which for absorption is
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characterized by the surface-averaged local field intensity enhance-
ment factor® (Mj,(1)). This effect is secondary and cannot cause a
significant resonance shift, but can nevertheless be accounted for:
the corrected differential absorbance spectrum 8o,,s(A)/(Mjoc(A))
then resembles very closely the true surface absorbance of the dye,
as seen in Fig. 1b. The same conclusions are obtained for a polydis-
perse solution of nanospheres as used in our experiments
(Supplementary Section II).

This discussion has so far focused on a low dye concentration,
but in many of the previous studies dye concentrations have
instead been large, typically at or beyond monolayer coverage.
Figure 1c,d illustrates how dye-dye interactions may then interfere
with the measurement of the surface absorbance of the adsorbed
dye. As the dye concentration increases, the electromagnetic (EM)
interaction between dyes needs to be included in the effective
medium properties of the coating layer, which we describe via the
Clausius—Mossotti equation (see Methods). To disentangle the
effect of the nanoparticles from the intrinsic dye-dye interactions
we consider a fictitious dye-coated water nanosphere in Fig. 1c as
a toy model, and compare it to the same shell on a silver sphere.
In the latter case, the differential absorbance is corrected for the
plasmonic enhancement as discussed earlier. Below concentrations
of 0.1 dye nm > in the shell, local-field (Clausius-Mossotti) correc-
tions are negligible and the differential absorbance spectra in Fig. 1c,
d, closely match the spectrum of the free dye in solution (dashed red

a
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lines). As the dye concentration increases, the dye resonance splits
into two resonances, as predicted from the standard exciton
model®”: the blueshifted resonance is associated with the side-by-
side dipolar interaction between dyes, while the redshifted one cor-
responds to head-to-tail induced dipoles. Both resonances are
excited in a spherical shell as shown in the surface-field diagram
in Fig. 1c. The same types of interaction are expected for Ag-dye
core-shell structures, but the electric field is then mostly perpen-
dicular to the surface (Fig. 1d, inset). Thus for an isotropic dye
layer on a metal nanoparticle, the blueshifted (side-by-side) reson-
ance will be favoured. These predictions highlight the importance
of dye-dye interaction effects in dye layers.

We conclude this preliminary discussion with a summary of our
findings for the determination of the surface absorbance of dye mol-
ecules adsorbed on silver colloids. First, differential absorbance
measurements should be preferred over extinction. Second, a large
detuning from the plasmon resonance simplifies the analysis, allow-
ing direct access to the modified dye absorbance, which is only
scaled by the plasmonic enhancement factor (M,.(A)). Finally,
low dye concentrations should be used to limit the effect of dye-dye
interactions. This combination of factors results in challenging
experiments and requires pushing the limit of detection of currently
available instruments with new developments.

Results

To tackle this problem we used a UV-vis absorption set-up with
the sample centrally located inside an integrating sphere (Fig. 2a;
see Methods and Supplementary Section III for details). This par-
ticular configuration has only been used on rare occasions and
mostly for the characterization of seawater®®°. The integrating
sphere eliminates the influence of scattering, with a direct measure-
ment of absorbance, rather than extinction. In our configuration, it
also increases the effective path length to ~2.4 cm (Supplementary
Section II). With appropriate precautions (see Methods) we
achieved accurate referencing of the dye-nanoparticle solution
absorbance spectrum against an identical nanoparticle-only sol-
ution, with ~1x10™* relative accuracy. These developments
allowed us to measure the extremely small differential absorbance
spectra required for this study, with a lower limit down to an OD
of ~1x10* ecm™,

Figure 2 highlights some of the observations that are made poss-
ible by this novel approach. Figure 2b shows the differential absor-
bance spectra of the dye Rhodamine 700 (RH700) adsorbed on
silver nanoparticles at three different concentrations (6, 12 and
24 nM). The reference absorbance spectrum of this dye in water
(shown in grey) exhibits a main resonance at 642 nm with a vibronic
shoulder at 590 nm. Figure 2b clearly demonstrates the ability of our
approach to measure the surface absorbance of dyes on nanopar-
ticles at very low concentrations, down to 6 nM here. The most dra-
matic observation is the clear redshift of the surface absorption
spectrum by ~20 nm, with the main resonance now at 664 nm.
As explained earlier, this cannot be due to the interaction with
the plasmon resonance (the dye and plasmon resonances are
detuned by more than 200 nm). This shift cannot be attributed to
dye-dye interactions either. The effect of the dye-dye interaction
is in fact visible in the concentration dependence and results in a
(very small) blueshift of the resonances together with a change in
relative intensity between the two peaks at 12 and 24 nM. These
two features are also predicted by the theoretical electromagnetic
model (shown as dashed lines). The observed redshift at the
lowest concentration must therefore be an intrinsic feature of the
adsorbed dye.

The measured spectrum at 6 nM remains affected by the plasmo-
nic enhancement factor (Mj,.(1)), which is easily accounted for
using the effective shell model. By fitting the experimental surface
absorbance spectrum measured at 6 nM to this model, we can
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therefore deduce the modified intrinsic surface polarizability of
RH700 (see Supplementary Section IV for details), as shown in
Fig. 2c. However, the oscillator strength for this modified transition
appeared at first ~5.3 times smaller than that of the original spec-
trum. Although we cannot exclude this possibility, it is more
likely that the oscillator strength is unchanged and that the magni-
tude of the actual absorption enhancement is smaller than predicted
(by the same factor, ~5.3). In fact, electromagnetic theory predicts
that for a silver sphere with a radius of 30 nm, the average absorp-
tion should be enhanced by a factor of (Mj,.) = 6.4 at 664 nm, but
this implicitly assumes an isotropic polarizable dipole. Most dyes,
however (including RH700), have a strongly uniaxial transition
dipole moment along the 7-conjugated backbone of the molecule.
Because the local electric field is primarily perpendicular to the
metal surface (with only (Ml‘LC) =0.17 for the parallel component
at 664 nm), the observed enhancement in absorption will be
strongly dependent on the preferential orientation of the adsorbed
dye. This effect is similar to surface-selection rules in surface-
enhanced spectroscopies*!. The observed reduced absorption
enhancement can therefore be attributed to an adsorption orien-
tation preferentially flat (or at a small angle) on the surface, which
is expected for dyes with such an aromatic backbone. In this
context, the assumption of a conserved oscillator strength appears
the most natural, and the deduced modified absorbance is shown
in Fig. 2c along with that of RH700 in water. This ‘surface absor-
bance’ represents the absorption spectrum of the isolated adsorbed
dye in solution.

This measured modified absorbance can then be used to predict
within the Mie-shell model the concentration dependence as shown
in Fig. 2b (dashed lines). The shell thickness Ly, which is an ‘effec-
tive’ monolayer thickness in this model*?, was adjusted to L = 0.6 nm
to reproduce the observed evolution of the relative intensity of the
two peaks. The predicted spectra are in close agreement with the
experimental results, barring the scaling factor of 5.3 previously dis-
cussed. One may nevertheless notice that the theory predicts a larger
blueshift at high concentrations than observed experimentally. This
discrepancy is consistent with the expectation that the dye is prefer-
entially adsorbed flat. As discussed in Fig. 1d, the blueshift is related
to side-by-side interactions between induced dipoles perpendicular
to the metal surface, and would be much less prevalent for flat
adsorption. The general agreement between theory and experiment
in Fig. 2b provides strong evidence that the observed changes in
relative peak intensities can be attributed to dye-dye interactions
and that these effects can remain important even at very low con-
centrations, here down to ~10nM, in a regime where many
surface-enhanced spectroscopy experiments are carried out.

We have also extended this study to other chromophores com-
monly used in surface-enhanced spectroscopies, namely Crystal
Violet (CV), Nile Blue (NB) and Rhodamine 6G (RH6G), adsorbed
onto the same silver colloids. Those complementary results are sum-
marized in Fig. 3. Of the four dyes, CV exhibits the most noticeable
change in absorption, with a ~90 nm blueshift to 500 nm from its
main absorption peak in water at 590 nm. Such a dramatic spectral
shift suggests a major chemical change for the adsorbed species. CV
is known to be sensitive to pH*?, because the number of protonated
nitrogen groups strongly affects its resonance. We speculate that
chemical binding to silver may have a similar effect here. In contrast
to CV, NB shows no major resonance shift, which may be
interpreted as a weaker interaction with the surface through physi-
sorption. A broadening of the absorbance spectrum at long
wavelengths is also observed and could be attributed to inhomo-
geneous broadening as a result of varying surface-dye interactions
from one molecule to another. Finally, the observations for RH6G
are comparable to those of RH700, except that even lower concen-
trations (down to 2.5nM) are necessary to reach the regime
where dye-dye interactions become negligible. In fact, at 10 nM,
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Figure 2 | Differential absorbance measurements. a, Schematic of set-up and principle of measurement of the differential absorbance of dyes on
nanoparticles. b, Measured (solid lines) and predicted (dashed lines) differential absorbance spectra of RH700 at concentrations of 6, 12 and 24 nM on
silver nanospheres (30 nm radius, 8 pM). Those spectra are redshifted by ~20 nm compared with the reference RH700 spectrum in water (shown in grey).
Note an intensity scaling factor of ~5.3 is necessary to quantitatively match experiments and theory (see discussion in the text). The modified surface
polarizability of RH700 was modelled as a double-Voigt-type resonance, with the same oscillator strength as bare RH700 and parameters adjusted to fit the
experimental surface absorbance spectrum measured at 6 nM. The effective thickness of the shell was adjusted to Lp = 0.6 nm. ¢, Comparison between the
deduced absorption spectra of adsorbed RH700 and the reference bare RH700 (inset: chemical formula of RH700).

the spectrum is clearly strongly modified by these -effects
(Supplementary Section V). This may be because dimer formation
is more likely, as suggested in previous studies, but further work
is necessary to fully elucidate this aspect. The most likely expla-
nation for the observed redshift for RH700 and RH6G is that the
metallic surface perturbs the electronic structure of the molecules—
as would any dielectric environment—as predicted from density
functional theory (DFT) calculations**.

In terms of absolute spectrum intensity, NB exhibits an absorp-
tion enhancement factor comparable to that of RH700, that is, on
the order of 1.2 assuming conserved oscillator strength and a
much smaller than predicted isotropic enhancement of (M) ~ 6.4
at 650 nm. This is consistent with a flat adsorption geometry, as
independently confirmed for NB in air on gold surfaces*'. CV and
RH6G exhibit larger apparent absorption enhancements on the
order of 4, the largest (assuming a preserved oscillator strength)
being for RH6G at ~4.4. This smaller discrepancy with the predicted
isotropic enhancement of (M) ~ 12 at 540 nm suggests that RH6G
does not adsorb with its electronic transition dipole exactly parallel
to the metal surface like RH700 and NB. This is consistent with its
non-planar geometry, due to an additional ring oriented perpendicular
to the main backbone. Further extensions of the EM model to
anisotropic and inhomogeneous dye layers will be necessary to
confirm the importance of orientational effects.

Discussion and conclusion
Our proposed technique, based on the measurement of the differen-
tial absorbance of a sample inside an integrating sphere, provides a
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unique approach to experimentally access the surface absorbance
spectra of chromophores adsorbed on nanoparticles. It could also
be directly applied to the study of non-metallic nanoparticles and
using an ultraviolet light source, to molecules other than dyes.

Our results clearly highlight the great potential of this technique
for ultrasensitive absorbance measurements in the presence of
strongly scattering media, such as solutions of metallic colloids.
The ability to measure the surface absorbance of dyes on metallic
nanoparticles paves the way for more detailed studies of both
dye-surface and dye-dye interactions. Recent related works in this
area®*® have been limited to adsorbed molecules on flat metal
films and exposed to air, using polarization- and/or angle-depen-
dent transmittance/reflectance spectroscopy. In such studies, it is
extremely challenging to reliably control the molecular surface cov-
erage/concentration because of the solution-to-surface transfer step.
Moreover, the ambient medium can have a strong effect on the
absorbance of dyes, and the results obtained in air cannot be
easily compared to the reference measured in water. Our method
mitigates both of these issues by working in solution and can
reliably reach sub-monolayer concentrations.

Two important conclusions stand out from this study, which we
expect to have many implications. First, modifications of the
intrinsic dye polarizability upon adsorption on metallic nano-
particles appear to be the norm rather than the exception.
Second, further modifications arising from dye-dye interactions
remain important even at relatively low surface coverage, in fact
in a range relevant to many experiments. Both of these effects
should be carefully considered for many experiments involving
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Figure 3 | Differential absorbance spectra of common dyes adsorbed on silver nanopatticles. a, Crystal Violet. b, Nile Blue A. ¢, Rhodamine 6G. The colloid
concentration is 8 pM. The dye concentrations are low enough (10, 10 and 2.5 nM, respectively) to avoid any effects from dye-dye interactions. Dashed lines
are the reference spectra in water that would be measured at the same concentration, scaled for easier visualization. The oscillator strength enhancements in
each case are 3.4, 1.2 and 4.4, respectively. The dye chemical formulae are reproduced at the top of each panel for reference.

dyes adsorbed on the surface of metallic nanoparticles, notably
molecular plasmonics (strong coupling, plexcitonics) and SERS,
SEF and other surface-enhanced spectroscopies. As an example,
the experimental determination of SERS enhancement factors?
typically assumes that the polarizability of the probe molecule is
not modified upon adsorption. In view of our results, this assump-
tion should clearly be revisited for experiments in resonance or
pre-resonance conditions, with implications for the debate over
the ‘chemical enhancement’” mechanism*. Although a small shift
as observed for RH6G may not have any significant effect, the con-
sequences of the large shift observed for CV should be major and
for example be clearly evident in wavelength-dependent measure-
ments of SERS enhancement factors. Similarly, in the context of
molecular plasmonics, most studies are interpreted in terms of
coupling between dye and plasmon resonances, where the dye
(or J-aggregate) spectrum is assumed to be unchanged in contact
with the metal. While this may be the case for some molecules,
our results suggest that such an assumption should be carefully
checked on a case-by-case basis and that dye-dye interactions
and/or absorbance modification may play a major role in interpreting
experimental results.

Beyond those direct consequences, we anticipate that our exper-
imental findings will spark a fruitful discussion on the interpretation
of the observed spectral changes for different molecules. New exper-
imental access to such a regime of molecule-metal interaction with a
non-obtrusive optical technique will undoubtedly encourage further
tests and refinements of DFT predictions of the resonance of dye-
metal complexes. It will also offer a deeper insight into the subtle inter-
play between electromagnetic effects, including selection rules linked to
preferential orientation on the surface and those of a more chemical
nature attributed to changes in the electronic configuration of a mol-
ecule physisorbed or chemisorbed onto a surface. A refined under-
standing of these mechanisms will have a profound impact on the
interpretation and further development of surface-enhanced Raman
scattering, chiroptical or fluorescence spectroscopies.
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Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Materials. All dyes and nanoparticles were used as purchased and diluted
appropriately. Rhodamine 700, Rhodamine 6G, Nile Blue and Crystal Violet were
purchased from Sigma Aldrich in powder form and mixed with ultrapure MilliQ
water to the desired stock concentration (in the range 10-100 uM). Stock solutions
of 60-nm-diameter citrate-covered silver nanospheres in water (particle
concentration 1.9 x 10'® ml™', equivalent to 32 pM) were purchased from
Nanocomposix and stored sealed in a fridge at 4 °C.

Absorbance measurements. A modified Ocean Optics ISP-80 integrating sphere
was used for all absorbance measurements. Volumes of 2 ml of solution were
pipetted into a cylindrical glass tube (67.5 mm long, 7 mm external diameter, wall
thickness 1 mm) and were carefully inserted into the integrating sphere through a
port in the north pole. A custom holder was used to ensure reproducibility of the
tube position and orientation. White-light illumination was provided by a 100 W
halogen lamp and delivered to the sphere’s equatorial port via a ThorLabs 1,000 um
0.22 NA optical fibre. Collection was made via a similar optical fibre (910 pm,
0.22 NA) inserted into a custom-drilled detection port in the bottom of the sphere
and coupled to an Ocean Optics USB-2000+ spectrometer with 100 pm entrance
slits and a detection range of 200-850 nm. Spectra were acquired as the average of
10,000 individual 1 ms spectra (giving an effective total exposure of 10 s) and
corrected with identically acquired dark spectra. Care was taken to avoid the
nonlinear region of the detector, keeping counts near one-quarter of the
charge-coupled device pixel well-depth.

Absorbance spectra were then obtained from the standard relation
A(A) = -logo(Is(A)/Ir(A)), where Is and Iy are the detected intensities of the sample
and reference. For the differential absorbance of adsorbed dyes on nanoparticles, the
reference is the same nanoparticle solution with no dyes. All differential absorbance
spectra were then corrected by the effective path length, Lyphere = 2.4 cm, to yield the
optical density in cm™. Ly, Was determined by measuring the absorbance of
Eosin B and Nile Blue in water inside the sphere and comparing to the absorbance
measured in a standard UV-vis set-up. Moreover, because Eosin B is negatively
charged, it does not adsorb to the silver nanoparticles and its absorbance spectrum
inside the sphere is unchanged when measured in colloidal solution. This confirms
that the strong scattering of the colloidal solution has no effect on the differential
absorbance spectra. See Supplementary Section III for further details.

Sample preparation. All colloid samples were prepared according to the guidelines
outlined in ref. 49. Each set of measurements required a reference solution.
Reference samples were prepared by first mixing 500 pl of silver colloid solution with
500 pl of 2 mM KCl to displace the citrate capping layer (without inducing
aggregation®). This solution was then mixed with 1 ml of MilliQ water and the
resulting 2 ml (with a final colloid concentration of 8 pM) was pipetted into a
cylindrical glass tube. The same procedure was performed for dye-colloid samples
but replacing the water in the final dilution by twice the desired concentration of dye.
For each concentration series, the same vial was used to ensure exactly the same vial
geometry for all measurements, and concentrations were tested going from reference
(no dye) to the highest dye concentration sequentially. Vials were cleaned with aqua
regia before measuring and were rinsed thoroughly with water and ethanol after
measuring each sample.

Note that this method relies on the assumption that the addition of dyes (which
are charged) to colloids does not induce any intrinsic change in the colloid, in
particular aggregation. Were aggregation present in the dye-colloid sample,

referencing with bare colloids would no longer be valid. For the dye concentrations
and the type of colloids used here, aggregation is not expected and would be evident
in the appearance of a longer-wavelength absorption peak associated with
nanoparticle aggregates, which is not present in the spectra measured.

Theory. Theoretical predictions of the optical properties of the dye layer were
carried out using an isotropic shell model as used in most recent studies of strong
coupling in molecular plasmonics?»2>27:303133:353¢_Thig consists of solving the
electromagnetic scattering problem for a metallic nanosphere covered by a thin
spherical shell (of thickness Lp,) with an effective dielectric function that models the
dye response. Note that L, can here be viewed as an effective thickness, only loosely
connected to the physical size of the dye molecule; that is, it is an adjustable
parameter (whose meaning is defined more precisely in ref. 42). To study the dye
concentration dependence, it is necessary to start from the polarizability of the
individual dyes and account for local field corrections using the Clausius-Mossotti
(CM) relation in the two-dimensional dense dye layer, as one would do in a

bulk three-dimensional phase. This has been studied in the past*? and we

adapted it to the case where the dyes are embedded in a medium, here water

with a dielectric constant ey = 1.77. The effective dielectric function of the dye
layer is then

1+ 28y + &p)
Edye = 1&71\43) 1
- 3@y + ap)
where &, and &, are the normalized bare polarizabilities of the solvent and dye
molecules. The former is simply deduced from the standard CM equation in a
pure phase

ey — 1
&y + 2

&y =3 (=0.61) @)

The latter depends directly on the density of dyes in the shell layer, via the
concentration of dyes ¢ (note that this is related to the number of dyes per unit
area yp by cp ~ pp/Lp)

dp(w) = o ? ®)
0

The bare polarizability ap(w) can be deduced from the measured optical absorbance
of the dye up to a constant related to the static polarizability, which is calculated by
DFT (see Supplementary Section I for details).

The electromagnetic problem is solved using Mie theory for multilayered spheres
using standard codes®’. The dielectric function of silver is taken from the analytical
fit in ref. 6. (Mjoc(A)) is calculated for the nanoparticle-only model, by taking the
average of the field intensity enhancement factor on the spherical surface in the
middle of the thin shell.
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S.I Polarizability of dyes

S.I.1 Link between polarizability and absorbance

In practice, one cannot easily measure the frequency-dependent complex polarizability of a
dye, but its imaginary part can be deduced from the absorption cross-section, ,ps(w). The
latter is readily obtained from a standard UV—-Vis absorbance measurement of the dye in
solution at a known concentration. Explicitly, oaps(w) is related to the bare polarizability of
the dye ap(w) by

(GM + 2)2i1m [OCD(CL))] 7 (Sl)

9em  €oc

where €, = n3; is the dielectric constant of the surrounding medium (in this study water

O'abs(w> =

with ny, = 1.33), ¢ the speed of light in vacuum, gy the permittivity of free space. From

this, we deduce (as a function of wavelength \ = (27¢)/w for convenience):

tiap(Y) = 2L () s2)

If the measured absorbance spans a sufficient frequency range, the Kramers-Kronig relations
may be applied to infer the real part of ap(A), possibly up to a constant value accounting
for lower-energy transitions. This constant can be determined from a knowledge of the static

polarizability, which may be obtained from DFT calculations (see Sec. S.I.3 below).

The bare polarizability describes the isolated dye molecule in a vacuum; the Clausius-
Mossotti equation is therefore applied to account for the dye-solvent and dye-dye local-
field corrections. The result of this theory, described in the Methods section of the main
manuscript, is a concentration-dependent effective dielectric function that is used in the Mie

calculations for our shell model.

Note that for simplicity, we have here considered an isotropic polarizability; a more

rigorous derivation could include explicitly the orientation averaging of a uniaxial polariz-
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ability tensor, but the same result is obtained by simply replacing ap by Tr(ép)/3, where
Tr denotes the trace of the tensor. For a uniaxial tensor (the case of most dyes) along the

z-axis, we then replace ap by «a,./3 in Egs. 1 and 3.

S.I.2 Theoretical fits of bare polarizabilities

For convenience, we have used for our theoretical models simplified analytical functions
for the polarizability, which closely reproduce the experimentally-measured absorbance. A
particularly useful choice of a polarizability model is one that satisfies the Kramers-Kronig
relations by construction. A Lorentz oscillator (or a sum of them) is the most commonly
used example. 217

In the example of Figure 1, we use a sum of two Lorentz oscillators to model the
response of a typical dye (chosen to model Rhodamine 6G) with a resonance at 526 nm and

a vibronic shoulder at 496 nm:

a(N) = Ogatic + G [ ! - 1] (S3)

RS
n=01 Hn |1—7— v

with the following parameters:
Ao = 526 nm, po = 10000 nm, ap = 58 x107¥S.1
A1 =496nm, p; = 6000 nm, a; = 1.55x10738S.1.
Qgtatic = 0.96 x 10738 S.1.

The parameter g (corresponding to the static polarizability, for A — co) was obtained

from a DFT calculation of Rhodamine 6G (see Sec. S.1.3).

A similar model can be used to describe the polarizability of Rhodamine 700 (studied
in Fig. 2 of the main text). The parameters «,,, A,, and p, can be determined from a fit

to the experimental absorbance spectrum using Eq. and Qgatic 1S again obtained from a
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Figure S1. Fit of the experimental Rhodamine 700 absorbance spectrum, shown in blue.
The sum of two Lorentz oscillators (red) shows broader wings. In comparison, the double-
Voigt-like lineshape (yellow) gives a more accurate fit.

DFT calculation. We get for RH700:

Ao = 642nm, po = 10500 nm, ap = 815 x 10738 S.L.
A1 = 589nm, p; = 8800 nm, a; = 2.8x 1073881
Qlgtatic — 1.15 % 10_38 S.L

Note that most dyes have a strongly uniaxial polarizability tensor at their main electronic
resonance. The parameters above correspond to the polarizability along the main axis (i.e.

a, for the z-axis) and the corresponding scalar polarizability is simply ap = . /3.

A more accurate model of the spectral lineshape can be obtained by considering al-
ternative analytic functions; indeed, a sum of one or several Lorentzian oscillators rarely
provides a good fit to the absorbance of a dye, in particular, for the long-wavelength “wing”
of the peaks. We therefore also considered a continuous sum of Lorentz oscillators inhomo-

geneously broadened by a Gaussian distribution of oscillator frequencies, ® which is similar

NATURE PHOTONICS | www.nature.com/naturephotonics 4
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to the Voigt lineshape. Explicitly:
(WO*@n)Q}

Oann too 1 eXp |:_ 202
(W) = Qstatic + 11— / dw n
() = Astar nzzm Wn [ N L o — e

(S4)

The parameters deduced from the absorbance of Rhodamine 700 in water are:
2mc/wy = 642.9 nm, ap = 8.5 x 10737 S.1.
[o/(2mc) =56.4cm™t,  oy/(2mc) = 354.7cm ™!
27c/wy = 593.7 nm, a; =117 x 10737 S.1.
[y/(2mc) =338.4cm™,  01/(27c) = 554.7cm ™!

Qgtatic = 1.15 x 10738 S.1.
As shown in Fig. [ST], this model results in a much better fit of the absorbance of Rhodamine
700 (and other dyes not shown here), and by construction preserves Kramers-Kronig consist-
ency. This is especially better at representing the correct long-wavelength tail of absorption
(note also that a third higher energy peak could be added if we wanted to model the short-
wavelength part). This analytical expression also proves very useful to model the modified
polarizability of adsorbed dyes. For example, for RH700 the modified polarizability shown
in Fig. 2c was obtained using the same parameters as RH700 in water with the following

modifications:

wpy/(2me) = wy/(2mc) — 620em™, af = 1.08ay o} = 1.20¢
wi/(2me) = wy/(2mc) —510em ™, o) = 0.98a;

All the other parameters are unchanged.

The overall scaling was set by conservation of the oscillator strength f of the transitions

as calculated from
 432x 1077

Ui

/ | ey, ($5)
where 7 = 1/ is the wavenumber in cm™! and &(7) is the decadic molar absorption coefficient

incm *M~L
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S.I.3 DFT calculations of static polarizabilities

Values for aggaic were calculated using density functional theory (DFT). Specifically, we
used the package Gaussian09 X and employed the hybrid functional PBEO 1212 with triple
zeta basis set def2tzvp P to perform molecular geometry optimizations and polarizability
calculations. From the resulting static polarizability tensors (given in the coordinate frame
of the molecules) we choose the polarizability component oriented along the dominant axis
of the molecule as representative of the polarizability ag.ie of the electronic state in the
limit of A — oo. For example, for Rhodamine 700 we get afb700 = 1.15 x 107* S.1. and for

static
Rhodamine 6G of6G =96 x 10739S.1..

static

S.IT Effect of colloid size dispersion

For the sake of simplicity, the theoretical predictions presented in the manuscript considered
identical silver nanospheres, with a fixed radius of 30 nm corresponding to the nominal size
specified by the manufacturer. In this section we motivate this simplifying assumption by

showing explicitly how little the variation in particle size affects the model.

Figure summarizes the theoretical predictions corresponding to Fig. 1(d) of the
main manuscript, but with a distribution of particle sizes corresponding to our experimental
conditions as specified by the manufacturer, namely a Gaussian distribution with mean
radius 30 nm and standard deviation 3nm (panel (a)). Varying the particle size affects the
local field intensity enhancement factor, (M), as shown in panel (b) for three specific radii.
A general decrease of (M,.) with increasing particle size is expected, following an increase
in radiative damping. The dipolar resonance of the silver nanosphere also red-shifts with
increasing radius, but in the range of sizes relevant to this simulation the peak wavelength

remains well on the high-energy side of the dye resonance (526 nm). In panel (¢) we reproduce
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Figure S2. (a) Gaussian distribution of silver nanosphere sizes specified by the manufacturer
(average radius 30 nm, standard deviation 3nm). (b) Surface-averaged local field intensity
enhancement factor, (Mi,)(A), for nanosphere radii of 25, 30, and 35nm. (c) Same predic-
tions as shown in Fig. 1(d) of the main text, but taking into account the size distribution
shown in (a). For comparison, the dashed lines reproduce the results of Fig. 1(d) for a single
size of 30 nm-radius.

the Mie simulation of Fig. 1(d) (dashed lines), and compare it to the case of polydisperse
nanoparticles (solid lines, the size distribution being that shown in panel (a)), as a function
of dye concentration in the shell layer. The spectra were normalised by the (M),.)(\) factor
corresponding to the nominal particle size of 30 nm, as in Fig. 1(d). Spectral changes are
very small, below 0.3% of the peak value regardless of dye concentration (see inset for a
close-up of the region with strongest discrepancy). We conclude from these simulated data
that the differential absorbance results are robust against (small) variations in colloid size
and that the polydispersity in particle size in our experiments does not affect any of the

interpretations.
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S.III Differential absorbance in the integrating sphere

set-up

S.III.1 Absorbance measurements

In Fig. we present examples of absorbance measurements. Absorbance spectra are ob-
tained as:

I ample
ASphere(A) = - loglo &7 (86)

where Isample and Igeference are, as the names suggest, the intensities of the sample and
reference solutions, respectively. Every raw spectrum is first corrected by subtracting a dark
spectrum under identical acquisition conditions with the shutter closed. Note that by taking
the ratio of intensities, absorbance spectra are automatically normalised with respect to the
lamp spectrum (shown on the left for reference); the lamp intensity is only an important
factor for the signal-to-noise ratio, particularly in the blue—near-UV, or if it presents spectral

drifts over time.

The data shown in Fig. [S3|(b) were acquired for a sample of 60 nm Ag colloids (8 pM),
and those same colloids mixed with 100nM of Eosin B, both using water as a reference
spectrum. Eosin B is here used for calibration as it is negatively charged and does not
adsorb on the colloid. Hence its absorption spectrum should not be modified (see Sec. S.I1.2
below). Differential absorbance measurements were typically obtained by using the NP-
only solution as a reference, instead of water, but note that this is equivalent to taking the

difference between the absorbance spectrum of the NP-dye and NP solutions, i.e.:

I o o
5ASphere()\) - - lOglO NZ:IF;)Y = Ag;il—gliy (A) - Agpﬁlere<)\)' (87)

The differential absorbance obtained from the difference between the two spectra in Fig. (b)
is for example shown in Fig. [S4|(a).
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Figure S3. (a) Spectrum of the halogen lamp with a water solution in the sphere. Integration
time was 1 ms and the spectrum is averaged over 10000 spectra. (b) Absorbance spectra of
the Ag colloids (8 pM) and a mixture of Ag colloids (8 pM) with the dye Eosin B (100 nM).

S.II1.2 Effective path-length in the integrating sphere

In contrast to a standard UV—Vis experiment, the optical path-length is not trivially defined
for our configuration with the sample inserted inside the integrating sphere. Through the
process of multiple reflections inside the sphere, incident light rays present an increased prob-
ability of interacting with the sample. As a result, the Beer-Lambert law has to be modified
with an effective path-length Lgppere(A), which in principle depends not only on wavelength,
but also on the absorbance and scattering of the sampleX® The best strategy to normalise
the measured absorbance and obtain an absolute measure of the optical density in cm™! is
to measure the effective path-length by a direct comparison with standard UV—Vis measure-
ments, for a dye of known concentration. Note that for a dye solution, scattering is negligible

and the optical density deduced from the sphere should be identical to that measured from

extinction in a standard UV-Vis experiment. The two spectra should therefore coincide up
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Figure S4. (a) Acquired absorption spectra of the dye Eosin B at 100nM against water
measured in a standard UV-Vis setup with a 1 cm cuvette (blue) and inside the integrating
sphere (red). The differential absorbance for the same dye in Ag colloid solution (8pM)
is also shown in yellow. (b) Similar results for Nile Blue which has a peak absorbance at
~ 635nm in water. From those measurements, we infer that the effective path length is
approximately constant at Lgphere = 2.4cm in the range 450-700nm and is not affected
by the absorption and scattering of the NP solution at the concentration where all our
experiments were performed.

to a multiplication factor, the ratio of effective path-length Lgpnere(A) to UV-Vis path length

(which is the standard 1cm in our case).

We present in Fig. [S4(a) the results of this experiment for the dye Eosin B. The
measured increase in path length due to the integrating sphere, Lgphere, Was found to be
approximately constant at 2.4 cm in the spectral range where Eosin B absorbs (450-560 nm).
A similar test was carried out for Nile Blue (Fig. [S4|(b)), which gives Lgppere ~ 2.2 —
2.6 cm in the spectral range 560-700 nm. Since this discrepancy is within our experimental
uncertainties, a constant Lgphere Of 2.4 cn was chosen for simplicity to convert all our sphere

absorbance spectra into absolute absorbance (or optical density) in cm™!.
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Finally, we note that Eosin B is negatively charged and thus does not adsorb to colloids.
As such it provides an ideal test for determining if the absorption and scattering of the
colloids affects the measured absorbance of the dye (which would occur in strongly absorbing
or scattering media, as the path-length would be affected™). The differential absorbance
spectrum of Eosin B in colloids is also shown in Fig. [S4(a) and matches almost exactly that
of the molecule in water, confirming that in the present experimental conditions the colloid
response has no effect on the measured dye absorbance. Given those calibrations, all sphere
spectra were corrected for the effective path-length to obtain absolute absorbance values in

cm~! as follows:
_ ASphere(/\)

A(N) Lo
phere

, with Lgphere = 2.4cm™ . (S8)

S.III.3 Post-processing and baselines

Slow drifts in the lamp spectrum, slightly inaccurate referencing induced by minute variations
in the colloid concentration, or small changes in sample geometry, can cause variations
in measured intensity. This results in spectrally smooth backgrounds in the absorbance
and differential absorbance measurements. To account for these instrumental limitations,
we performed standard baseline correction on all our absorbance measurement. This is
illustrated in Fig. where we explicitly show the data post-processing that was applied to
the experimental spectra presented in Fig. 2a of the main manuscript, for Rhodamine 700

at 6, 12 and 24 nM respectively.

S.III.4 Sensitivity

These baseline corrections are only applicable if the baseline is sufficiently smooth and if
the spectral variations are small compared to the sample spectrum to be measured. This

ultimately limits the sensitivity of the method. In our current implementation, the detection
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Figure S5. (a) Differential absorbance of Rhodamine 700 on Ag colloid (same data as
Fig. 2). The raw absorption spectra are first smoothed using a 31-pixel moving average
filter. It is is clear from these plots that this step does not introduce any artefacts. Then,
a second-order polynomial background (dashed lines) is subtracted from each spectrum to
account for slowly-varying changes in the baseline between the sample and its reference.
The resulting, path-length-corrected spectra, are shown in (b) and in Fig. 2(a) of the main
manuscript.

limit for the differential absorbance measurements is of the order of ~ 10~*cm™!, which
arises from slight imperfections when referencing against the nanoparticle-only solution (see
Fig. [S6|(a)). For a dye like Rhodamine 700 adsorbed on the nanoparticles, this corresponds
to a concentration of ~ 3nM. As illustrated in Fig. (b), the absorption spectrum can be
observed, but the large uncertainties from the baseline corrections mean that the spectral
shape cannot be extracted with sufficient accuracy for the present study. For comparison, we
also show an absolute absorbance measurements (referenced against water) for Rhodamine
700 in water at the same concentration of 3nM (Fig. [S](c)), where referencing problems are

also visible.
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Figure S6. (a) Quantification of the error associated with replacing the NP+dye sample
with the NP-only reference. This is here illustrated by measuring the absorbance spectrum
of the silver colloid solution against itself (the solution is physically removed and replaced
by an identical one). Spectral variations of the order of 107 cm™! are typically observed.
Although not observed on this example, spectrally-flat offsets (of up to 1073 cm™!) are also
commonly observed but easily removed. (b) Differential absorbance of Rhodamine 700 on
NPs at a concentration 3nM. The uncorrected spectrum is shown alongside a best-guess for
the baseline and the corrected spectrum. It is clear that a large uncertainty remains at such
low concentrations. (c¢) Absorbance spectrum of Rhodamine 700 in water at a concentration

3nM.

S.IV Low concentration regime of Rhodamine 700

Two approaches can be used to deduce the modified Rhodamine 700 polarizability from its
differential absorbance spectrum do,ps(A) measured at 6 nM. In the first one, we choose an
analytic model for the polarizability (a double-Voigt-type peak as described in Sec. S.1.2)
and use the Mie-theory/effective shell model to predict the 6 nM differential absorbance spec-
trum. The parameters of the polarizability are then adjusted to ensure agreement between
predictions and experiments. This approach in principle works even if dye-dye interac-
tion effects are important (providing they are captured accurately by the theory). In the
second approach, we do not rely on the model correctly accounting for dye-dye interaction
effects. We directly deduce the modified absorbance from do,ps(A) corrected by the predicted
plasmonic enhancement (M.(A)), i.e. d0aps(A)/(Moe(N)). The two approaches should be
equivalent if dye-dye interaction effects are negligible. As shown in Fig. they only differ
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Figure S7. Modified molar absorbance of the dye RH700 deduced from the 6 nM differential
absorbance using two alternative approaches (see details in the text). The close agreement
between the two spectra confirms the negligible influence of dye—dye interactions for concen-
trations below 6 nM.

by a minute shift of 1nm in their predicted modified absorbance, therefore confirming the
negligible influence of dye-dye interactions at 6 nM for RH700, and reinforcing the valid-
ity of our derived modified polarizability. This also suggests that reducing further the dye

concentration would result in the same spectrum, up to a negligible shift.
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Figure S8. Concentration dependence of the differential absorption spectrum of Rhodamine
6G adsorbed to Ag colloids measured at 2.5, 5, 10, 15 and 20nM. The black lines indicate
the peak transitions for the lowest concentration (2.5nM) at ~ 538nm and ~ 511 nm. As
the concentration increases to 20 nM there is a clear blue shift in the peak positions along

with a change in relative intensities of the two peaks.

S.V  Concentration dependence for Rhodamine 6G

A concentration dependence similar to that shown in Fig. 2(a) for Rhodamine 700 is shown
in Fig. for Rhodamine 6G. The same general features are observed: change in relative
peak intensities and slight blue-shifts, as a result of dye-dye interactions. The main difference

with RH700 is that those dye-dye interaction effects are observed at a lower concentration.
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