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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,®® Baptiste Auguié,® Pablo G. Etchegoin®* and Eric C. Le Ru®*

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 .
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.
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Introduction

Routine measurement of resonance Raman (RR) spectra of
strongly fluorescing molecules has been a long-standing goal of
Raman spectroscopy. -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 "% 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 %' or phase-resolved '

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, 92"
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 /N (where N is the number of
photons). This can be compensated by longer integration time to
reduce the relative noise (scaling as 1/+/N), 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
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of CCD detectors. ?? This noise has a well-defined fixed structure
that scales with signal intensity and cannot therefore be removed
by longer integrations (for details, see supplementary information
in Ref. ©)). 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) **% and sub-
tracted shifted Raman spectroscopy (SSRS). *****"! 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, 2= 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, 233026271

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) I 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 and water 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, *® 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 %7 and in various contexts in surface-enhanced Raman
scattering (SERS) experiments, ®*#~*4 notably in connection with
electrochemistry. “>*¢! One of the characteristics of this dye is that
its QY strongly varies depending on the nature of the solvent 137)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, B’ which may explain differences in the reported QY
(for example a QY of 1% in water is reported in Refs. “7>71). Specif-
ically, 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 ~ " (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™ ' mode (previously attributed to a NH,

deformation ")) 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, &4
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

The main sources of noise relevant to CCD-based RR measurements
have been described in detail in Refs *”, 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 &~ 0.17 % in our experimental conditions. For a peak
with Raman-to-fluorescence ratio, R, much larger than ¢ 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 ~' peak only. In fact, the Raman cross-sections for these
cases have previously been measured using standard techniques.
159 Closer to resonance, however, R becomes comparable to, and
even much smaller than ¢ For NB/ethanol, even off-
resonance, the residual (including extrinsic) fluorescence is
sufficiently strong to make R comparable to ¢ and render a di-
rect measurement difficult. For all these cases, we therefore
use the recently developed method of CSRS, ”! 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~ *—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 "), 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
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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 &,=0.17% characterizing the fixed structure noise of the CCD. By
comparison, the shot-noise-limited relative noise for Ny=2000 (equiva-
lent to 3 x 10® photons per CCD column) should be of the order of ¢=
6 x 10>, (b) Predicted relative absorption (R4) 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 ~' (FWHM). For
clarity, we use an appropriate log-scale by plotting [—/logqo(Rs)] and
arbitrarily setting R, =10"° for all R, < 10~ ° (to avoid the logarithm diver-
gence). The laser and Raman peak positions are also indicated as in Figure 2.

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 R, of the order
of 1073 =102, and similarly for oxygen and water in the region
687-707 nm, with R, of the order of 10~ *— 107 3. These will
affect RR measurements at 633 nm for Raman peaks in the range
1200-2200 cm ~ " and at 647 nm for Raman peaks in the range
900-1800 c¢cm ~'. There are also weaker absorption lines
between 568 and 633 nm at a level above R,~ 10~ *, 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

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. 520 (Supporting Information) for the 595 cm ~'
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. ' 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 p=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, Rl in each case. Note that the value of R/ off-res-
onance is affected by extrinsic fluorescence (especially in etha-
nol) 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, p~.

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 ~' (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. 7’ 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
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Table 1. Summary of Raman-to-fluorescence ratios, R”, 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 Rl 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 R

A [nm] NB/Water 595 cm ™" NB/Water 1647 cm ™" NB/Ethanol 593 cm ™" NB/Ethanol 1645 cm ™"
51452 0.3 (DR) 0.16 (DR) 1.9 % 1072 (CS) 1.3 %1072 (CS)
530.9° 1.0 (DR) 0.25 (DR) - -

568.2° 0.23 (DR) 4.9 x 1073 (CS) 3.2x 1072 (CS) 43 x107*(CS)
632.8 1.1 x 1073 (CS) <1.0x 10~* (PD) 3.1x10°%(CS) -

647.1 7.2 %1074 (CS) 1.2 x 10~* (PD) 3.8x 1074 (CS) -

2Values of R/ for these excitation wavelengths are affected by extrinsic fluorescence and are therefore indicative of this measurement only; they are

not intrinsic to NB solutions.

sl Absorption Fluorescence

Extinction coef./ 10* cm™* M-
Fluorescence intensity

600
Wavelength/nm

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 ™~ ' and 1647 cm ™ .

measured QY of the order of 4% and 22% in water and ethanol,
respectively (see Fig. S3 (Supporting Information)). From the point
of view of measuring RR spectra, NB/water is therefore representative
of fluorophores with moderate 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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S
> 2500| Raman peak
5
g 2000
g
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o
1000 IT=60 s b
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Raman wavelength is close to the maximum of fluorescence emis-
sion. From Fig. 2, we see that these correspond to the 595 cm ~'
Raman mode excited at either 647 nm for NB/water, or 633 nm for
NB/ethanol. The fluorescence cross-sections in these cases is esti-
mated to be dafy; (595 cm ~')=24 x 10 ** cm ?/sr/cm ~ " for NB/
water at 647 nm and do/;(595 cm ~")=1.7 x 10~ ?' cm */sr/cm
~ 1 for NB/ethanol at 633 nm. As we shall see, measuring the 1647
cm " mode is as challenging as the 595 cm ~ ' one, because it is
both weaker and broader thus resulting in a smaller Raman-to-fluo-
rescence 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 ~' 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 dof~ = 1.9 x 1072 cm? /sr. A fit of the peak
in the perpendicular configuration (see Fig. S9, Supporting
Information) also allows us to determine the depolarization ratio
pR=+/11=0.3s5.

CSRS

As soon as the laser excitation gets closer to the resonance
(in fact even in many pre-resonance cases), the large fluorescence

(b) Fit-//

2000

do_""=1.9x10" cm®/sr

1 500 " 1 " 1 " 1 " 1 " 1
580 590 600 610 620

Wavenumber/cm™!

Figure 3. (a) Spectra of NB in water (c=0.9 1 M) for parallel and perpendicular polarizations. The fluorescence is weak, and we can see the Raman
peak for both polarizations. The absolute cross-sections are inferred by comparison with a Raman spectrum of 2-Bromo-2-Methylpropane (2B2MP) taken
under the same experimental conditions. (b) Raman peak region (parallel polarization only) and fit from which the line-width ' (FWHM) and Raman
cross-section do’f{ are deduced. Another fit of the peak for the perpendicular polarization (see Figure S9) is carried out to deduce the Raman depolar-

ization ratio p®=0.35.
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background prevents the observation of the Raman peak. For  relatively easy and versatile method to remove the fixed-structure
NB/ethanol, this is in fact the case at all excitation wavelengths  noise and recover the Raman spectrum. This method is illustrated
under investigation, partly because of extrinsic fluorescence. Even in Fig. 4 for the 595 cm™' mode of NB/ethanol at 647 nm (i.e. close
after subtraction of the smooth fluorescence background (typically  to the absorption resonance and fluorescence maximum).

using a fourth-order polynomial fit), the residual fixed-structure The fluorescence spectrum around the region of the Raman peak
noise (with relative amplitude of the order of 0.2% of the original  is shown in Fig. 4(a). It can be used to quantify the fluorescence
signal, see Fig. 1(a)) affects the quality of the measurement and  cross-section at the Raman peak position dah. by comparison
can even in some cases be much larger than the Raman peaks. In  with 2B2MP. This measurement is carried out at low laser power
such cases, the recently introduced CSRS method '’ provides a  and low NB concentration to avoid problems associated with

NB/ethanol - 647 nm - 593 cm™ (CSRS)

(a) Fluorescence cross-section (b) CSRS raw spectra
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Figure 4. Illustration of a CSRS measurement for the 593 cm ~ ' mode of Nile Blue in ethanol at 647 nm excitation. (a) Fluorescence spectra of Nile Blue
in ethanol for parallel and perpendicular polarizations, from which the fluorescence cross-section is deduced by comparison to 2B2MP. (b) Average
spectra for each grating shift. (c) Residual after fourth-order polynomial subtraction from the fluorescence spectrum obtained at a single grating shift,
showing the fixed structure noise. (d) Average of the residuals of (b) after fourth-order polynomial subtractions and shifting the spectra to equivalent
grating position (a-CSRS). The fixed-structure noise is partially averaged-out in the process and the Raman peak is visible. (e) Result of the flat-field-
corrected CSRS (ffc-CSRS) analysis after two iterations, (see Ref. ) for further details) which entirely removes the fixed-structure and recovers a flat
shot-noise-limited spectrum. (f) Lorentzian fit of (e) from which the properties of the Raman peak are extracted.
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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 de-
termination of the absolute Raman cross-section © allows one to
ignore absorption and photobleaching issues during the CSRS mea-
surement and therefore to maximize signal intensity.

As explained in detail in Ref. ), 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 x 10° photons
collected per CCD bin (operated here in the lowest gain mode of
15 photons/cts to avoid saturation). The fixed-structure noise is
evident in Fig. 4(c) from a simple background subtraction from
the spectrum obtained at a single shift. As discussed in Ref.
71 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 ®% 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 pro-
ceeds as described earlier for a direct Raman measurement, except
that the fluorescence cross-section and fluorescence intensity un-
der the peak are used as reference to determine the absolute
Raman cross-section.

We can also deduce from this the Raman-to-fluorescence ratio,
R, which is of the order of 4 x 10~ * 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 ~ ' 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™ " 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
5x 10~ 3 completely hide the Raman peak with much weaker
relative intensity (R1=12x10"* 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 proposed method
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
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. /¥, and we here only illustrate the
main steps and the result in Fig. 5(c-d) for the 1647 cm™' 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 [ is the instrumental broadening,
which depends on the exact optical alignment and varies in the
range 0.5 —1 cm ~ . The typical error on the line-width is there-
fore estimated to be 0.5 cm ~ . For noisier measurements of
the 595 cm ~ ', this typically increases to +1 cm ~ . The relative
error is of the same order for the 1647 cm ~ ', 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 /™, which in turn affect the depo-
larization ratio p®. In such cases, we have fixed ™ to be equal
to [ 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 4 20% in all our measurements of p® . With this in
mind, almost all our values of p* 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 concen-
tration of NB. To reduce this to a minimum, the actual concentra-
tion of all samples was characterized by UV/Vis absorption 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% associated with weighing and
preparation of the original bulk solutions. This error is however
the same for all our measurements. Second, the uncertainty in
the line-shape of the spectrum. 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,
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Figure 5. Example of CSRS failure and use of a PD-RRS measurement instead for the 1647 cm” " mode of Nile Blue in water at 647 nm excitation. (a) CSRS
average spectra for parallel polarization for each grating shifts (40 shifts of 2 cm™"). (b) Result of the ffc-CSRS method showing clear water absorption
bands with up to 5 x 10~ relative intensity and preventing any observation of the Raman peak. (c) Fluorescence spectra obtained for each polarization
for the PD-RRS measurement. Note the different integration times to account for the non-unity fluorescence depolarization ratio. (d) PD-RRS spectrum
obtained by subtraction of the parallel and perpendicular polarizations, along with a tentative Lorentzian fit to the peak. The fixed-structure noise and
water absorption bands cancel out in this subtraction. The PD-RRS cross-section (da2R"* = 1.8 x 1072 cm %/sr) is inferred as for CSRS with respect to the
fluorescence background intensity (from an independent measurement of the ﬂuorescence cross-section). Assuming the Raman depolarization ratio is

pF=1/3, the Raman cross-section is then deduced from ' dof-

the Raman peaks under 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 much more than the peak
intensity, which is typically much more constrained during the
fit. The error in [ 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 concen-
tration estimate of the stock solution). The three items
discussed so far affect the determination of dof~ for parallel
polarization. The Raman cross-section dof is then obtained
from dof, = (14 p®)dof and is therefore in addition affected
by uncertainties in pf discussed earlier.

To this general discussion, one should finally add the potential
additional statistical errors in cases where the signal-to-noise
ratio is poor. The spectra and fits used for all our measurements
are provided in the Supplementary Information and provide a
‘visual’ guide for the errors associated with each.

= daPDRRS (

1—pR/pF)”

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 5955 cm ~' and 1647 cm ~' in water to 593.2
cm ~ 'and 1645 cm ~ ' 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 unexpected,
but have never been explicitly resolved before in direct measure-
ments of resonant Raman spectra with the type of resolution 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. *® The most
interesting aspect of our work relates to the previously not
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Table 2. Summary of the results

/¢ [nm] 5145 5309 5682 6328  647.1
NB/Wat 595 cm '

dofy [107*°cm?/sr] 36 59 19 170 160
M em™] 6.5 5.7 6.2 6.3 5.9
s 0.36 0.36 035 0.34 0.31
daf [107° cm?/sr] 49 8.0 26 230 210
NB/Wat 1647 cm '

dof [1072% cm?/sr] 10 11 39 <40° 32°
M em™] 15 133 136 142 142
o 0.39 0.40 035 1/3° 1/3°
daf [107°° cm?/sr] 14 155 53 <53° 43°
NB/Wat

6477505 2.9 19 2.0 <023 0.20°
NB/Eth 593 cm '

daf [1072° cm?/sr] 38 - 27 380 260
M em™] 44 - 5.1 47 36
pf 0.36 - 033 0.35 03
dof [107°% cm?/sr] 5.2 - 36 510 350
NB/Eth 1645 cm '

dof [1072% em?/sr] 12 - 82 - -
M em™] 1.1 - 14.2 - -
pf 0.32 - 0.34 - -
dof 11072 em?/sr] 16 - 110 - -
“These values are subject to particularly large uncertainties because of a
poor signal-to-noise ratios, see figures in the suppl. info for details.
pf=1/3 is here assumed, not measured.

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 = dof,(1647cm™") /do¥ (595ecm 1)
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 ~ ' 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 “®*¥ 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: “®4%! adiabatic,
Condon, and harmonic approximations; single electronic state;
linear electron-phonon coupling. Explicitly, following Refs.
14849 \ve compute from the absorption cross-section o aps(1) the
following complex function of absolute wavenumber v =1/
(note the link with Kramers—Kronig relations):

80(‘7) _ 7)/.30 Gabs (\72 dVJ Cin O'abs_(ﬁ) 7 )
0 - )

v (v v

where P denotes the principal value of the integral. ¢(v) is com-
puted numerically from the measured o 445(4), 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, da? (v,)
for a given mode with vibrational energy v, excited at a wave-
length 4, = 1/, is then obtained from:

250 _(Q) NB/water
5 200 .
N 595 cm’
5 / \
o 150
§
T, 100
1
g 1650 cn/
J
50 -
| |
0
500 550 600 650 700
500 (b) Comparison for 595cm’/y,
& 400
o
§ NB/ethano /
@ 300
=
T, 200 v
; A
©
100 water
o 4//

500 550 600 650 700
Excitation wavelength/nm

Figure 6. Raman excitation profiles computed from the optical trans-
form model as in Eqn (2) (solid lines) along with the Raman cross-sections
measured in this work (symbols). In (a), we compare the REPs of the two
main modes of NB in water, while in (b), we compare the REPs of the
same 595 cm ~ ' mode of Nile Blue in water and in ethanol. Note that
the scaling factor for a given REP is not obtained from the model but
adjusted for the best fit.

dod () = A0 — %) (i) — o(m — W), )

where A, is a scaling factor independent of v, 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 ~' 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 ~ ' 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 A, can be derived (up to a constant
factor) from the comparison with the experimental cross-sections.
The theory predicts that A, is proportional to Aﬁ/vv, where 4,
characterizes the shift in the equilibrium position of the normal
coordinates between the ground and excited electronic states.
9 Our results suggest that A, is larger by a factor ~ 1.5 for the
595 cm ~ ' mode compared to the 1647 cm ~ ' mode.

Conclusions

In closing, we believe we have provided a full worked-out example
of the application of new techniques to study resonant Raman
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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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