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ABSTRACT: Photobleaching is a widespread problem in any
optical study or application involving fluorophores and is
particularly acute in the context of single-molecule detection.
Fluorophores adsorbed on metallic nanostructures are not
immune to this problem, but little effort has been devoted to
understanding how photobleaching is modified on metallic
surfaces and if any additional mechanisms are involved. Here,
we tackle this issue both theoretically and experimentally. We
present a model accounting for the modification of the
standard triplet-state-mediated photobleaching mechanism on
metal nanostructures supporting plasmon resonances. The
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wide distribution of enhancement factors on the surface is shown to result in an extremely nonexponential decay with a range of
decay rates covering several orders of magnitude. This model is verified experimentally by performing time-dependent and
power-dependent surface-enhanced Raman and fluorescence measurements on uniform arrays of gold nanodiscs with tunable
plasmon resonances. We, moreover, discuss the possibility of extracting the enhancement factor distribution from such
experiments. Finally, additional mechanisms of photobleaching associated with photoinduced heating of the metallic
nanostructures are shown to play a role in some conditions. This study of photobleaching on nanoantennas paves the way for
developing new techniques to either mitigate the problems or further exploit them.

B INTRODUCTION

Over the past decade or so, there has been a steady interest in
exploiting the electromagnetic enhancements arising from
plasmon resonances in metallic nanoantennas to boost the
spectroscopic signals of fluorophores and other molecules;
surface-enhanced fluorescence (SEF) and surface-enhanced
Raman spectroscopy (SERS)' are the most prominent
examples. Increasing efforts have also recently focused on
exploiting metallic nanoparticles and plasmon resonances to
enhance photochemical and photocatalytic reactions.””> The
main emphasis in this case is on the use of hot electrons excited
via the plasmon resonance, although electromagnetic enhance-
ments may also play a role. At the crossroad between those two
streams of research, one particular aspect of surface-enhanced
spectroscopies that has been largely overlooked so far is how
the metallic nanostructures modify the photobleaching (PB)
properties of fluorophores. Related to this is the question of
how such modifications may affect the performances of SERS
or SEF-based techniques. Although photobleaching can be
exploited for specific purposes,’ it is usually a significant
concern in any form of fluorescence studies or applications
(e.g., biotags), as it places a limit on the number of photons
that can be collected from a single fluorescent molecule before
the emission ceases. It is common knowledge that SERS and
SEF are not immune to these photostability issues, as
evidenced, for example, by the decay of the signals’ or by the
appearance of the characteristic broad Raman peaks of
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amorphous carbon.* '* Tt has also been shown that these
effects could have a dramatic impact on the apparent SERS
enhancements'' and, therefore, on any application of the
technique. Even nonresonant molecules are affected by
photostability issues,'” although the mechanisms involved are
expected to be different from those for fluorophores. Despite
the fact that some of these effects were theoretically predicted
more than 30 years a§o13 and that isolated preliminary studies
have been attempted, * no dedicated experimental studies have
so far been carried out to elucidate the mechanisms of PB of
fluorophores near metallic nanostructures. Despite their
obvious importance for any practical applications of SEF and
SERS, simple questions have not yet been addressed in detail:
Does a metallic nanoparticle improve or reduce the photo-
stability of fluorophores? Does the local field enhancement
affect the photostability and, if yes, by which amplitude and
mechanism? The latter is especially important when consider-
ing the extreme (long-tail) nature of the EF distribution in all
hot-spot-containing substrates."> It would imply a similarly
nonuniform and extreme distribution of PB decay rates, which
would severely complicate any interpretations of SERS/SEF
experiments with fluorophores. From a more positive point of
view, a detailed understanding of the link between EF and PB
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Figure 1. Theoretical predictions of photobleaching decay on nanoantennas. (a) Jablonski diagrams representing transitions (and associated rates I")
involved in the fluorescence and photobleaching processes in standard conditions and for a fluorophore adsorbed on a metal surface. The dashed
lines correspond to nonradiative transitions. (b) Predictions of the normalized intensity decays from eq 1 (normal fluorescence) and from eq 10
(SERS) for a truncated Pareto distribution of enhancement factors: p(M) = 2AM™ "% for M, < M < M, The parameters are set as k = 0.4, M,

in —

= 1, and either M, = 10 or 10*. The power density is S, = SO W cm™2 and the PB parameters are taken as 73 = 3.2 X 107*s™ W™ cm? and a5 = 8
x 1078 s7! W™ cm? Both uniform excitation (solid lines) and Gaussian beam excitation (dashed lines) are considered.

rate would allow us to derive the full EF distribution from
measurements of the PB dynamics, in the same spirit as the
experiments in ref 12 using nonresonant molecules.

It is the aim of this study to tackle these outstanding
questions. To do so, we provide a simple theoretical description
of the modified PB properties where the enhancement factor
distribution is explicitly factored in. This model is validated
experimentally by studying the time dependence of the surface-
enhanced resonance Raman scattering (SERRS) signal for the
fluorophore Nile Blue (NB) adsorbed on the surface of arrays
of gold nanodiscs. By varying the incident power densities, PB
decay rates spanning 5 orders of magnitude are evidenced on a
single substrate, providing strong experimental confirmation for
the spread of the EF distribution and its close relationship with
PB. We further discuss how some properties of the EF
distribution, such as the maximum EF, can be extracted from
the measured PB decay curves. Finally, an additional
concomitant PB mechanism is evidenced for the largest
power densities. Further experiments allow us to attribute
this regime to a photoinduced temperature increase, high-
lighting the possible importance of thermal effects in the PB
dynamics.

This study therefore provides a detailed theoretical and
experimental investigation into the mechanisms of PB of
fluorophores on metallic nanostructures supporting plasmon
resonances. As such, it will provide a solid basis for further
studies into new methods to mitigate PB effects and into
alternative mechanisms of PB (for example, for nonresonant
molecules) and how they relate to the EF distribution. Such an
outcome would have a large impact not only on SERS/SEF
research but also on applications of SEF in biology (e.g., for
biomarkers), where the use of fluorophores and, therefore, the
potential for photobleaching is unavoidable. Looking further
afield, the understanding of the link between EF distributions
and PB will also benefit recent efforts to exploit EM hot-spots

for other types of photochemical reactions.> =197
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B THEORETICAL FRAMEWORK

Despite its importance to SERS and SEF experiments, there has
not been much discussion of theoretical models of PB for
molecules on metal surfaces in the literature. Earlier works
studied the modification of the rates of the relevant physical
processes but did not consider the distribution of enhancement
factors.">'® More recently, the most detailed model was
arguably discussed in the appendix of ref 19, but it considered
only Gaussian profiles of enhancement factors. The effect of a
general enhancement factor distribution is discussed in ref 15
and is further developed in ref 20. However, none of those
works provide a physical explanation for the modification of the
PB decay rate or account for the change in excited state decay
rates.”’ A model accounting for all decay rate modifications is
presented in ref 1, but the effect of the enhancement factor
distribution is ignored. In this section, we expand and combine
all these steps into a complete quantitative model of PB on
metal surfaces accounting for decay rate modifications,
enhancement factor distribution, and nonuniform excitation.
We will here rely on the established electromagnetic model of
SERS"?*** and SEF,*** in particular recent developments in
the study of nonradiative processes,”"***° and studies of
enhancement factor distributions.'>'>*"** Only the most
relevant results that are needed to account for photobleaching
effects will be recalled, and the reader is referred to the previous
literature for further details on these models. We will also use
the same notations as in previous studies,"*>**%262730
Photobleaching in Standard Conditions. The exact
mechanisms of PB of fluorophores can be very diverse and are
arguably not fully elucidated.”> > Nevertheless, it is commonly
accepted that in most cases, irreversible photodestruction is
mediated via a transition from the excited singlet state S, to the
excited triplet state T (so-called intersystem crossing or ISC),
which causes it to be reactive with surrounding mole-
cules.****373% The key intermolecular interaction is between
the triplet excited fluorophore and oxygen molecules as this can
create oxygen radicals, which can then destroy the fluoro-
phore.**** Consequently, the probability that a molecule
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photobleaches is dependent on the time spent in the triplet
state, the reactivity of the molecule, and the surrounding
environment.*’

We here adopt the simplest ISC model capturing all relevant
processes in the molecule, as shown schematically in Figure 1la.
The PB quantum yield ¢y is the probability of destruction for a
molecule in S; and is the product of the probabilities of ISC by
that of irreversible bleaching while in T',. The rate of PB is then
simply 'y = [',%, where I3, is the rate of photon absorption
and is proportional to the incident laser power density S, that
is, [%,s = %S, Where o3y, is the absorption cross section. It
will be convenient to write I'S = y5S;, where 75 = 63,3 is an
intrinsic PB characteristic of the fluorophore and its interaction
with the environment. For a collection of identical molecules,
the fluorescence intensity can then be obtained as

Trngolt, S) = #, Qo Pexp (=7 S1t) (1)

where pu,, is the number of molecules per unit area, P; is the
laser power, and Q° = I'},q/(TRua + I'ir) is the fluorescence
quantum yield, with I}, and 'Yy the radiative and non-
radiative decay rates.

The decay is therefore monoexponential with a rate
proportional to the incident power density. Values for the
relevant parameters in the case of the dye Nile Blue used in this
study are provided in section S.I of the Supporting Information.

Photobleaching on Metallic Surfaces. On metallic
surfaces, all the decay rates whose underlying physical cause
is electromagnetic will be modified." In particular, the
absorption rate is enhanced by the so-called local field intensity
EF M, the radiative decay rate is enhanced by a factor Mg,q,
and there is a new nonradiative decay channel associated with
nonradiative emission into the metal (i.e., emission of a photon
absorbed by the metal) and whose rate is I'yg = Myl Roa- The
total modification of the excited state decay rate is therefore
My = Mg + Mype Mrpow, Mg,y and Myg relate to the
electromagnetic interaction of the fluorophore with the metal
surface and are independent of its intrinsic nonradiative decay
or quantum yield (which can be strongly fluorophore-
dependent).>"*%3%*" Note that M;,. and My, are of the
same order by virtue of optical reciprocity** and are typically in
the range 10°—10*. We will assume for simplicity that they are
equal, and we denote M = M, & My,q in the following. Myy is
responsible for fluorescence quenching and can be larger for
molecules directly adsorbed on the metal’"**** with typical
values about 10°. Myy is also strongly dependent on the
distance d from the surface (as 1/d° in a first approxima-
tion)*"*® and is responsible for the large variation in SEF
intensity as a function of d.

There is some discussion in the literature regarding plasmon
coupling from the triplet state,** but any modification to the
triplet lifetime is relatively minor. We can therefore assume that
the other transitions are not affected by the metal surface in a
first approximation, and the modified photophysical properties
can therefore be expressed in terms of the nonmodified ones as
follows:

IﬁAbs/F(“)\bs =M (2)
0 1 1
@/ 0y = ~
B QM +1- Q" QM 3)
7a/Ts = = N
P QM +1-Q%  Q°My, (4)

where the latter approximation is valid in most relevant cases.

Because of the reduction in excited state lifetime, the
probability of ISC to T is reduced accordingly. This results in a
strongly decreased PB quantum yield (eq 3). This means that
each molecule is able to emit on average many more photons
before it photobleaches (Q°Mr,, ~ 4000X more for Nile Blue if
Mo = 10°). In terms of the PB decay rate 'y, the decrease in
¢p is partly compensated by the increase by a factor M in the
absorption rate (eq 4). Because My, > M for molecules
directly adsorbed on the surface, one may nevertheless expect
from eq 4 an overall reduction in the photobleaching decay rate
for molecules on metal surfaces, at least when Q° =~ 1.

Both fluorescence (SEF) and Raman (SERS) signals are
modified on the surface,"*"** and assuming My,4 ~ M>* and
neglecting the Stokes shifts, the SEF and SERS enhancement
factors are

M? N M?
QM +1-Q"  QMy, (s)

Mggr =

2
Mggrs = M (6)

For a collection of molecules experiencing the same enhance-
ments and taking into account Mg, > (Q°)7, the time-
dependent intensities are then

M2
Ipi(t, Sp) = ﬂmQOUAObsPLQ()TeXP(_aBMSLt)

Tot (7)

Lpgs(t, Sp) = ﬂmdl({)amanPLMzexp(_aBMSLt) (8)
where

ag = 75/ (QMr,,) )

My, could in principle vary across the surface, but for
directly adsorbed fluorophores, it is entirely dominated by
nonradiative decay into the metal as shown in ref 21 and is
therefore approximately the same for all molecules (see also
section S.III of the Supporting Information). aj is therefore
constant and only depends on the fluorophore/metal
combination. For example, for Nile Blue on Gold, we can
measure Q°Mr,, = 4000, and we can infer from 3 = 3.2 X 107~
st W' em?® that @ = 8 X 1078 s7' W! cm? If all the
molecules were experiencing the same enhancement factor M,
eqs 7—8 would result again in a monoexponential decay with a
modified rate azMS;. Measuring experimentally this rate would
in principle result in an estimate of the enhancement factor M.

Effect of the Enhancement Factor Distribution. In
practice, most SERS/SEF substrates exhibit large variations of
the enhancement factor on their surface, resulting in an
extreme, lon%-tail, probability distribution p(M) of enhance-
ment factors.">">?" For example, a truncated Pareto distribu-
tion was proposed in ref 15 as a possible model. M can typically
vary over at least 4 orders of magnitude, and the photo-
bleaching rates of different molecules on the surface could
therefore differ by that much. The time dependence of the
SERS (or SEF) signal needs to account for this diversity
through integration of the probability distribution, explicitly

Lsgrs(t, Sp) _ Movex 2
e p(M)M exp(—agMS, t)dM
,"tm GRamanP L Minin ( 1 0)

From this, we see that the decay of the SERS signal is
somehow related to the EF distribution through an integral
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Figure 2. Gold nanodisc arrays. SEM images of the five gold nanodisc arrays used in this work and denoted A—E (a wide area image is also shown
for D). The nanodisc height is S0 nm, and the diameter d is varied as indicated to tune the localized surface plasmon resonances, as evident in the

extinction spectra shown on the right-hand side.

transform akin to a Laplace transform (this link is further
discussed in section S.IV of the Supporting Information). The
most important feature of those PB decays is that they are
strongly nonexponential because of the large distribution of
enhancements (and hence of photobleaching decay rates) and
are therefore better analyzed on a log—log scale. Figure 1b
shows two examples of such decay for two truncated Pareto
distributions with a different maximum EF M, ..

Nonuniform Excitation Density. An additional source of
nonunique photobleaching decay rates is the possible
nonuniformity of the exciting beam power density,** which is
experimentally very common unless special care is taken. As
discussed in section S.II of the Supporting Information, this can
be simply included in the theoretical model presented so far. As
illustrated in Figure 1b, the resulting time dependence is
dramatically different. This can be simply understood since the
nonuniform excitation broadens or blurs the original EF
distribution. It is clear from those examples that the Gaussian
beam illumination has a major impact on the experimental
results (this is shown explicitly in Figure S2 of the Supporting
Information) and should be taken into account in any analysis
of the data. It will in fact to some extent wash-out the effect of
the EF distribution, and to avoid this issue, the best solution is
to carry out experiments with a uniform excitation density,
which we did for this study.

B EXPERIMENTAL VALIDATION OF THE MODEL

To study these effects experimentally, highly uniform SERS
substrates are necessary. Nanolithographically prepared gold
nanodisc arrays are therefore chosen as an ideal system with
well-defined and tunable plasmon resonances.*>~* Five arrays
are selected, with resonance wavelengths ranging from 670 nm
down to 565 nm, ensuring a variety of enhancement conditions
when excited at 633 nm. The common SERS analyte Nile Blue
(NB) is then adsorbed uniformly on the gold nanodiscs for
time-dependent SERRS/SEF measurements. Scanning electron
microscopy (SEM) images of the nanodisc arrays and
extinction spectra are shown in Figure 2. The other important
experimental consideration is the uniformity of the excitation.
Gaussian beam excitation is used in most standard spectro-
scopic setups, and as discussed earlier and in section S.II of the
Supporting Information, this is clearly not desirable in the
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context of PB studies. All SERRS measurements are therefore
carried out with a uniform excitation within the collected area
as described in the Methods section. Representative SERRS
spectra of NB are shown in Figure S1 of the Supporting
Information. The relative intensity of the two main Raman
peaks (at 595 and 1647 cm™) is observed to remain constant
as a function of both time and power densities in all
experiments for a given array of nanodiscs. This suggests that
there is no change in the underlying plasmon resonance.*’
Therefore, all the results presented will refer to the 595 cm™
peak intensities only.

Time and Power Scaling. Because of the extreme
distribution of local field enhancement factors, the variation
in PB decay rates will be similarly large, possibly spanning as
much as 4-5 orders of magnitude. To study this
experimentally, one therefore needs to access a wide range of
time scales, from very short (i.e., ~10—100 ms for the fast PB
rates of molecules with high EF) to much longer (ie., ~10° s
for low EF molecules), which is challenging. To alleviate this
issue, one can instead use the dependence of PB rates on laser
power to probe the different enhancement factor regimes. For
the most highly enhanced molecules, a small incident power is
the most effective as the fastest PB decay rates then shift to a
longer time scale regime, which can be measured using a typical
CCD detector. Conversely, a high incident power is required to
access the lowest enhanced molecules, which have long PB
lifetimes and a low SERRS intensity. By increasing the power,
we can increase the intensity and can shift the decay rates to
more suitable second- or minute-long time scales. However, it
is no longer suitable for the high-enhancement molecules,
which then photobleach faster than the time resolution of the
measurement.

In all the models presented so far, decreasing the laser power
by a given factor slows down the dynamics by the same factor.
Explicitly, we can write this more generally as

I(t, kS;) = «I(xt, S;) (11)

which is valid for any distribution of enhancement factors (and
even for a nonuniform excitation). This expression can
therefore be used to scale the experimental data obtained at
different power densities S;.

dx.doi.org/10.1021/jp510105z | J. Phys. Chem. C 2014, 118, 28820—28830
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Figure 3. Experimental data and analysis. (a) Time evolution of the SERRS intensity of the 595 cm™" peak of NB on array E (see Figure 2) for
incident powers of 50 W cm™2, 300 W cm ™2, 3 kW cm™2 and 30 kW cm™>. (b) The data is then scaled in both time and intensity according to eq 11,
such that they all correspond to an equivalent incident excitation of 50 W em™. (c) Comparison of the scaled photobleaching decay for three
different substrates: a flat SO nm gold film and the nanodisc arrays E (off-resonance) and B (on-resonance, see Figure 2). Different power densities
are used and scaled accordingly to obtain the dynamics over the full range of time as explained in a and b. The solid lines are a fit to the data using eq
10 as explained in section S.IV of the Supporting Information, and the probability distributions deduced from these fits are shown in e. These fits are
also shown on a linear scale in d to emphasize the difference in the time of the onset of photobleaching, which is characterized for example by tgq,,
the time at which the intensity has dropped by 10%, shown as dashed lines in ¢ and d.

To implement this approach, we carried out measurements at
power densities between 30 kW cm™ and S0 W cm ™ In many
instances, the initial decay at the highest power density is too
fast to be measured by our experimental setup, but we instead
measure the decay at a lower power density and scale the times
and intensities according to eq 11. By scaling the data for all
powers such that they are equivalent to the lowest excitation
power of 50 W cm ™2, we can reconstruct the entire PB decay
profile over many orders of magnitude in time and intensity.
For example, for the largest power of 30 kW cm™, the scaling
factor is 600; the dynamics should be 600 times faster and the
intensities 600 times larger than at the lowest power. To
deduce the equivalent decay at 50 W cm™2, we therefore scale
the times to g, = t X 600 and the intensities to Iy, = I/600.
This approach is illustrated in Figure 3a and b, which shows a
set of time-dependent SERRS intensities of the 595 cm™ mode
of NB after being adsorbed onto array E from Figure 2. The
scaling procedure results in the photobleaching decay that
would be observed at S0 W cm™2, under the assumption that eq
11 is valid. A direct measurement at 50 W cm™> would not be
possible in practice because of the long times involved (up to
10° s in some cases). The fact that this scaling procedure
produces consistent results in overlapping regions from one
power to the next is a strong indication that the models
developed so far do apply to this system. However, one may
also notice slight discrepancies between the two largest powers,
and we will come back later to this anomalous PB regime.

Extracting the Enhancement Factor Distribution. The
measured PB decay curve in Figure 3b spans more than 5
orders of magnitude in time, indicating a similar spread of
lifetime and therefore of enhancement factor M. In principle,
information about the enhancement factor distribution can be
extracted from this PB profile. Qualitatively, the theory predicts

28824

that the molecules with the highest EF photobleach faster, and
the onset of PB should therefore occur earlier in substrates with
higher maximum EF. This should be evident in the decay
curves in the transition from the plateau-like region at short
times to the initial decay, which is linked to the miminum PB
decay rate and therefore to the maximum EF. At longer times,
the PB curve is related to the EF probability distribution
through the integral equation in eq 10, which is further
discussed in section S.IV of the Supporting Information.

To highlight these connections, we compare in Figure 3c the
PB decay measured on three substrates with different maximum
EF and EF distributions, namely and in order of increasing
expected EF: a flat gold film, the (off-resonance) nanodisc array
E, and the (on-resonance) array B. It is clear that the onset of
photobleaching occurs at a later time for lower EF substrates.
One way to characterize quantitatively this onset is to consider
the time fgyy, at which the SERRS signal has dropped by 10%, as
shown in Figure 3d. tyyy should depend on the details of the EF
distribution around the maximum EF, but in a rough
approximation, one could expect gty M. S. ~ 1, which
suggests a scaling by a factor of about 10 each time in the M,,,,
going from flat gold to nonresonant nanodiscs and then on to
resonant ones.

To be more quantitative about M, and the entire EF
distribution, one needs to fit the PB decays using eq 10. The
technical details of this fitting procedure are discussed in
section SIV of the Supporting Information. The fits we
obtained are shown as solid lines in Figure 3¢ and d, and the EF
distribution extracted from the fits are shown in Figure 3e. As
expected, the maximum EFs follow the qualitative behavior
discussed earlier: @ptogyM,. Sy ~ 1. Although there is much
uncertainty in the derived average SERRS EFs (M?), the value
computed from these distributions should in principle be

dx.doi.org/10.1021/jp510105z | J. Phys. Chem. C 2014, 118, 28820—28830


http://pubs.acs.org/action/showImage?doi=10.1021/jp510105z&iName=master.img-003.jpg&w=460&h=223

The Journal of Physical Chemistry C

correlated with the initial SERRS intensities (I, at t = 0). To be
more precise, one has to take into account the expected
number of molecules contributing to the SERRS signal.
Although the absolute number is difficult to estimate, the
relative coverages on each substrate can be simply computed
from the known geometry of the nanodisc arrays (diameter,
height, and lattice spacing). Setting a coverage 4 = 1 on the flat
gold film, we for example have y = 0.3 for array E and y = 0.48
for array B. The relative SERRS EF at t = 0 would then scale as
Iy/u, that is, taking a value of 1 for flat gold, we get 38 for array
E and 280 for array B. These experimental values correlate well
with the ones obtained from the fits: (M?*) = 0.08, 3.4, and 27,
respectively, lending further support to this analysis.

Discussion. A few important additional comments are
worth noting:

(1) For a given decay curve, there remains some uncertainty
in the extracted maximum, minimum, and average EF,
and there is even more uncertainty on the details of the
distribution. This is a fundamental limitation of inverse
Laplace transform problems, and such uncertainties are
further increased when dealing with noisy experimental
data.

The absolute values of the EFs derived from the PB
decay analysis strongly depend on the assumptions made
on the non-SERS photobleaching properties of the probe
(which determine ag), which are difficult to determine
reliably and could anyway be modified upon adsorption
on the metal surface. Conclusions regarding relative EF
(between two substrates) are therefore much more
reliable than those relating to absolute EFs. Nevertheless,
the independent measurement of the absolute average
EF at low powers can provide a means of calibration or
validation of the value of oz We can in fact estimate
experimentally the absolute SERRS EF on the flat gold
substrate (see Methods) to be (M?) = 0.062. Given the
uncertainties in Nile Blue molecular coverage and inverse
Laplace problems, this is in good agreement with the
value of 0.08 inferred from PB decays. This provides
independent justification that the value chosen for ay is
correct for Nile Blue on gold surfaces.

The average SERRS EFs (either directly measured or
inferred from the PB decays) may appear quite low,
which can be attributed to two concomitant effects. First,
the nanodisc arrays have relatively low SERS EFs by
SERS standards, with predicted average SERS EFs of
(M*) ~ § X 10° at resonance for array B (see EM
calculations in section S.V of the Supporting Informa-
tion). We here choose them for their uniformity, which
makes the interpretations easier, but it is a trade-off with
SERS EF magnitude. In addition, like many organic dyes,
Nile Blue adsorbs flat on the gold surface,*®* which
dramatically reduces the local field enhancements. The
predicted average SERS EFs is for example reduced to
(Mf) ~ 27 only for an orientation parallel to the surface,
in agreement with our measurements.

The maximum SERS EFs inferred from the PB decays
appear very large compared to theoretical predictions,
which for example suggest M|_,, ~ 7.6 for the
nanodiscs of array B or Mj_,, ~ 0.3 for flat gold
films. This could be partly explained by the presence of
molecules standing more upright for which the predicted
maximum EF is M, ~ 260 for array B. The remaining

)

©)

(4)
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discrepancy can be attributed to the sharp edges of the
nanodiscs (which are not accounted for in the model) or
to the presence of special sites of larger enhancement,
perhaps linked to the unavoidable roughness of the metal
surface on the nanometer scale. The important point is
that those special upright molecules and those on special
sites are quite rare, owing to the extreme long-tail nature
of the derived distributions (Figure 3e). For example,
focusing on array B, the probability that M is larger than
7.6 is in fact only p(M > 7.6)~3% and similarly p(M >
260) ~ 2.5 X 107° only. Similarly on flat gold, we infer
from the derived distribution that p(M > 0.3) = 8% only.
We conclude that the PB decay at the lower powers is
dominated by a remarkably small number of molecules at
special sites or in a special configuration/orientation. The
PB study allows access to information about those rare
molecules, which would be very difficult with any other
technique.

In summary, our experimental results and the analysis of the
PB decay curves provide strong support for the theoretical
model summarized in eq 10 and demonstrate the possibility of
exploiting photobleaching to extract information about the EF
distribution.

B ANOMALOUS PHOTOBLEACHING REGIME

Further Evidence of Anomalous Photobleaching. The
scaling law (eq 11) discussed earlier as evidence for the
theoretical model can equally be used to demonstrate
deviations from it. This was perhaps evident from the
nonperfect overlapping of the data at the highest power
density in Figure 3b. To better understand the impact that high
incident powers have, we investigated the scaling behavior on
all the nanodisc arrays of Figure 2, each with different
resonance wavelengths and therefore maximum EF. Figure
4a—e shows the scaled time-dependent SERRS intensity
profiles for six incident powers and for five different arrays of
structures with plasmon resonance wavelengths A;¢p varying
between 670 and S65 nm (see Figure 2 for the extinction
spectra). When A, ¢p is far from the incident wavelength (633
nm), the different power curves are in close agreement (as seen
earlier on array E, A;gp = 565 nm). This is not the case closer to
the plasmon resonance wavelength (array B and C, Ay gp = 635
and 610 nm) where we observe a significant offset in the initial
intensity for the highest incident powers, followed by a much
steeper decrease in the intensity profile relative to the low-
power curves. Note again that because of the applied scaling
(eq 11), all these curves should be superimposed. We conclude
that there is an anomalous photobleaching regime, which is
more evident from the more enhancing samples, that is, it is not
only dependent on laser power but also on the resonance
properties of the substrate.

To explain these modifications to the expected PB decay
profile at high incident powers, we can consider two broad
classes of mechanisms for which the predicted effects on the PB
decay curves are shown in Figure 4f:

(1) Local effects. Given that the effect is most prominent for
high powers and more resonant structures, it is natural to
consider first mechanisms that would more strongly
affect the molecules experiencing the highest EF. Second-
order optical effects would fit in this category, and it is,
for example, believed that two-photon absorption may
play a role in dye PB at higher power densities.*” This
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the highest EF and would also be more prominent for
the higher power densities.
Global effects. In addition, we can consider alternative
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Figure 4. Anomalous photobleaching regime. (a—e) Photobleaching
decay curves obtained by scaling the SERRS intensities and times for
six different excitation power densities for each of the five nanodisc
arrays shown in Figure 2. Equivalent time corresponds to what would
be observed at the lowest power density of S0 W cm™ according to eq
11. (f) Theoretical prediction of the PB decay curves in the standard
model of PB discussed so far and compared with proposed
modifications including: (1) two-photon optical processes, which
would modify the PB rate from azMS$; to azMS; + S(azMS; )% with 3
= 20 here; (2) a threshold in which all molecules for which MS; > I,
=4 X 10° W cm™2 are destroyed (or desorbed); (3) a global change in
the intrinsic PB rate to aj = 8ay; (4) a global change in the absorption
cross section or in the number of molecules to N’ = N/2, resulting in a
simple scaling of the SERRS intensity I'(t) = I(t)/2; (5) the latter two
together. The enhancement factor distribution used for f is the one
obtained from a fit of the PB decay curve observed at low power
densities on array C (4.gp = 610 nm).

mechanism would result in an increase in the PB rate
because of an additional nonlinear term, that is,
exp[—(aMS, + PazM*SP)t) instead of exp(—apMS;t)
in eq 10. Alternatively, one could also consider a
threshold field intensity Ip,, above which the fluoro-
phores are immediately destroyed, that is, when MI; >
Ity Such a mechanism was, for example, invoked in ref
12 for nonresonant molecules. All these local effect

scenarios would selectively target those molecules with
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mechanisms affecting equally all the molecules that are
adsorbed onto the gold surface and not only the ones
with the highest EF. The most obvious example is a
change in temperature of the nanostructures as a result of
laser heating via optical absorption in the metal.>*™>*
This would be more pronounced for the more resonant
nanostructures, as observed. Exactly how this temper-
ature increase will impact the PB dynamics of our system
may be complex, but it could, for example, involve a
change in the quantum yield>® as well as in the reactivity
of the dye with the surrounding environment.>* The
overall effect will be a modification of az and should
manifest experimentally as a change in the PB dynamics
of all the molecules (i.e., at all delay times and not only in
the initial stages). An alternative global effect that may be
considered is that of thermally induced desorption, which
would result for the largest powers in a decrease in the
number of adsorbed molecules. This would again affect
all the molecules.

As suggested by the predictions of Figure 4f, the possible
mechanisms for anomalous PB can be distinguished exper-
imentally. For local effects, one would qualitatively expect that
after a long time of high power irradiation, the intensity profile
will converge toward the intensity profile of the lower
irradiation power as only the less enhanced molecules have
survived. For global effects, however, the curves should remain
well separated. The results in Figure la—e clearly prove that the
latter occurs, which strongly suggests that the anomalous PB
regime corresponds to a global modification of the PB
dynamics.

Heating Effects. The most likely explanation for the latter
is laser-induced heating effects,>* ™% which we investigated
further by measuring the ratio of anti-Stokes and Stokes SERRS
intensities, p, as anti-Stokes scattering is dependent on the
thermal vibrational population. Figure Sa demonstrates that for
the six powers used in these experiments, p is approximately
constant with time. This is not surprising as any temperature
increase should stabilize very rapidly (faster than ~us given the
thermal diffusivity of gold). Furthermore, p and, therefore, the
fluorophore and nanodisc temperature T; increase significantly
for the highest excitation powers and, in fact, precisely for those
where anomalous PB is observed. We can in fact deduce T
from the anti-Stokes/Stokes ratio (see section S.VI of the
Supporting Information), and these are shown as a function of
incident power in Figure Sb for the five nanodisc arrays. There
is a substantial increase in T; when exciting close to the
plasmon resonance. The largest calculated temperature is ~480
K which is an increase of ~200 K above room temperature. At
these temperatures, we can expect that there will be a significant
modification of the PB dynamics because of changes in the
quantum yield and chemical reactivity. A comparison with
Figure 4 suggests that the deviation of the intensity profile from
the expected curve is directly correlated to the measured
temperature increase, with the largest deviation occurring for
array B and C, which further confirms that the anomalous PB
regime is linked to the temperature increase. The largest
increase is obtained for array C (4 gp = 610 nm) rather than for
the more resonant array B (4,gp = 635 nm). We attribute this to
the different volume of the nanodiscs, which is larger for array
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Figure S. Temperature measurements. (a) Anti-Stokes to Stokes intensity ratio as a function of time for the 610 nm resonant nanodiscs and different
incident power densities. (b) Nile Blue temperature T; estimated from the average of the anti-Stokes to Stokes ratio (corrected by the asymmetry
factor, see section S.VI of the Supporting Information) of the first 50 points for each of the five sets of structures. (c—e) SERRS intensity decay
curves for substrate temperatures of 300, 325, and 350 K and incident powers of (c) 300 W cm™2, (d) 3 kW cm™, and (e) 30 kW cm ™2 In d are also
reproduced in a lighter shade the data of c and e to facilitate their comparison. (f) Power dependence of the molecular temperature Ty as estimated
from the anti-Stokes to Stokes intensity ratio for the three substrate temperatures.

B, meaning that it requires more energy to heat and that the
absorption-to-scattering ratio is also smaller.

To further understand the heating effect, we focused on array
C and carried out experiments where the sample temperature
was increased externally using a hot plate, while keeping the
illumination intensity constant. Figure Sc—e shows the PB
decays for varying powers and substrate temperatures. The
temperature of the fluorophores, as calculated from the anti-
Stokes to Stokes intensity ratio, is also shown in Figure 5f. For
the lowest incident power of 300 W cm™?, the measured
temperature of the molecules is the same within experimental
uncertainties as the substrate temperature. The PB decay profile
is approximately the same for substrate temperatures of 300,
325, and 350 K (see Figure Sc), which suggests that
temperature does not have a noticeable impact on the PB
dynamics up to 350 K. For a power density of 3 kW cm ™, we
start to observe laser-induced heating with small NB temper-
ature increases of ~15 K. While the intensity profiles at 300 and
325 K are similar, there is a substantial decrease in overall
intensity for NB temperatures of 365 K (350 K hot plate). This
suggests that there is a change in the intensity profile over a
relatively small shift in temperature and given that the curves
are parallel, it may be associated with a loss of population, for
example, because of desorption. Finally, for the largest power
density of 30 kW cm ™, the measured NB temperature variation
is much larger (between 430 and 550 K). Yet, the intensity
profiles only show a small decrease from one curve to the next
(Figure Se). In all three cases, however, the decays appear faster

than one would have expected by extrapolating the lower power
curves, which suggests a change in the PB properties (in this
case, multiplying ap by a factor of 8 can account for the change,
see Figure 4f).

These results suggest that laser-induced heating affects the
PB decay profiles in at least two ways. For large temperature
increases (>400 K), there is an increase in the intrinsic PB
decay rate characterized by aj. At lower temperatures, there
appears to be a sudden loss of intensity over a relatively small
temperature range just above 350 K. This could be due to
thermally induced reorientation or desorption of a subset of the
adsorbed molecules. Given the temperature where this occurs,
we may speculate that it occurs at 373 K, the boiling point of
water, and would then be related to changes in the properties of
NB induced by the presence/absence of nearby water
molecules.

B DISCUSSION AND CONCLUSION

In this paper, we have extensively investigated the photo-
bleaching dynamics of fluorophores on metallic nanostructures
supporting plasmon resonances. We specifically focused on the
system of Nile Blue adsorbed on uniform arrays of gold
nanodiscs, using the SERRS signal as a reporter of Nile Blue
population, but the conclusions are expected to be much more
general. We showed that PB decays are strongly sensitive to
both incident power density and the resonance wavelength of
the structures. At low and medium incident powers, the results
can be understood within a standard photobleaching
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mechanism mediated by intersystem crossing, providing that all
the plasmon-induced modifications to the EM transitions rates
are duly taken into account. A direct consequence of this model
is that the extreme nature of the enhancement factor
distribution on the surface results in a wide range of PB
decay rates (over several orders of magnitude). This was clearly
evidenced in the nonexponential nature of the decays, and we
introduced a method based on scaling of time and intensities at
different powers to measure these decays over more than §
orders of magnitude in time. We discussed how those decays
can be exploited to measure the EF distribution and in
particular the maximum EF, which are typically very difficult to
access experimentally. This analysis revealed that the maximum
EF and the associated initial PB decay rates strongly depend on
a remarkably small number of molecules with particularly large
EF, perhaps because of their orientation or their location at rare
sites on the surface.

Finally, we also observed an anomalous photobleaching
regime at higher powers, which upon further scrutiny could be
attributed to heating of the nanodiscs through plasmon-
enhanced absorption in gold at resonance. This problem may
not be present in all systems and indeed could be dramatically
reduced by working in aqueous solutions, where heat
dissipation would be much more efficient. Nevertheless, it
clearly highlights the difficulty in decoupling standard photo-
bleaching mechanisms from potential additional effects
occurring at larger powers in resonant plasmonic nanostruc-
tures.

Given the common occurrence of photobleaching problems,
the results of this work will be important to most studies and
practical application of SERS/SEF with fluorophores. Its impact
will be particularly important in several contexts, including: (1)
Mitigating PB effects: photodegradation in general is a major
impediment in most applications of SERS/SEF and the most
common way around it is to reduce the excitation power to
avoid it, or at least limit it. But this in turn reduces the
sensitivity and limit of detection, which are critical in many
experiments and for single-molecule detection in particular.
Understanding the mechanisms of PB on metallic surfaces is
the first step toward developing new routes to alleviate, if not
eliminate, these issues. (2) The study of alternative mechanisms
of PB (for example for nonresonant molecules) and how they
relate to the EF distribution. (3) Looking further afield, the
understanding of the link between EF distributions and PB will
also benefit recent efforts to exploit surface-enhancements and
EM hot-spots for other types of photochemical reactions.>¢"”

B METHODS

Sample Preparation. The samples were fabricated by
standard positive-resist (950k PMMA) electron beam lithog-
raphy on a Zeiss SUPRA 40 field emission scanning electron
microscope operated at 30 kV. The development of the
exposed resist was done by dipping the substrate in a 1:3
methyl isobutyl ketone/isopropanol solution for 30 s. A 50 nm
layer of gold was then thermally evaporated onto the substrate,
followed by lift-off in acetone. No adhesion layer was used
between the ITO substrate and the gold particles. Gold
nanodiscs of diameters varying between 70 nm (array E) and
150 nm (array A) were fabricated. Each set of nanodiscs was
arrayed over a 80 ym X 80 pm region in a square lattice with
spacings of (from array A to array E) 300, 280, 260, 240, and
220 nm, respectively. This resulted in varying plasmon
resonance wavelengths ranging from 670 to 565 nm (after

Nile Blue deposition) ensuring that we had a variety of
enhancement conditions when illuminating with a 633 nm
helium—neon laser.*™* SEM images of the structures are
shown in Figure 2. The flat gold film substrates (50 nm thick
on a glass slide) were purchased from Ssens. Nile Blue (NB)
was adsorbed onto the metallic surfaces by placing a 20 uL
droplet of 10 uM NB solution in water on the substrate for a
period of 10 min before rinsing with water. The droplet was
centered over the structures to ensure a homogeneous
deposition of dyes over the arrayed structures.

SERRS Measurements. After sample preparation, the
substrate was placed on the translation stage of a LabRam
Raman spectrometer with a 600 L/mm grating and a liquid-N,-
cooled CCD. A 633 nm HeNe laser was used for excitation,
with a maximum power of 4.5 mW at the sample. Filters were
used to reduce the power as desired. All Raman measurements
were carried out in air in the backscattering configuration with
the nanodisc arrays in the focal plane of a X100 0.9 NA air
objective. To ensure uniform excitation, two steps were taken:
(1) A 400 mm focal lens was placed before the notch filter to
focus the incident beam onto the back focal plane of the
microscope objective, resulting in a larger spot size on the
sample (with a Gaussian profile of waist wy ~ 3 um); (2) The
(square-shaped) confocal pinhole was reduced in size until
there was a factor of ~10 drop in overall intensity. This
procedure ensured that we were only collecting from the
uniform region in the center of the Gaussian beam (see
schematic in Figure 1b). From the drop (by a factor of ~10) in
collected intensity, we inferred that the power density at the
edge of the collected area was still 83% of that in the center. For
anti-Stokes to Stokes ratio measurements, the spectrometer was
centered at 633 nm so that the 595 cm™ anti-Stokes and
Stokes peaks could be observed simultaneously.

Extinction Spectra. Extinction spectra were measured after
Nile Blue deposition using the LabRam spectrometer and a
halogen lamp in transmission configuration (illuminating from
underneath the sample). The X100 0.9NA air objective was
used to collect the transmitted light which was redirected,
without the use of a notch filter, to the monochromator. A
reference spectrum was taken on the ITO surface surrounding
the Au nanodiscs. A multiwindow scan was performed in order
to encompass the full spectral range of the localized surface
plasmon resonance.

Average SERS EF. Nitrogen gas in air was used as a
reference Raman standard (with differential Raman cross
section of 1.6 X 107! cm?/sr at 633 nm'). The scattering
volume was characterized as in ref 41, and the Nile Blue surface
coverage was taken as®™® = 55 x 107! mol/cm? To
obtain the average SERS EF, the average SERRS cross section
was then normalized to the Nile Blue cross section of the 595
cm™! mode at 633 nm in air of 6.8 X 107 cm?/sr, estimated
from the measured cross section in water™® corrected by the
local field-correction factor for water of 2.5."

B ASSOCIATED CONTENT

© Supporting Information

Additional details on the fluorescence and SERRS properties of
Nile Blue, the effect of a Gaussian beam excitation, the
experimental determination of Mr,, the numerical procedure
for the inverse Laplace transform, electromagnetic calculations
of enhancements, and temperature determination from anti-
Stokes measurements. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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S.I. SPECTROSCOPIC PROPERTIES OF NILE
BLUE

The molecule that was chosen for this study was Nile
Blue A because it has an electronic transition close to
the wavelength of the laser excitation (633 nm).

A. Fluorescence and photobleaching properties

To fix ideas, we provide below approximate values
for the parameters relevant to the photobleaching (PB)
model for NB in water (see Fig. 1):

Q

e The excited state lifetime is of the order (I'},,)~*
400 ps [1], which together with a quantum yield of
Q" = 4% [2] gives a radiative lifetime of (I'}, 4) ™"
10ns.

Q

e The absorption cross-section at 633 nm is [2] 0%, =
2.5 x 10716 cm?. For an excitation density of Sj, =
30 kW cm ™2, this corresponds to an absorption rate
of Taps = (421s)7 L.

e Typical values for the inter-system crossing life-
time [3], (I'isc) ™!, and triplet relaxation lifetime,
(I'r)~ 1, are of the order of 1 us while the probabil-
ity per unit time of destruction while in the triplet
state I'rp correspond to a longer lifetime of the
order of 10ms. From those, one can derive the
photobleaching quantum yield as [4]

r Tr
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which results in ¢% ~ 1 —2 x 107% for a good
fluorophore like Rhodamine 6G [5]. This means
that one Rhodamine 6G dye will on average go
through ~ 10° excitation/emission cycles before

* Eric.LeRu@vuw.ac.nz

photobleaching. No data is available for Nile Blue,
but triplet transition rates for oxazine dyes are
known to be as low as for xanthene dyes [3, 6],
so taking into account the difference in excited life-
time (4 ns for Rhodamine 6G [5]), we would deduce
that ¢% is of the order of 2 x 10~7. We will here
assume a value of ¢4 = 4 x 1077, adjusted using
the control photobleaching experiments on flat-gold
(see main text). Note that although the PB quan-
tum yield is lower than that of Rhodamine 6G by
a factor of ~ 2.5, about 10 times fewer photons are
emitted before photobleaching because of the lower
quantum yield of 4%.

e From the above values, the photobleaching decay
rate at Sy, = 30kW cm ™2 can be expected to be of
the order of I'}, = I'Q, 0% ~ 10571, i.e. a lifetime
of 100ms. More generally, we may write '} =
%Sy, with 4% = 3.2 x 1074s7! W1 cm?.

B. SERRS spectra

Representative SERRS spectra of NB excited at
633nm are shown in Fig. S1. Two dominant Raman
peaks are observed [2], the first at 595 cm~! correspond-
ing to a collective ring-breathing mode of the structure
and the other at 1647 cm ™~ attributed to a NH, deforma-
tion. Peak intensities are estimated by integrating over
the peak width whilst the Raman to fluorescence ratio
is measured from the ratio of the SERRS and SEF in-
tensity at the peak position (see Fig. S1). The relative
intensity of the two Raman peaks was observed to remain
constant as a function of both time and power densities
for a given array of nanodiscs. This suggests that there
is no change in the underlying plasmon resonance [7]. As
a result, our experiments have focused on the 595cm™!
peak only, which allowed us to measure both Stokes and
anti-Stokes scattering at the same time by centering the
spectrometer at the laser wavelength. Fig. S1 shows an
example of a SERRS spectrum used to determine the
anti-Stokes to Stokes ratio.
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FIG. S1. Spectrum of Nile Blue. SERRS spectra of Nile
Blue on the nanodiscs of array C at an excitation power of
3kWem ™2 before photobleaching occurs. A Stokes Raman
spectrum is shown in a and a spectrum centred at Ocmfl(
for anti-Stokes to Stokes ratio) is shown in b. The SERRS
intensities are calculated from the colored area of the peaks
above the background. The SEF intensity used for calculating
the total enhancement factor Mro¢ is the intensity between
the SERRS peak base and the baseline at the peak position.

S.II. GAUSSIAN BEAM EXCITATION
A. Theoretical description

As discussed in the text, the photobleaching decay
curve can be strongly affected if a non-uniform excita-
tion is used instead of a uniform excitation. This effect
can be studied theoretically by considering the simple
but relevant case of Gaussian beam excitation, for which
we have:

2
S1(9) = Swex (25 ). (s2)
Wy
which corresponds to a laser power P, = mw3So/2. The
fluorescence intensity (under normal conditions) is ob-
tained by integrating Eq. 1 of the main text over the
exciting area to give:

1 —exp (—’y%Sot)
Y% Sot

IFluo(t7 PL) = ﬂmQOUgbsPL (83)
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FIG. S2. Effect of Gaussian beam excitation. SERRS
intensity profiles for Nile Blue measured on the nanodiscs of
array C for illumination power densities (in the center of the
excitation) of a, 30kWem™2 and b, 3kWem™? for Gaus-
sian excitation (open pinhole) and uniform excitation (small
pinhole, see schematic in inset). Intensities are normalized
to highlight the discrepancy in the photobleaching dynam-
ics. Equivalent times are obtained from scaling to a reference
power density of 50 W em ™2 using Eq. (11).

The decay is no longer mono-exponential despite the fact
that all molecules have identical properties [8], and is in
fact very different than the uniform excitation case as
illustrated in Fig. 1b. On a log-log plot, the slope tends
towards —1 irrespective of the actual laser power density.
The SERS intensity can be obtained by integrating Eq. 8
over the exciting area to give:

1 — exp (—apMSpt)
OéBMS()t

dM.
(S4)

e

0
MmaRamanPL Mmin

the effect of which is also illustrated in Fig. 1b.

B. Experimental evidence

For the reasons described above, we expect a significant
change in the PB dynamics from uniform to non-uniform
excitation. This is shown explicitly in the experimen-
tal results of Fig. S2 in which we compare the photo-
bleaching curves for a Gaussian excitation (fully open
confocal pinhole) with those obtained for uniform exci-
tation (small pinhole). The measured intensity (at low
power densities) is decreased by a factor of 10 in the latter
case, because only the center area of the exciting beam is
collected. In addition to this trivial intensity correction
(which can be accounted for by considering normalized
intensities), the measured PB curve is also strongly af-
fected as shown in Fig. S2. The intensity for uniform
excitation decreases much faster with time especially in



the case of the 30 kWcem ™2 illumination power. The dif-
ference in measured intensities (normalized to low-power
values) at longer time can be more than one order of
magnitude. This is because a non-negligible part of the
signal comes from those molecules in the tail of the il-
lumination profile for a full Gaussian distribution, mak-
ing it very difficult to fully photobleach the fluorophore
population. The effect of the enhancement factor distri-
bution then becomes convoluted with the distribution of
power density associated with the non-uniformity of the
excitation, making any quantitative analysis difficult. To
avoid these issues, all experiments were carried out with
a uniform excitation density as described in the Methods
section.

TOTAL DECAY RATE ENHANCEMENT
FACTOR Mot

S.III.

In this work, we have assumed that the total decay
rate enhancement factor M, is approximately constant
for all molecules adsorbed on to the gold surface. It was
demonstrated in Ref. [9, 10] that for a common SERS
probe (Crystal Violet), the ratio of Raman (SERRS) to
fluorescence (SEF) was the same for all single-molecule
SERRS events. Consequently, M, was concluded to
be the same for all molecules and dominated by non-
radiative decay, which is in fact expected on theoret-
ical grounds for fluorophores directly adsorbed on the
metal surface and therefore with a large Mrq; a value of
Moy = 4 x 10° was also derived. In the system under
study here, M, can be measured in a similar fashion
from the SERRS to SEF ratio. Although we are not in
single-molecule SERRS conditions, the presence of pho-
tobleaching ensures that molecules with different EF are
probed as a function of time. If M. is not the same for
all molecules because it is dominated by radiative decay,
then the SERRS to SEF ratio should change dramatically
with time. The SEF intensity was estimated by subtract-
ing the baseline signal measured at a location on the
substrate far from where the droplet was placed. My
was then calculated by comparing the ratio of SERRS
and SEF to the ratio of Raman to fluorescence cross-
sections for Nile Blue in solution [2] (see Ref. [10] for
details on estimating Mry). Fig. S3a shows the derived
Mot as a function of time for incident power densities of
30kWem—2, 18 kWem™2 and 9kW em ™2 on a flat gold
film. In each of the three powers, M. is constant with
time at around 10°, which is of the same order as that
measured in Ref. [10].

Additionally, M, was measured on the nanodiscs of
array C (see Fig. S3b). In this case, the baseline was es-
timated by completely photobleaching the observed area
at 30kWcem =2 (because the background signal from ITO
is itself affected by the nanodiscs resonance [11]). We
here observe a very strong increase in Mo, for the lowest
excitation powers. In this regime, the SERRS intensity
hardly changes, so this dependence can be tracked down
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FIG. S3. Total decay rate EF measurements. Estimated
Mot for Nile Blue as a function of time: a, on a flat gold sub-
strate and incident power densities of 30, 18, and 9kW cm 2,
and b, on the nanodiscs of array C with incident power densi-
ties of 9, 3, 0.3, and 0.05kW cm™2. Equivalent times are ob-
tained from scaling to a reference power density of 50 W cm ™2

using Eq. (11).

to an initial sharp decay of the SEF intensity, even for
very low excitation powers. Because the SERRS intensity
remains stable, this can be attributed to molecules with
a very fast PB decay rate, but which do not contribute
to the SERRS signal. This could either be due to Nile
Blue molecules adsorbed on the ITO in between the nan-
odiscs or to extrinsic fluorescence by other contaminants.
In any case, these only affect the initial SEF decay and
not the SERRS signals. Once the source of this back-
ground fluorescence is photobleached, only the molecules
adsorbed on gold remain allowing the measured My to
converge to the same value of ~ 10° as observed on the
flat gold film. We therefore conclude that all adsorbed
molecules (those contributing to SERRS and to the PB
decay curves) have a similar M, of the order of 10°,
as one can expect for fluorophores directly adsorbed on
the metal surface where non-radiative decay dominates
[9, 10].

S.IV. EXTRACTING THE EF DISTRIBUTION
FROM THE PB DECAY CURVE

The PB decay curve Isgrs(¢) is related to the EF dis-
tribution p(M) through Eq. 10 of the main text, which
is repeated here for convenience:

Isgrs(t, SL) = HmORamanPL X
JMmes (MY M exp (—ap MSpt) M.

Mmin
(S5)
This relationship is complicated because of the integral



transform connecting the EF distribution and the time
dependence, and one can expect that different EF distri-
butions may lead to similar PB decays. This problem is
similar to the inverse Laplace transform problem, which
arises in various other fields involving time-dependent
measurement with large distributions of decay rates, for
example Nuclear Magnetic Resonance (NMR). Most fit-
ting procedures face serious problems of ill-conditioning
and unstable sensitivity to fitting parameters. Numerical
methods like CONTIN [12] have nevertheless been devel-
oped and can be quite useful if used with care and if one
assumes some pre-defined knowledge about the distribu-
tion of decay rates. To avoid these issues here, we have
developed a similar stable fitting procedure adapted to
our physical problem. The main steps are listed below:

e Because of the extreme nature of the EF probabil-
ity distribution p(M), which is expected to be long-
tail and to cover many order of magnitudes for M
[13, 14], we instead consider the random variable
K = logyo(M) and try to find a fit to the func-
tion f(K) = M?p(K) = 10*(p(K). Note that
p(K) = p(M)M In(10). K no longer varies over
several orders of magnitudes, and f(K) can be ex-
pected to have a smooth dependence. Note also
that the average SERS EF is simply obtained from
(M) = [ f(K)dE.

e To avoid unstable fitting results, we rely only on
linear least-square fits, which can be carried out ef-
ficiently and reproducibly using simple linear alge-
bra. For this, we choose a minimum and maximum
enhancement My, (0r Kpin) and Mpax (0or Kpax)
and assume that f(K) is a polynomial of order N in
K over that range. Knin, Kmax, and N are chosen
and fixed before the fit, and the N 41 coefficients of
the polynomial are the fitting parameters. The fit
is then performed as a standard linear least-square
problem.

e In order to set-up the linear least-squares problem,
it is necessary to calculate integrals of the form:

KII\&X
/ K" exp (—apl0®Spt) dK (S6)
Kmin

for 0 < n < N and for all t-values in the fitted
data. These integrals are computed numerically
using a rectangular quadrature with 10° equally-
spaced points

e From the fitted expression for f(K), one can then
derive p(K) = f(K)1072X and p(M) and all the
other properties can be deduced from it. If the
parameters Kpin, Kmax, and N are not adequate,
then the fitted f(K') will take non-physical negative
values over the range of interest. Kpin, Kmax, and
N should therefore be adjusted until a satisfactory
fit is obtained. For this, it is recommended to set
N = 2 first to find approximate values of Ky,
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FIG. S4. EM calculations. Theoretical predictions for a
gold nanodisc of array B, modelled as an oblate spheroid of
long-axis 140 nm and short-axis 50 nm: a, Comparison of the
predicted extinction spectrum with experimental results. b,
distribution of the local-field intensity enhancement factor for
the perpendicular component M at resonance (A = 633 nm).
c, Same for the parallel component M.

Kiax, and then increase N to 3 or 4 if deemed
necessary.

e It is important to understand that different solu-
tions can result in a similar quality of fits, and the
relevance of the results should be assessed care-
fully. From our experience, the value of My, .y is
reliable within a factor of ~ 2. There is a similar
uncertainty on My, for a given set of experimen-
tal data, but its physical relevance is perhaps more
questionable as M,;, depends strongly on the data
at long times. Accessing long times is necessary to
measure Mp;, accurately, but it is a challenge ex-
perimentally. For a given system, the derived My,
is therefore likely to vary with the maximum time
measured. Because the average SERS EF (M?) de-
pends strongly on My,;, in our system, it will also
suffer from the same uncertainties.

S.V. ELECTROMAGNETIC MODELING OF
GOLD NANODISCS

Electromagnetic (EM) calculations were carried out to
predict the optical properties and enhancement factors
of the gold nanodiscs. The exact predictions depend
strongly on the details of the geometry (such as roughness
and sharpness/roundedness of the edges), which are diffi-
cult to determine accurately. With these caveats in mind,
the aim here is therefore to provide a semi-quantitative
description of the main features. To do so, we therefore
chose a simplified description of an isolated gold nanodisc
on ITO modelled as an oblate spheroid embedded in a



medium of effective dielectric constant (epr). The main
advantage is that EM calculations on spheroidal particles
can be carried out efficiently and accurately using the
methods developed in Ref. [15]. The dimensions were
set by the experimental measurements (SEM in Fig. 2
for long-axis) and height of 50 nm for short axis. The
resulting geometry is shown in Fig. S4b-c for array B.
ear = (1.2)% was chosen to match the measured plasmon
resonance wavelength at 635nm. The predicted extinc-
tion spectrum for array B is compared in Fig. S4a to the
experimental results. The predicted enhancement factor
(as local field intensity enhancement M) distribution on
the surface is shown in Fig. S4b-c for both perpendicular
and parallel components. From these distributions, the
following surface-averaged values are obtained:

(M?) = 4500 (M) =27
(M) =39 (M) =49
M = 260 M =176 (S7)

S5

S.VI. EXTRACTING THE TEMPERATURE
FROM THE ANTI-STOKES/STOKES RATIO

From the early time average of the anti-Stokes/Stokes
ratio p, we can estimate the fluorophore temperature us-
ing the relation [16]:

o IaS o hwu
stAe"p< m) (58)

where A is the asymmetry factor between anti-Stokes and
Stokes scattering (primarily as a result of the underly-
ing LSP resonance), fuw, is the energy of the vibrational
mode, and kgT is the thermal energy. By assuming that
the value of p measured for the lowest incident powers
correspond to room temperature (293K), we can esti-
mate A for each array and use this value to calculate the
temperature at the higher incident powers from Eq. S8.
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