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CW measurements of resonance Raman
profiles, line-widths, and cross-sections of
fluorescent dyes: application to Nile Blue
A in water and ethanol
Antoine Reigue,a,b Baptiste Auguié,a Pablo G. Etchegoina* and Eric C. Le Rua*
The aim of this work is to illustrate the power of recently developed methods for measuring resonance Raman scattering (RRS)
spectra of efficient fluorophores (using a standard continuous wave excitation and a charge-coupled device (CCD)-based

Raman spectrometer), by applying them to a detailed study of a specific fluorophore: Nile Blue A. A combination of methods
are used to measure the RRS properties of Nile Blue A in water (quantum yield (QY) of 4%) and ethanol (QY of 22%) at
excitation wavelengths between 514 and 647 nm, thus covering both pre-resonance and RRS conditions. Standard Raman
measurements are used in situations where the fluorescence background is small enough to clearly observe the Raman peaks,
while the recently introduced polarization-difference RRS and continuously shifted Raman scattering are used closer to (or at)
resonance. We show that these relatively straightforward methods allow us to determine the Raman cross-sections of the most
intense Raman peaks and provide an accurate measurement of their line-width; even for broadenings as low as � 4 cm � 1.
Moreover, the obtained Raman excitation profiles agree well with those derived from the optical absorption by a simple
optical transform model. This study demonstrates the possibility of routine RRS measurements using standard Raman spectro-
meters, as opposed to more complicated time-resolved techniques. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: resonance Raman; fluorescence rejection; Raman cross-section; Raman excitation profile; Nile Blue
* Correspondence to: Pablo G. Etchegoin, Eric C. Le Ru, The MacDiarmid
Institute for Advanced Materials and Nanotechnology, School of Chemical
and Physical Sciences, Victoria University of Wellington, PO Box 600,
Wellington 6140, New Zealand
E-mails: eric.leru@vuw.ac.nz; pablo.etchegoin@vuw.ac.nz

a The MacDiarmid Institute for Advanced Materials and Nanotechnology, School
of Chemical and Physical Sciences, Victoria University of Wellington, PO
Box 600, Wellington 6140, New Zealand

b ICFP, Département de Physique de l’ENS, 24 rue Lhomond, 75005, Paris, France

5
7
3

Introduction

Routine measurement of resonance Raman (RR) spectra of
strongly fluorescing molecules has been a long-standing goal of
Raman spectroscopy.[1–7] Since Raman cross-sections are several
orders of magnitude larger at resonance than off-resonance,
acquiring RR spectra is a priori much easier and in principle can
be achieved at much smaller concentrations. In practice, however,
most molecules fluoresce strongly when excited at or close to
resonance. Even for fluorophores with quantum yields (QYs) as
low as � 0.1%, the fluorescence background will typically over-
whelm the much weaker RR peaks and preclude their observation.
This issue may also affect Raman measurements of non-resonant
molecules, where extrinsic fluorescence is often present, in particu-
lar in the blue-green part of the visible spectrum. Much effort has
been devoted over the years to circumvent this fundamental
limitation. Up until recently, the most successful approach was
based on picosecond or femtosecond time-resolved Raman
spectroscopy[8–15] and utilizes the fact that Raman scattering is
instantaneous, while fluorescence is delayed (with fluorescence
lifetimes ranging typically in the picosecond to tens of nanose-
conds range). On top of the obvious increase in experimental
complexity, time-resolved methods also have limitations in terms
of spectral resolution and are challenging to apply to fluorophores
with more moderate QYs (and therefore shorter fluorescence
lifetimes). Alternative approaches include background rejection
techniques by physical means using for example polarization
modulation and lock-in detection[16,17] or phase-resolved[18]
J. Raman Spectrosc. 2013, 44, 573–581
measurements, but these are typically far from achieving the level
of background rejection required for RR scattering (RRS).

In principle, the fluorescence background could also be
removed by subtraction when post-processing the data,[19–21]

making use of the fact that it is a broad smooth background, as
opposed to the narrow Raman peaks. The advantage of this
approach is that it is very general and can be implemented on
any Raman spectrometer, including those with charge-coupled
device (CCD)-based detection. Although this approach works to
some extent, it quickly faces fundamental limitations. First, large
signal intensities are intrinsically nosier (in absolute terms), as the

statistical shot-noise scales with
ffiffiffiffi
N

p
(where N is the number of

photons). This can be compensated by longer integration time to

reduce the relative noise (scaling as 1=
ffiffiffiffi
N

p
), until it is smaller than

the Raman-to-background ratio. However, even then, there is an-
other source of noise associated with the pixel-to-pixel imperfection
Copyright © 2013 John Wiley & Sons, Ltd.
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of CCD detectors.[22] This noise has awell-defined fixed structure that
scales with signal intensity and cannot therefore be removed by
longer integrations (for details, see supplementary information in
Ref.[6]). This noise is the dominant one in CCD-based RR measure-
ments and typically prevents the observation of RR peaks. Two
similar methods were proposed to remove this noise, by taking
differences between two spectra with almost the same fluorescence
background (and therefore the same fixed structure noise): shifted-
excitation Raman difference spectroscopy (SERDS)[23–29] and sub-
tracted shifted Raman spectroscopy (SSRS).[22,30,31] These methods
work by shifting slightly the position of the Raman peaks on the
CCD, either by changing the excitation wavelength in the case of
SERDS, or by moving the monochromator grating position for SSRS.
Because the fluorescence background is almost unchanged, the
difference spectrum has in principle no background nor fixed struc-
ture noise and, provided the shot-noise is small enough, contains the
difference of two shifted RR spectra (akin to the derivative spectrum),
from which the original Raman spectrum can be inferred by post-
processing. These methods have indeed been applied in isolated
studies,[32–35] although they have not been shown to work on diffi-
cult cases of fluorophores with moderate-to-good QYs. The main
disadvantage of these (in addition to the limited availability of suit-
able laser lines for SERDS) is that obtaining the RR spectrum from
the difference spectrum requires post-processing, typically with
assumptions about the line-shapes of the Raman spectra.[23,30,26,27]

Recently, we have proposed two new methods to further
improve on this work and have shown that they were capable of
measuring RR spectra in the most difficult cases (like rhodamine
6G excited at 514 nm). The first one, continuously shifted Raman
spectroscopy (CSRS)[7] is similar to SSRS but is based on a large
number of small grating shifts (instead of just two or three as in
SSRS). The main advantage is that it then allows to directly obtain
the actual Raman spectrum (rather than a derivative). However,
the method is so sensitive that it also picks up other peaks in the
spectra, in particular those associated with (normally extremely
weak) absorption lines of oxygen andwater vapour in the collection
path. These interfere with Raman measurements in the red part of
the spectrum. For these, one may use instead the second method,
polarization-difference (PD) RRS,[6] which is based on a careful
subtraction of two spectra obtained in parallel and perpendicular
polarization configurations.
In this work, we demonstrate explicitly how these two new

methods can be used jointly to study the RR properties of fluoro-
phores across the visible range. To this end, we focus specifically
on the dye Nile Blue A, which is commonly used for biological
staining[36,37] and in various contexts in surface-enhanced Raman
scattering (SERS) experiments,[5,38–44] notably in connection with
electrochemistry.[45,46] One of the characteristics of this dye is that
its QY strongly varies depending on the nature of the solvent[37]

(in particular its polarity), which allows us to illustrate the methods
for representative fluorescence QYs whilst using the same dye. In
fact, it has also been reported that the QY may also depend on
the counter ion,[37] which may explain differences in the reported
QY (for example a QY of 1% in water is reported in Refs.[47,37]). Spe-
cifically, we focused on two solvents, water (where we measured
the QY to be 4%) and ethanol (QY of 22%), for which the absorption
properties are similar. We obtained RR cross-sections and the RR
excitation profile (RREP) of the main Raman peak of Nile Blue A
(NB) at 595 cm � 1 (attributed to a collective ‘ring-breathing mode’
of the structure) for excitations at 514, 531, 568, 633, and 647 nm
(therefore spanning the electronic resonance). The cross-sections
and RREP of the 1647 cm� 1 mode (previously attributed to a NH2
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
deformation[47]) were also determined for NB in water. We also
measured with a relatively high spectral resolution how the line-
widths of the Raman peaks were affected by excitation wavelength
and solvent. We show that the measured RREPs agree remarkably
well with predictions of a simple optical transform model,[48,49]

which only takes the optical absorption as input parameter. We
believe this work demonstrates clearly the possibility of routine RR
measurements of fluorescent dyes using appropriate combinations
of these recently developed methods.

The paper is organized as follows: in the next section, we briefly
discuss the sources of noise in continuous wave CCD-based RR
measurements. Note that because of space restrictions, the experi-
mental methods and main definitions for Raman and fluorescence
cross-section are provided in Sec. S.I of the Supplementary Informa-
tion. In the following section, we then discuss selected examples of
measurements carried out with each of the methods used in this
study. Additional graphs for all the other cases are provided as sup-
plementary information. Finally, the results are summarized, com-
pared to theoretical predictions, and discussed in the final section.
Sources of noise in RR measurements

Themain sources of noise relevant to CCD-based RRmeasurements
have been described in detail in Refs[6,7]. In short, in the presence of
a large fluorescence background, increasing the integration times
reduces the shot-noise (photon noise), but this approach quickly
faces limitations because of the presence of a fixed-structure noise
associated primarily with the imperfection/non-uniformity of the
CCD array. As illustrated in Fig. 1(a), this fixed-structure noise is of
the order of ef� 0.17% in our experimental conditions. For a peak
with Raman-to-fluorescence ratio, R, much larger than ef, a direct
Raman measurement is possible using standard methods, and the
cross-section can be readily inferred by comparison with a refer-
ence standard. As we shall see, this is possible for NB/water at 514
and 531 nm for both main Raman peaks, and at 568 nm for the
595 cm � 1 peak only. In fact, the Raman cross-sections for these
cases have previously been measured using standard techniques.[50]

Closer to resonance, however, R becomes comparable to, and even
much smaller than ef. For NB/ethanol, even off-resonance, the resid-
ual (including extrinsic) fluorescence is sufficiently strong to
make R comparable to ef and render a direct measurement
difficult. For all these cases, we therefore use the recently
developed method of CSRS,[7] which provides a versatile
approach of removing the fixed-structure noise.

However, the sensitivity of the method is such that it unravels
new sources of noise for the lowest Raman-to-fluorescence ratios.
Notably, weak absorption by oxygen and water in the atmosphere
(along the collecting optical path) results in many narrow absorp-
tion lines appearing as extremely weak dips in the fluorescence
spectrum, with relative amplitude typically 10� 4� 10� 3 of the
original fluorescence signal. Since these are comparable to
(possibly larger than) the Raman-to-fluorescence ratio, they prevent
the observation of shot-noise-limited Raman spectra in regions
where these absorption bands are present.

Using a publicly available database of high-resolution spec-
troscopic measurements of absorption in atmospheric gases
(HITRAN2008[51]), we can in fact predict accurately the positions
and relative amplitudes of these absorption lines in our system. In
fact, as shown in Ref.[7], the agreement with experiments is remark-
able. In Fig. 1(b), we show the results of such predictions over the
range of wavelengths relevant to this study (see also Fig. S4 in
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 573–581
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Figure 1. Sources of noise in CCD-based RR measurements. (a) Relative
noise spectrum (obtained by subtracting a fourth-order polynomial from
the fluorescence spectrum and normalizing by the signal of this original
spectrum) for increasing number of averaged spectra (i.e. number of
collected photons). The relative noise (estimated as the standard devia-
tion of the relative background-subtracted spectrum) decreases up to a
limit ef = 0.17% characterizing the fixed structure noise of the CCD. By
comparison, the shot-noise-limited relative noise for Ns = 2000 (equiva-
lent to 3� 108 photons per CCD column) should be of the order of e=
6� 10� 5. (b) Predicted relative absorption (RA) from oxygen (pink,
20.8% concentration in air at 20 ∘ C) and water (blue, assuming 65% hu-
midity at 20 ∘ C) along a path length of 6.5 m (corresponding to our
experiment). The spectra are computed using the HITRAN database,[51]

assuming a Gaussian instrumental broadening of 0.65 cm � 1 (FWHM). For
clarity, we use an appropriate log-scale by plotting [�log10(RA)] and
arbitrarily setting RA=10

� 6 for all RA< 10� 6 (to avoid the logarithm diver-
gence). The laser and Raman peak positions are also indicated as in Figure 2.
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the Supporting Information for an expanded version). It is clear
that water absorption lines can be particularly problematic in
the region 717–732 nm, with relative absorption RA of the order
of 10� 3� 10� 2, and similarly for oxygen and water in the region
687–707 nm, with RA of the order of 10� 4� 10� 3. These will
affect RR measurements at 633 nm for Raman peaks in the range
1200–2200 cm � 1 and at 647 nm for Raman peaks in the range
900–1800 cm � 1. There are also weaker absorption lines
between 568 and 633 nm at a level above RA� 10� 4, which may
also affect the most sensitive RR measurements in this region.

There are in principle at least three ways of overcoming the
problem of gas absorption bands: One may try to remove them
by post-processing the data. Indeed, using the predictions based
on the HITRAN database, it is possible to predict them quite
accurately. However, subtracting them exactly from the CSRS
spectrum remains a challenge as it is very sensitive to small
J. Raman Spectrosc. 2013, 44, 573–581 Copyright © 2013 John
imperfections in the wavelength calibration and modelling realis-
tically the instrumental broadening is difficult. In our experience,
the magnitude of the strongest absorption lines can be reduced
by a factor of 5–10 at best by post-processing, but improving this
factor further is very challenging. An example of this approach is
given in Fig. S20 (Supporting Information) for the 595 cm � 1

mode of NB in ethanol at 633 nm. Another alternative is to
physically remove or reduce the cause of these absorption lines
by either reducing the collection pathlength or simply removing
the gases responsible (for example by pumping nitrogen inside
the spectrometer, or reducing as much as possible the moisture
content of the ambient atmosphere). Although this would solve
the problem, it is obviously not straightforward to implement.
The third alternative is to use another recently proposed method
for RR Spectroscopy: PD-RRS.[6] This method consists in taking the
difference between two spectra obtained for parallel and
perpendicular polarization configuration. Because the Raman
depolarization ratio is smaller (it is often 1/3 at resonance) than
the fluorescence depolarization ratio (close to 1), part of the
Raman peak remains in the difference spectrum, while the
fluorescence background, and its associated fixed-structure and
absorption lines can be cancelled exactly with appropriate care.
The disadvantage of this method compared to CSRS is that the
remaining Raman peak in the difference is about twice as small,
and an assumption about the Raman depolarization ratio is
necessary to extract the cross-section (typically rR=1/3 can be
assumed in resonance from theoretical arguments).
Experimental results

In this section, we will describe representative experimental
results for each of the three methods that we have used in this
study: direct measurement when the Raman-to-fluorescence
ratio is large enough, CSRS otherwise, and PD-RRS when CSRS is
hindered by gas absorption lines. The complete set of results
will then be summarized and discussed in the next section. We
summarize in Table 1 the methods used for each case along with
the measured value of the Raman-to-fluorescence ratio for paral-
lel polarization, Rk, in each case. Note that the value of Rk off-
resonance is affected by extrinsic fluorescence (especially in
ethanol) and should therefore be viewed as indicative only as it
may depend on the specific sample under study. In all cases
where it was possible, we have tried to measure the RR spectra
and cross-section for both parallel and perpendicular polariza-
tions (the latter being much more challenging since it is typically
three times weaker). This allowed us to derive the Raman
depolarization ratio, rR.
Absorption and fluorescence

The absorption and fluorescence spectra for Nile Blue in water
and ethanol are shown in Fig. 2. The laser lines used for Raman
excitation are also indicated, along with the position of the two
main Raman peaks of NB at 595 and 1647 cm � 1 (Raman shift).
The absorbance spectrum is slightly modified in ethanol by
solvation effects; its maximum position is in particular blue-
shifted to 628 nm (down from 634 nm in water). This solvent
dependence of Nile Blue has been previously studied.[37] The
maximum of fluorescence is also slightly blue-shifted from 675
nm in water to 662 nm in ethanol. The main difference between
the two solvents relates to the fluorescence efficiency, with a
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs



Table 1. Summary of Raman-to-fluorescence ratios, Rk, for parallel polarization configurations, as determined in this work for each of the cases
investigated, along with the method used for the measurement (in brackets): DR for direct Raman measurement, CS for CSRS, and PD for
PD-RRS. The magnitude of Rk provides a good indication of how difficult the RR measurement is. The Raman-to-fluorescence ratio, R⊥, for
the perpendicular polarization is of the order of 2.3� 2.8 times smaller than Rk

lL [nm] NB/Water 595 cm�1 NB/Water 1647 cm�1 NB/Ethanol 593 cm�1 NB/Ethanol 1645 cm�1

514.5a 0.3 (DR) 0.16 (DR) 1.9� 10�2 (CS) 1.3� 10�3 (CS)

530.9a 1.0 (DR) 0.25 (DR) - -

568.2a 0.23 (DR) 4.9� 10�3 (CS) 3.2� 10�3 (CS) 4.3� 10�4 (CS)

632.8 1.1� 10�3 (CS) ≤1.0� 10�4 (PD) 3.1� 10�4 (CS) -

647.1 7.2� 10�4 (CS) 1.2� 10�4 (PD) 3.8� 10�4 (CS) -

aValues of Rk for these excitation wavelengths are affected by extrinsic fluorescence and are therefore indicative of this measurement only; they are
not intrinsic to NB solutions.
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Figure 2. UV–vis absorption and fluorescence spectra (excited at 568 nm)
of NB in water (blue solid lines) and ethanol (red dashed lines). The fluores-
cence intensities were normalized for visualization and do not reflect the
actual quantum yields: 4% in water and 22% in ethanol. The vertical marks
indicate the position of the laser lines used in this study, along with (to their
right) the position of the two Raman peaks of NB at 595 cm� 1 and 1647 cm� 1.
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measured QY of the order of 4% and 22% in water and ethanol,
respectively (see Fig. S3 (Supporting Information)). From the point
of view ofmeasuring RR spectra, NB/water is therefore representative
of fluorophores withmoderate QY, while NB/ethanol approaches the
most challenging cases of good QY. For a given system, the largest
fluorescence background is expected when laser excitation is at
the maximum of the molecular absorption, and the Stokes–shifted
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under the same experimental conditions. (b) Raman peak region (parallel po
cross-section dsR�Ω are deduced. Another fit of the peak for the perpendicula
ization ratio rR=0.35.

wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
Raman wavelength is close to the maximum of fluorescence emis-
sion. From Fig. 2, we see that these correspond to the 595 cm � 1

Raman mode excited at either 647 nm for NB/water, or 633 nm for
NB/ethanol. The fluorescence cross-sections in these cases is
estimated to be dsF�Ω�n 595ð cm � 1) = 2.4� 10� 22 cm 2/sr/cm � 1 for

NB/water at 647 nmand dsF�ga�n 595ð cm� 1)=1.7� 10� 21 cm 2/sr/cm� 1

for NB/ethanol at 633 nm. As we shall see, measuring the 1647 cm � 1

mode is as challenging as the 595 cm � 1 one, because it is
both weaker and broader thus resulting in a smaller Raman-
to-fluorescence ratio.

Direct Raman measurements

Standard Raman measurements have been used for a number of
off-resonance cases as given in Table 1. We illustrate it in Fig. 3 for
NB/Water/595 cm � 1 at 568 nm, for both polarizations. From
the fit in Fig. 3(b) and a comparison to the Raman spectrum of
2-Bromo-2-Methylpropane (2B2MP) under identical conditions,
we can deduce the Raman cross-section, which for parallel
configuration is dsR�Ω ¼ 1:9� 10�25cm2 /sr. A fit of the peak
in the perpendicular configuration (see Fig. S9, Supporting
Information) also allows us to determine the depolarization ratio
rR=I⊥/Ik=0.35.

CSRS

As soon as the laser excitation gets closer to the resonance
(in fact even in many pre-resonance cases), the large fluorescence
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r polarization (see Figure S9) is carried out to deduce the Raman depolar-
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background prevents the observation of the Raman peak. For
NB/ethanol, this is in fact the case at all excitation wavelengths
under investigation, partly because of extrinsic fluorescence. Even
after subtraction of the smooth fluorescence background (typically
using a fourth-order polynomial fit), the residual fixed-structure
noise (with relative amplitude of the order of 0.2% of the original
signal, see Fig. 1(a)) affects the quality of the measurement and
can even in some cases be much larger than the Raman peaks. In
such cases, the recently introduced CSRS method[7] provides a
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J. Raman Spectrosc. 2013, 44, 573–581 Copyright © 2013 John
relatively easy and versatile method to remove the fixed-structure
noise and recover the Raman spectrum. This method is illustrated
in Fig. 4 for the 595 cm-1 mode of NB/ethanol at 647 nm (i.e. close
to the absorption resonance and fluorescence maximum).

The fluorescence spectrum around the region of the Raman peak
is shown in Fig. 4(a). It can be used to quantify the fluorescence
cross-section at the Raman peak position dsF�Ω�n by comparison
with 2B2MP. This measurement is carried out at low laser power
and low NB concentration to avoid problems associated with
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strong absorption of the laser and/or Raman light and with photo-
bleaching. The Raman cross-section will then be inferred using the
fluorescence background as reference, which is self-normalizing
with respect to absorption and photobleaching. This two-step
determination of the absolute Raman cross-section[6] allows one
to ignore absorption and photobleaching issues during the CSRS
measurement and therefore to maximize signal intensity.
As explained in detail in Ref.[7], the CSRS method consists in

acquiring a large number of spectra (typically � 10 to � 1000
spectra) for � 50 small incremental shifts (typically � 1–2 cm � 1)
of the diffraction grating, as shown in Fig. 4(b). We average 50
spectra here over a total integration time of about 75 s for each
of the 50 grating shifts. The total measurement time is therefore
just over an hour, with an average of 3.6� 109 photons collected
per CCD bin (operated here in the lowest gain mode of 15
photons/cts to avoid saturation). The fixed-structure noise is evi-
dent in Fig. 4(c) from a simple background subtraction from the
spectrum obtained at a single shift. As discussed in Ref.[7], the
fixed-structure-free spectrum can then be recovered in two ways.
The first alternative is a simple averaging of the 50 spectra after
shifting them back to the same position (in practice, this requires
interpolation). The obtained averaged CSRS (a-CSRS) spectrum is
akin to what would be obtained from a so-called Kiefer-scan[52]

and is shown in Fig. 4(d). The Raman peak is now clearly visible,
but on top of a non-trivial background that would prevent any
serious analysis of the line-width and line-shape. We therefore in
most cases use instead the second type of analysis called flat-field
corrected CSRS (ffc-CSRS) with 2 iterations (see Ref.[7] for details),
which results in the almost-background-free spectrum of Fig. 4(e),
also shown in Fig. 4(f) along with a Lorentzian fit to the peak. We
can clearly see here that the peak is Lorentzian within experimental
uncertainties. The determination of the line-width, Raman cross-
section, and depolarization ratios then proceeds as described
earlier for a direct Raman measurement, except that the fluores-
cence cross-section and fluorescence intensity under the peak are
used as reference to determine the absolute Raman cross-section.
We can also deduce from this the Raman-to-fluorescence ratio,

Rk, which is of the order of 4� 10� 4 here, a remarkably small
relative signal, which should be contrasted with the high quality
of the final ffc-CSRS spectrum obtained in Fig. 4(e–f). Even the
secondary Raman peak at 665 cm � 1 is observable. This small
value also explains why the peak was barely visible in the fixed-
structure noise of Fig. 4(c).

PD-RRS

As discussed earlier and in Fig. 1(b), weak absorption lines of
oxygen and water vapour in air may preclude the observation
of the Raman peak in resonance conditions, in particular in the
red part of the visible spectrum. Such a situation appears for
the 1647 cm- 1 mode excited at 647 nm. This is illustrated in Fig. 5
(a–b) where the RR spectrum obtained from the ffc-CSRS method
is shown. The absorption lines with relative amplitude up to
5� 10� 3 completely hide the Raman peak with much weaker
relative intensity (Rk= 1.2� 10� 4 as determined a posteriori).
Attempts at removing these absorption lines using predicted
absorption spectra from the HITRAN database were not accurate
enough to recover the peak.
We can therefore instead use another recently proposedmethod

for RRS, namely PD-RRS. This method relies on the fact that the
Raman signal is more polarized than the fluorescence background.
The difference spectrum between two polarizations can therefore
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
cancel out the background (including absorption lines, which have
the same polarization properties as the fluorescence background)
and reveal the Raman peak. More details about the implementation
of this method are given in Ref.[6], and we here only illustrate the
main steps and the result in Fig. 5(c-d) for the 1647 cm-1 mode of
NB/water at 647 nm. The resulting spectrum is still very noisy
because of the extremely weak Raman-to-fluorescence ratio in this
case, but is nevertheless sufficient to obtain an estimate (at least an
upper bound) for the Raman cross-section.

Sources of errors and uncertainties

In many of the examples presented so far and in the additional
cases given in the Supplementary Information, the spectral reso-
lution and signal-to-noise ratio are good enough to characterize
the line-shape of the peak, which can be fitted by a Lorentzian
peak within experimental uncertainties in the majority of cases.
In some cases, a Lorentzian fit does not appear to be adequate
and a pseudo-Voigt fit is used instead. Such instances typically
also exhibit a slightly larger line-width than average (compared
to the same mode at other excitation wavelength), and we
therefore believe that the non-Lorentzian line-shape is a conse-
quence of non-ideal alignment conditions resulting in instru-
mental broadening. In fact, from multiple independent repeats
of these experiments, it appears that the main source of error
in the line-width estimate Γ is the instrumental broadening,
which depends on the exact optical alignment and varies in the
range 0.5� 1 cm � 1. The typical error on the line-width is there-
fore estimated to be � 0.5 cm � 1. For noisier measurements of
the 595 cm � 1, this typically increases to � 1 cm � 1. The relative
error is of the same order for the 1647 cm � 1, which means that
the absolute errors are about twice as large since it is about
twice as broad.

The spectra obtained for the perpendicular configuration are
weaker and therefore usually noisier. This results in potentially
large errors on the line-width Γ⊥, which in turn affect the depo-
larization ratio rR. In such cases, we have fixed Γ⊥ to be equal
to Γk in the fits. Even then, there is the possibility of a slight
different optical alignment condition for the two polarization
configurations (because the rotation of the lambda/2 waveplate
may introduce a minute change in the laser beam position).
Overall, there is therefore a relatively large error of between
� 10% and � 20% in all our measurements of rR. With this in
mind, almost all our values of rR are compatible, within experi-
mental errors, with the value of 1/3 predicted for resonance
and pre-resonance conditions with a single electronic state.

Overall, the uncertainty in the cross-section estimates is
dominated by four sources: First, the uncertainty in the con-
centration of NB. To reduce this to a minimum, the actual
concentration of all samples was characterized by UV/Vis ab-
sorption after all absolute cross-section measurements. The
molar extinction coefficients given in Fig. 2 were used as a
reference, and these may have an error of about 10% associ-
ated with weighing and preparation of the original bulk
solutions. This error is however the same for all our measure-
ments. Second, the uncertainty in the line-shape of the spec-
trum. For example, a Gaussian fit to the Raman peak results in
an integrated intensity 1.5 times smaller than a Lorentzian fit
of same FWHM. This can be an issue for noisy spectra where
the actual line-shape cannot be easily identified. However, we
found that in most cases where the signal-to-noise ratio was
good enough to study the line-shape, the Raman peaks under
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 573–581
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study here were best described by a Lorentzian (as opposed to a
Gaussian or a pseudo-Voigt) profile. Lorentzian fits were therefore
used by default when the signal-to-noise ratio was not good
enough to properly assess the line-shape. Third, the uncertainty
in the line-width of the peak can have an important effect on
the estimated integrated area (and therefore cross-section), in fact
muchmore than the peak intensity, which is typically much more
constrained during the fit. The error in Γ was discussed earlier,
and this will result in a typical uncertainty of � 20% in the
estimated cross-sections. This is we believe the dominant source
of error in our measurement (in addition to the systematic error
associated with the concentration estimate of the stock solu-
tion). The three items discussed so far affect the determination
of dsR�Ω for parallel polarization. The Raman cross-section dsRΩ is

then obtained from dsRΩ ¼ 1þ rR
� �

dsR�Ω and is therefore in
addition affected by uncertainties in rR discussed earlier.

To this general discussion, one should finally add the
potential additional statistical errors in cases where the sig-
nal-to-noise ratio is poor. The spectra and fits used for all
our measurements are provided in the Supplementary Infor-
mation and provide a ‘visual’ guide for the errors associated
with each.
J. Raman Spectrosc. 2013, 44, 573–581 Copyright © 2013 John
Discussion

Figures with the experimental spectra, fits, and extracted values
for all the cases investigated in this work are provided in the
Supplementary Information for reference (S5 to S21). These
graphs are useful to gauge from the noise level the errors in
the parameters obtained from the fits. We summarize in Table 2
the results for the most relevant parameters.

As for the electronic properties (e.g. absorption), small
differences are observed between the Raman spectra of NB in
water and ethanol. The peak positions are slightly shifted,
for example from 595.5 cm � 1 and 1647 cm � 1 in water to
593.2 cm � 1 and 1645 cm � 1 in ethanol. The Raman peak line-
widths also appear to be narrower in ethanol than in water, at all
excitation wavelengths. Such solvation effects are in fact not unex-
pected, but have never been explicitly resolved before in direct
measurements of resonant Raman spectra with the type of resolu-
tion we have here.

Regarding the Raman cross-sections, we first note that the values
obtained here off-resonance (514 and 531 nm) are comparable to
those measured before for NB in ethylene-glycol.[50] The most
interesting aspect of our work relates to the previously not
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Table 2. Summary of the results

lL [nm] 514.5 530.9 568.2 632.8 647.1

NB/Wat 595 cm�1

dsR�Ω [10�26 cm2/sr] 3.6 5.9 19 170 160

Γk [cm�1] 6.5 5.7 6.2 6.3 5.9

rR 0.36 0.36 0.35 0.34 0.31

dsRΩ [10�26 cm2/sr] 4.9 8.0 26 230 210

NB/Wat 1647 cm�1

dsR�Ω [10�26 cm2/sr] 10 11 39 ≤40a 32a

Γk [cm�1] 15 13.3 13.6 14a 14a

rR 0.39 0.40 0.35 1/3a 1/3b

dsRΩ [10�26 cm2/sr] 14 15.5 53 ≤53a 43a

NB/Wat

r1647/595 2.9 1.9 2.0 ≤0.23a 0.20a

NB/Eth 593 cm�1

dsR�Ω [10�26 cm2/sr] 3.8 - 27 380 260

Γk [cm�1] 4.4 - 5.1 4.7 3.6

rR 0.36 - 0.33 0.35 0.3

dsRΩ [10�26 cm2/sr] 5.2 - 36 510 350

NB/Eth 1645 cm�1

dsR�Ω [10�26 cm2/sr] 12 - 82 - -

Γk [cm�1] 11.1 - 14.2 - -

rR 0.32 - 0.34 - -

dsRΩ [10�26 cm2/sr] 16 - 110 - -

aThese values are subject to particularly large uncertainties because of a
poor signal-to-noise ratios, see figures in the suppl. info for details.
brR=1/3 is here assumed, not measured.
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measured cross-sections approaching or even at resonance (568,
633, and 647 nm) and to the corresponding Raman excitation
profile (REP). As expected, there is a large increase in the Raman
cross-sections at or close to resonance. However, there is also a
dramatic change of relative intensities between the two Raman
modes under study, the ratio r ¼ dsRΩ 1647cm�1ð Þ=dsRΩ 595cm�1ð Þ
being about ten times smaller at 633 and 647 nm than at shorter
wavelengths. This suggests that these two modes have a
markedly different REP. The experimental results also suggest
a slightly different REP for the 595 cm � 1 mode in water and
ethanol, which is a natural consequence of the slight difference in
electronic properties.
In order to be more quantitative, we have used a simple optical

transform model[48,49] to predict these REPs. The main advantage
of this model is that it only requires a knowledge of the optical
absorption but should nevertheless provide accurate predictions
of REPs under a set of reasonable assumptions:[48,49] adiabatic,
Condon, and harmonic approximations; single electronic state;
linear electron–phonon coupling. Explicitly, following Refs.[48,49],
we compute from the absorption cross-section sAbs(l) the follow-
ing complex function of absolute wavenumber �n ¼ 1=l (note the
link with Kramers–Kronig relations):

’ �nð Þ ¼ P
Z 1

0

sabs �n
0� �

�n0 �n0 � �nð Þ d�n
0 � ip

sabs �nð Þ
�n

; (1)

where P denotes the principal value of the integral. ’ �nð Þ is com-
puted numerically from the measured sAbs(l), limiting the range
of integration from 400 to 800 nm (extending the integral below
400 nm has a negligible effect on the results). The REP, dsRΩ �nLð Þ
for a given mode with vibrational energy �nv excited at a wave-
length lL ¼ 1=�nL is then obtained from:
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
dsRΩ �nLð Þ ¼ Av �nL � �nvð Þ4 ’ �nLð Þ � ’ �nL � �nvð Þ 2;
���� (2)

where Av is a scaling factor independent of �nL and relates to the
Franck-Condon overlap of the vibration.

The computed REPs for all cases of interest are shown in Fig. 6.
These predictions agree remarkably well with the experimental
results. From these, we can see that the 1647 cm � 1 mode
resonance is blueshifted down to 590 nm and its Raman intensity
is substantially decreased at 633 and 647 nm, which explains the
observed decrease in the ratio r. Other features of the experimental
data are also captured by the simple theoretical model, notably the
difference in Raman cross-sections of the 595 cm � 1 at 633 and 647
nm. While they are comparable for NB in water, the small shift in
electronic resonance in ethanol results in a sharp decrease in
cross-section from 633 to 647 nm.

Finally, the scaling factor Av can be derived (up to a constant
factor) from the comparison with the experimental cross-sections.

The theory predicts that Av is proportional to Δ2
v=�nv , where Δv

characterizes the shift in the equilibrium position of the normal
coordinates between the ground and excited electronic states.[49]

Our results suggest that Δv is larger by a factor � 1.5 for the
595 cm � 1 mode compared to the 1647 cm � 1 mode.

Conclusions

In closing, we believe we have provided a full worked-out example
of the application of new techniques to study resonant Raman
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 573–581
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spectra with conventional Raman systems, in situations that have
been considered very difficult or impossible in the past (because
of the interference with fluorescence). REPs for the example treated
here agree well with predictions from an optical transform model
that only requires the absorption as an input, and reference cross-
sections for NB can now be used in other branches of Raman
spectroscopy where they are relevant (for example, in single-
molecule SERS). We believe the examples chosen here illustrate
the power of the techniques and anticipate that similar studies
can be readily extended to other fluorescent dyes of interest.
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S.I. EXPERIMENTAL METHODS AND
PRELIMINARIES

A. Definitions

We adopt here the same definitions and conventions
for the various cross-sections as used in Ref. [1], which
we recall here briefly for completeness. Raman cross-
sections are characterized by the 90◦-scattering differen-
tial Raman cross-section (spectrally integrated over the
Raman peak and all outgoing polarizations), denoted by

dσRΩ ≡ dσR/dΩ = dσ
R−‖
Ω +dσR−⊥Ω , typically expressed in

units of [cm2/sr]. In this expression, dσ
R−‖
Ω and dσR−⊥Ω

are the standard differential cross-sections for parallel
and perpendicular polarization scattering configurations,
respectively. We note that the total (integrated over solid
angle) Raman cross-section σR [cm2] is also sometimes
used instead, [2, 3] and can be easily deduced from: [2, 4]

σR =
8π

3

1 + 2ρR

1 + ρR
dσRΩ , (S1)

where ρR is the Raman depolarization ratio, given as:

ρR =
dσR−⊥Ω

dσ
R−‖
Ω

. (S2)

For fluorescent molecules, we are also interested in
quantifying the fluorescence intensity under the Ra-
man peak (as opposed to the total fluorescence in-
tensity), and we will therefore use the 90◦-scattering
doubly-differential (with respect to solid angle Ω and
wavenumber ν̄) fluorescence cross-section, denoted by
dσFΩν̄ ≡ d2σF /(dΩdν̄); which we will express in units of
[cm2/sr/cm−1 ≡ cm3/sr]. Note that it is not spectrally
integrated and therefore depends on the spectral posi-
tion (wavenumber or wavelength) at which it is evaluated
(and also obviously on the excitation wavelength). This
is necessary because the fluorescence has a very different
spectral width from a typical Raman peak. Accordingly,
we are only interested in quantifying the fluorescence over
a much smaller spectral range than its natural emission
width; hence the need for doubly-differential fluorescence
cross-section. Note that the standard differential fluores-
cence cross-section dσFΩ would be given by spectral inte-

gration as:

dσFΩ =

∫
dσFΩν̄(ν̄)dν̄. (S3)

From these basic cross-sections, one can in principle
infer the ratio of Raman-to-fluorescence intensity, and
therefore how difficult a RR measurements will be (or
more quantitatively: which relative noise level ε is re-
quired for a direct RR measurement). For this, we how-
ever need to know the Raman peak intensity (rather than
the integrated intensity) and this is also characterized
by a doubly-differential (Raman) cross-section, [5] dσRΩν̄ .
The latter depends on the line-width (and to a lesser de-
gree the line-shape) of the Raman peak. For a Lorentzian
line-shape with Full Width at Half Maximum (FWHM)
Γ, it is straightforward to show that the peak Raman
intensity is, for example for parallel polarization:

dσ
R−‖
Ων̄ =

2

πΓ
dσ

R−‖
Ω . (S4)

We can therefore define, for a given Raman peak and
excitation wavelength, the Raman-to-fluorescence inten-
sity ratio in the parallel polarization configuration, R‖

[adimensional] as:

R‖ =
dσ

R−‖
Ων̄

dσ
F−‖
Ων̄

, (S5)

which provides a measure of how difficult it is to directly
measure the Raman signal on top of the fluorescence
background (the lower R‖, the harder it is). We note that
since R‖ is related to the Raman peak intensity (rather
than its spectrally integrated intensity), it may depend
slightly on the instrumental broadening. In practice, R‖

is simply the Raman peak intensity divided by the inten-
sity of the background underneath it.

B. Experimental set-up

A typical experimental set-up for these experiments,
based on the standard 90◦-scattering configuration, is
presented in Fig. S1. The detection is always performed
in the (fixed) vertical direction to avoid differences in in-
strumental efficiencies. The excitation is either ‖ or ⊥ to
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FIG. S1: Schematic of the standard 90◦-scattering configura-
tion used in these experiments.

the detection direction (selected by an achromatic λ/2
waveplate), and is focused in the center of the cell by a
f = 15 cm focal length lens. The collection of the signal
is performed with two lenses of focal length f = 10 cm
each, thus achieving an image with a magnification of
one on the entrance slit of the monochromator. These
experiments were performed on a T64000 Jobin-Yvon
triple additive/subtractive spectrometer (used in sub-
tractive mode) coupled to a liquid-nitrogen-cooled Sym-
phony CCD with fast acquisition mode. The depolariza-
tion ratio (for either Raman or fluorescence) is defined as
the ratio of intensities: ρ = I⊥/I‖.

Most of the experiments were carried out using
1800 lines/mm gratings with 200− 300µm entrance slit,
resulting in a spectral resolution of ≈ 0.5 − 1 cm−1. For
excitation, we have used either a HeNe laser (30mW
at 633 nm) or an Ar/Kr laser for the other lines at
514.5, 530.9, 568.2, and 647.1 nm with typical powers
up to 100 mW. In simple cases, absolute Raman and
fluorescence cross-sections were characterized by com-
parison with the 516 cm−1 Raman peak of 2-Bromo-2-
methylpropane (2B2MP) as a reference standard. [6]
Its Raman cross-section at 633 nm excitation is 5.4 ×
10−30 cm2/sr (with a depolarization of ρR = 0.16), from
which the cross-section for parallel polarization at other
visible wavelengths (which are still far from the resonance
in the UV) is deduced as:

dσ
R−‖
Ω (λL) = (S6)(
107/(λL[nm])− 516 cm−1

15282 cm−1

)4

× 4.6× 10−30 cm2/sr.

The correction of the reference cross-section from its
value at 633 nm in Eq. S6 accounts for the well-known
ω4-dependence of off-resonance Raman cross-sections.
Note that this method of comparison with 2B2MP can
only be carried out on samples of sufficiently low concen-
tration, where absorption of both laser and Raman light
is negligible (typically 3 − 5µM at most in the resonant
region of NB in our configuration, with ≈ 5 mm path-
length in solution for excitation and ≈ 2 mm for collec-
tion). The system response was calibrated (see Fig. S2)

5 5 0 6 0 0 6 5 0 7 0 0 7 5 0
0 . 4
0 . 5
0 . 6
0 . 7
0 . 8
0 . 9
1 . 0

 

 

W a v e l e n g t h  [ n m ]

FIG. S2: System response (normalized and smoothed), cali-
brated using a tungsten lamp.

using a tungsten white light source and this was taken
into account when estimating cross-sections.

C. Preparation of Nile Blue solution

Nile Blue A perchlorate (NB, dye content 95%) was
purchased from Sigma-Aldrich. Extra precautions must
be taken for the water solution because of the poor sol-
ubility of NB in water, and its tendency to form aggre-
gates. In fact, inconsistent results were obtained when
preparing samples from a 100µM NB/water stock solu-
tion. A 2 L stock solution of NB in water was there-
fore prepared at a relatively low concentration of 12µM
and magnetically stirred for a week. Other samples were
then prepared by further dilution from this reference so-
lution. Magnetic stirring of the stock solution was also
carried out before any further dilution. The absorbance
then scales linearly with concentration until ≈ 6µM,
[1] which therefore corresponds to the onset of creation
of dye-aggregates (probably dimers). Only solutions of
NB/water at concentrations below 6µM were therefore
used in the measurements. The NB/ethanol solutions
were also prepared from a 2 L stock solution at 12µM
concentration. There was no evidence of solubility or
dye-aggregation issues in this case.
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D. Quantum yield measurements
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FIG. S3: Quantum yield determination for (a) c = 0.88µM
NB/water solution and (b) c = 0.84µM NB/ethanol solution.
Shown are the spectral dependence of the absolute doubly-
differential fluorescence cross-sections for parallel polarization

(dσ
F−‖
Ων̄ ), excited at 633 nm, using 2B2MP as a reference cross-

section standard. The fluorescence depolarization ratio ρF is
obtained from a similar measurement in the perpendicular
polarization, and the absorption cross-section σAbs at 633 nm
from UV/Vis absorption. The fluorescence differential cross-

section dσ
F−‖
Ω is then obtained by spectral integration. From

this, the total fluorescence cross-section is obtained as σF =

dσ
F−‖
Ω (8π/3)(1 + 2ρF )/(1 + ρF ) and the quantum yield from

QY = σF /σAbs.
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E. Gas absorption lines
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FIG. S4: This graph is simply a larger and more readable version of Fig. 2(b) of the main manuscript. It shows the predicted
relative absorption (RA) from oxygen (pink, 20.8% concentration in air at 20◦C) and water (blue, assuming 65% humidity at
20◦C) along a path length of 6.5 m (corresponding to our experiment). The spectra are computed using the HITRAN database,
[7] assuming a Gaussian instrumental broadening of 0.65 cm−1 (FWHM). For clarity, we use an appropriate log-scale and plot
− log10(RA) and arbitrarily set RA = 10−6 for all RA < 10−6 (to avoid the logarihtm divergence). The laser and Raman peak
positions for the two peaks studied in the main paper are also indicated.
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S.II. RAMAN SPECTRA AND FITS

We now provide sequentially the Raman spectra and
fits obtained in each of the cases investigated. Most fits
are Lorentzian with a linear background, but pseudo-
Voigt fits were also used where appropriate (typically
when instrumental broadening is large). The signal-
to-noise ratio and quality of the fits give an indication
of the reliability of the values obtained in each case.
We indicate in these plots the values inferred from the
fits for the differential Raman cross-section for paral-

lel polarization dσ
R−‖
Ω , the linewidths for both polar-

izations Γ‖ and Γ⊥, and the Raman depolarization ra-
tio ρR. For continuously-shifted Raman spectroscopy
(CSRS) [8] and polarization-difference resonance Raman
spectroscopy (PD-RRS) [1] measurements, we also mea-
sure the Raman-to-fluorescence ratio R‖, from which the
Raman cross-section is deduced using the fluorescence
background as a reference. In such cases, we also indicate
in the caption the value of the doubly-differential fluores-

cence cross-section under the Raman peak, dσ
F−‖
Ων̄ , and

the fluorescence depolarization ratio ρF , both of which
are obtained from an independent measurement at low
laser power. The Raman cross-section for a Lorentzian
peak is then deduced from (see also Eq. 4 and 5 of the
main text):

dσ
R−‖
Ω =

πΓ‖

2
R‖dσ

F−‖
Ων̄ . (S7)

In the case of NB in ethanol, we have when possible
double-checked the results using the 884 cm−1 mode of
ethanol as an alternative reference Raman cross-section
standard. For this, we have measured (against 2B2MP)
the differential Raman cross-section for parallel polariza-

tion at 514 nm to be dσ
R−‖
Ω = 1.1×10−30 cm2/sr and the

Raman depolarization ratio ρR = 0.18. The cross-section
for other (longer) excitation wavelengths is obtained us-
ing the ω4-scaling factor.

Note that we have not measured NB in ethanol
at 531 nm excitation and that measurements of the
1645 cm−1 mode for NB ethanol at 633 and 647 nm are
not shown as they were not sensitive enough to reveal
the peak (because the resonance Raman enhancement is
moderate but the fluorescence background is still large).
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FIG. S5: Direct Raman measurement of the 595 cm−1 mode
of NB in water (c = 2.2µM) at 514 nm for parallel (‖) and
perpendicular (⊥) polarizations, along with pseudo-Voigt fits.
Integrations times are 180 s. The cross-sections are inferred
by comparison with 2B2MP. We believe the larger linewidth
for ‖ is a result of instrumental broadening due to a slight
misalignment.
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FIG. S6: Direct Raman measurement of the 1647 cm−1 mode
of NB in water (c = 2.2µM) at 514 nm for parallel (‖) and
perpendicular (⊥) polarizations, along with Lorentzian fits.
Integrations times are 180 s. The cross-sections are inferred
by comparison with 2B2MP.
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FIG. S7: Direct Raman measurement of the 595 cm−1 mode
of NB in water (c = 4.2µM) at 531 nm for parallel (‖) and
perpendicular (⊥) polarizations, along with Lorentzian fits.
Integrations times are 180 s (‖) and 600 s (⊥). The cross-
sections are inferred by comparison with 2B2MP.
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FIG. S8: Direct Raman measurement of the 1647 cm−1 mode
of NB in water (c = 4.2µM) at 531 nm for parallel (‖) and
perpendicular (⊥) polarizations, along with Lorentzian fits.

We have here imposed Γ⊥ = Γ‖ in the fit for ⊥. Integrations
times are 180 s. The cross-sections are inferred by comparison
with 2B2MP.
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FIG. S9: Direct Raman measurement of the 595 cm−1 mode
of NB in water (c = 0.9µM) at 568 nm for parallel (‖) and
perpendicular (⊥) polarizations, along with pseudo-Voigt fits
(Lorentzian fits here do not seem adequate, but this is pos-
sibly related to instrumental broadening). Integrations times
are 180 s. The cross-sections are inferred by comparison with
2B2MP.

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0 2 0 0 0- 2 0

0

2 0

4 0

6 0

8 0 N B / w a t e r  -  5 6 8  n m  ( f f c - C S R S )

 

 

Int
en

sity
 [c

ts]

R a m a n  s h i f t  [ c m - 1 ]

FIG. S10: CSRS measurement of the full Raman spectrum of
NB in water (c ≈ 6µM) at 568 nm, obtained using lower reso-
lution gratings with 50 shifts of 12 cm−1 and 40 s integration
per shift.
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FIG. S11: CSRS measurement of the 1647 cm−1 mode of NB
in water (c = 4.9µM) at 568 nm using 40 shifts of 2 cm−1

and 40 s integration per shift. We show the ffc-CSRS spectra
for parallel (‖) and perpendicular (⊥) polarizations, along

with Lorentzian fits. We have here imposed Γ⊥ = Γ‖ in
the fit for ⊥, but the quality of the fit remains marginal.
The observed high-frequency oscillations in both cases are at-
tributed to Fabry-Perot oscillations along the collection path
(most likely inside the glass cell wall). They do not affect the
fit strongly, but could nevertheless be avoided by adding a
thick glass cube optically matched to the cell. [1] The cross-
sections are inferred by using the fluorescence background
(not shown and dominated by extrinsic fluorescence here) as
a reference as explained in the main text and in Eq. S7.
We here have R‖ = 4.9 × 10−3 and independently measured

dσ
F−‖
Ων̄ = 3.7 × 10−24 cm2/sr/cm−1 and ρF = 0.8. Note that

the same Raman cross-section is derived from a full CSRS
spectrum (obtained with a lower resolution) and shown in
Fig. S10, by comparing the 1647 cm−1 intensity to that of
the 595 cm−1.
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FIG. S12: CSRS measurement of the 595 cm−1 mode of NB
in water (c = 2.6µM) at 633 nm using 50 shifts of 2 cm−1

with 56 s (‖) and 72 s (⊥) integration per shift. We show the
ffc-CSRS (with 2 iterations) spectra for parallel (‖) and per-
pendicular (⊥) polarizations, along with Lorentzian fits. We

have here imposed Γ⊥ = Γ‖ in the fit for⊥. The cross-sections
are inferred by using the fluorescence background (not shown)
as a reference as explained in the main text and in Eq. S7.
We here have R‖ = 1.1 × 10−3 and independently measured

dσ
F−‖
Ων̄ = 1.6× 10−22 cm2/sr/cm−1 and ρF = 0.75.
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FIG. S13: PD-RRS measurement of the 1647 cm−1 mode
of NB in water (c ≈ 3µM) at 633 nm with 3400 s (‖) and
4600 s (⊥) integration times. We show the difference spec-
trum along with a tentative Lorentzian fit. Given the poor
signal-to-noise ratio, we have here imposed Γ = 14 cm−1 and
the proposed fit should only be viewed as a way to obtain
an upper estimate to the Raman cross-section rather than
as a credible fit to the peak. A higher laser power (not
available to us at 633 nm) would be necessary to improve
this measurement. The cross-sections are inferred by using
the fluorescence background (not shown) as a reference. We
here have RPDRRS = 5.7 × 10−5 and independently mea-

sured dσ
F−‖
Ων̄ = 1.8 × 10−22 cm2/sr/cm−1 and ρF = 0.75,

from which the measured PD-RRS cross-section is obtained:
dσPDRRS

Ω = 2.3 × 10−25 cm2/sr. Assuming the Raman depo-
larization ratio is ρR = 1/3, the Raman cross-section is then

deduced from [1] dσ
R−‖
Ω = dσPDRRS

Ω (1− ρR/ρF )−1.
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FIG. S14: CSRS measurement of the 595 cm−1 mode of NB
in water (c ≈ 3µM) at 647 nm using 50 shifts of 1 cm−1 with
60 s integration per shift. We show the ffc-CSRS (with 2 it-
erations) spectra for parallel (‖) and perpendicular (⊥) po-
larizations, along with Lorentzian fits. The cross-sections are
inferred by using the fluorescence background (not shown)
as a reference as explained in the main text and in Eq. S7.
We here have R‖ = 7.2 × 10−4 and independently measured

dσ
F−‖
Ων̄ = 2.4× 10−22 cm2/sr/cm−1 and ρF = 0.75.
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FIG. S15: PD-RRS measurement of the 1647 cm−1 mode of
NB in water (c ≈ 3µM) at 647 nm with 2900 s (‖) and 3900 s
(⊥) integration times. We show the difference spectrum along
with a Lorentzian fit. Given the poor signal-to-noise ratio, we
have here imposed Γ = 14 in the fit, but a large uncertainty
remains in the derived cross-sections. The cross-sections are
inferred by using the fluorescence background (not shown) as
a reference. We here have RPDRRS = 6.7×10−5 and indepen-

dently measured dσ
F−‖
Ων̄ = 1.2×10−22 cm2/sr/cm−1 and ρF =

0.75, from which the measured PD-RRS cross-section is ob-
tained: dσPDRRS

Ω = 1.8×10−25 cm2/sr. Assuming the Raman
depolarization ratio is ρR = 1/3, the Raman cross-section is

then deduced from [1] dσ
R−‖
Ω = dσPDRRS

Ω (1− ρR/ρF )−1.
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FIG. S16: CSRS measurement of the 593 cm−1 mode of NB
in ethanol (c = 5.1µM) at 514 nm using 50 shifts of 1 cm−1.
We show the a-CSRS spectra for parallel (‖) and perpen-
dicular (⊥) polarizations, along with double Lorentzian fits
(to account for the small peak on the low energy side of the

main peak). We have here imposed Γ⊥ = Γ‖ in the fit for
⊥. The cross-sections are inferred by using the fluorescence
background (not shown and dominated by extrinsic fluores-
cence here) as a reference as explained in the main text and

in Eq. S7. We here have R‖ = 1.9× 10−2 and independently

measured dσ
F−‖
Ων̄ = 2.8× 10−25 cm2/sr/cm−1 and ρF = 0.84.

Note that the same Raman cross-section is derived when using
the 884 cm−1 peak of ethanol as reference.
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FIG. S17: CSRS measurement of the 1645 cm−1 mode of
NB in ethanol (c = 5.1µM) at 514 nm using 40 shifts of
2 cm−1. We show the ffc-CSRS (with 2 iterations) spectra for
parallel (‖) and perpendicular (⊥) polarizations, along with

Lorentzian fits. We have here imposed Γ⊥ = Γ‖ in the fit for
⊥. The cross-sections are inferred by using the fluorescence
background (not shown and dominated by extrinsic fluores-
cence here) as a reference as explained in the main text and

in Eq. S7. We here have R‖ = 1.3× 10−3 and independently

measured dσ
F−‖
Ων̄ = 5.3× 10−24 cm2/sr/cm−1 and ρF = 0.88.
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FIG. S18: CSRS measurement of the 593 cm−1 mode of NB
in ethanol (c = 5.1µM) at 568 nm using 50 shifts of 1 cm−1.
We show the ffc-CSRS spectra for parallel (‖) and perpen-
dicular (⊥) polarizations, along with double Lorentzian fits
(to account for the small peak on the low energy side of the

main peak). We have here imposed Γ⊥ = Γ‖ in the fit for
⊥. The cross-sections are inferred by using the fluorescence
background (not shown and dominated by extrinsic fluores-
cence here) as a reference as explained in the main text and

in Eq. S7. We here have R‖ = 3.2× 10−3 and independently

measured dσ
F−‖
Ων̄ = 1.05×10−23 cm2/sr/cm−1 and ρF = 0.84.

Note that the same Raman cross-section is derived when using
the 884 cm−1 peak of ethanol as reference.
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FIG. S19: CSRS measurement of the 1645 cm−1 mode of
NB in ethanol (c = 5.1µM) at 568 nm using 40 shifts of
2 cm−1. We show the ffc-CSRS (with 2 iterations) spectra
for parallel (‖) and perpendicular (⊥) polarizations, along
with Lorentzian fits. Note the water absorption line on
the high energy side of the peak. We have here imposed
Γ⊥ = Γ‖ in the fit for ⊥. The cross-sections are inferred
by using the fluorescence background (not shown) as a ref-
erence as explained in the main text and in Eq. S7. We
here have R‖ = 4.3 × 10−4 and independently measured

dσ
F−‖
Ων̄ = 8.7× 10−23 cm2/sr/cm−1 and ρF = 0.9.
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FIG. S20: CSRS measurement of the 593 cm−1 mode of NB
in ethanol (c ≈ 3µM) at 633 nm using 50 shifts of 1 cm−1

with 132 s (‖) and 148 s (⊥) integration per shift. In the
raw spectra shown in (a), although the Raman peak is vis-
ible, water vapour absorption lines are also clearly visible
and may affect the spectrum. We therefore illustrate how
these can be, at least partially removed, by fitting the results
with absorption predictions computed from the HITRAN
database [7], as shown also in (a). The resulting spectra in
(b) (shown with Lorentzian fits) are less affected by the ab-
sorption lines and are quantitatively different from the raw
spectra, notably because of the absorption band at 593 cm−1,
right in the middle of the Raman peak. We have here im-
posed Γ⊥ = Γ‖ in the fit for ⊥. The cross-sections are in-
ferred by using the fluorescence background (not shown) as
a reference as explained in the main text and in Eq. S7.
We here have R‖ = 3.1 × 10−4 and independently measured

dσ
F−‖
Ων̄ = 1.65 × 10−21 cm2/sr/cm−1 and ρF = 0.88. Note

that the obtained Raman cross-section is in agreement with
the one obtained in Ref. 1 using PD-RRS.
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FIG. S21: CSRS measurement of the 593 cm−1 mode of NB
in ethanol (c ≈ 3µM) at 647 nm using 50 shifts of 1 cm−1

with 75 s (‖) and 46 s (⊥) integration per shift. We show
the ffc-CSRS (with 2 iterations) spectra for parallel (‖) and
perpendicular (⊥) polarizations, along with Lorentzian fits.
We believe the remarkably narrow linewidth observed is real
and is a result of particularly good alignment conditions for
this measurement. The cross-sections are inferred by using
the fluorescence background (not shown) as a reference as
explained in the main text and in Eq. S7. We here have

R‖ = 3.8× 10−4 and independently measured dσ
F−‖
Ων̄ = 1.2×

10−22 cm2/sr/cm−1 and ρF = 0.87.
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