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Abstract

Fluorescence spectroscopy and Raman spectroscopy are two major classes of spectroscopy
methods in physical chemistry. Very recently stimulated Raman excited fluorescence (SREF) has
been demonstrated (Xiong, H.; et al. Nature Photonics, 2019) as a new hybrid spectroscopy that
combines the vibrational specificity of Raman spectroscopy with the superb sensitivity of
fluorescence spectroscopy (down to single molecule level). However, this proof-of-concept study
was limited by both the tunability of the commercial laser source and the availability of the
excitable molecules in the near infrared. As a result, the generality of SREF spectroscopy remains
unaddressed, and the understanding of the critical electronic pre-resonance condition is lacking.
Herein we built a modified excitation source to explore SREF spectroscopy in the visible region.
Harnessing a large palette of red dyes, we have systematically studied SREF spectroscopy on a
dozen of different cases with a fine spectral interval of several nanometers. The results not only
establish the generality of SREF spectroscopy for a wide range of molecules, but also reveal a
tight window of proper electronic pre-resonance for the stimulated Raman pumping process. Our
theoretical modeling and further experiments on newly synthesized dyes also support the obtained
insights, which would be valuable in designing and optimizing future SREF experiments for
single-molecule vibrational spectroscopy and super-multiplex vibrational imaging.
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The exquisite chemical specificity of Raman spectroscopy provides rich structure and
dynamics information!. However, Raman scattering is intrinsically weak, with a cross-
section of 10739 cm=2 for typical chemical bonds?. Although several enchantment
mechanisms (such as coherent Raman scattering and electronic resonance Raman) have been
extensively exploited to amplify the Raman scattering cross sections3-11, it is still difficult to
achieve all-far-field (without plasmonic resonance?12-17) Raman spectroscopy at the
ultimate single-molecule level. For example, electronic pre-resonance stimulated Raman
scattering microscopy, which has combined coherent Raman scattering and electronic
resonance Raman together under optical microscope, is still limited to about 50 molecules.

Another important school of strategies to enhance the Raman sensitivity is to couple
vibrational information to more sensitive optical observables. Notably, the pioneering work
of Laubereau et a/. has employed fluorescence detection with time-resolved infrared
spectroscopy to study vibrational relaxation dynamicsi®-21, Along this line of fluorescence-
encoded infrared spectroscopy, Whaley-Mayda et. al have coupled this method with modern
confocal microscope and reported an impressive sensitivity of nanomolar level?2. Along the
Raman direction, Wright proposed early in the 1980 that the fluorophore can be first
pumped through stimulated Raman scattering (SRS) to vibrational excited state, which can
then be brought up to fluorescence excited state by second excitation?® (Fig. 1a, which is
related to but distinct from electronic resonance coherent anti-Stokes Raman scattering
(CARS)?4). This approach would have both the sharp lines characteristic of Raman
spectroscopy and an increased sensitivity characteristic of fluorescence spectroscopy. In
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light of the revolutionary success of single-molecule fluorescence spectroscopy in the
subsequent decades?>~27, Winterhalder et a/. were also optimistic and proposed in 2011 that
this method might offer the single-molecule sensitivity of vibrational spectroscopy at optical
far-field8. However, the first experimental attempt by Wright’s group in 1983 was hindered
by overwhelming two-photon fluorescence background from perylene dye?°. To the best of
our knowledge, no further experimental studies have been published about this type of
spectroscopy since 1983.

Very recently, our group has revisited this topic and reported stimulated Raman excited
fluorescence (SREF) spectroscopy and imaging (Fig. 1a)30. By leveraging the joint
advantage of chemical specificity and detection sensitivity, we have achieved single-
molecule Raman sensitivity in all-far-field manner for the first time, and demonstrated
multicolor SREF imaging of isotopologues to break the color barrier of fluorescence
microscopy. We noted that the stimulated Raman pumping in the previous proposals and
attempts was operated in the non-resonant condition. As a result, SREF can be easily buried
by other competing process such as two-photon excited fluorescence, which was observed in
both the 1983 study2® and our own experiment on the coumarin dye. Hence, we decided to
harness electronic resonance to promote the stimulated Raman pumping process. Yet, we
found in our pilot studies that bringing stimulated Raman pumping to rigorous electronic
resonance gave us an overwhelming background largely from the anti-Stokes fluorescence
background. We reasoned that this should be due to the fact that linear absorption cross
section (which determines anti-Stokes fluorescence background) increases much faster than
the resonance Raman cross section as the pump excitation approaches rigorous electronic
resonanceL. So we detuned stimulated Raman pumping empirically to some extent to
electronic pre-resonance, and successfully achieved vibrational specificity and nanomolar
sensitivity on two dyes (nitrile mode of Rh800 and C=C skeletal mode of ATTO 740).

Despite the excitement and promise, there are two critical (and also inter-related) limitations
in this proof-of-concept study. First of all, the experiment is based on a commercial optical
parametric oscillator (OPO) system, which output a fixed beam at 1031.2 nm and a tunable
pump beam operated in near-IR region (i.e., the electronic resonance cannot be studied
independent of the vibrational resonance). There are limited choices of bright fluorophores
in the near-IR range. As a result, only two dyes have been demonstrated3C. The generality of
SREF spectroscopy remains unestablished beyond these two dyes. Second, the apparent
“rare” success of SREF suggests that it is critical to achieve a proper electronic pre-
resonance for the stimulated Raman pumping process: too much electronic resonance will
make anti-Stokes fluorescence dominate SREF, and too little electronic resonance will make
SREF too weak. Thus, the logical next step is to study the effect of electronic pre-resonance
condition in a systematic way, in order to quantitatively characterize and understand this
effect. This understanding is rather important as it will contribute to establishing the
generality of SREF spectroscopy as well as providing practical guide for future design and
application. Again, this task is difficult to perform with the commercial OPO system and the
relative lack of dyes in this near-IR range.

In the present work, to address the two critical limitations related to SREF spectroscopy in
our proof-of-concept paper, we will build a modified source to open up a new excitation
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range near 600-nm for SREF, which will allow us to test the generality of SREF
spectroscopy on a number of visible dyes and to study the effect of electronic resonance
condition in a systematic way. While a two-beam free tunable laser system might be more
flexible to gain independent access to electronic resonance and vibrational resonance, such a
laser system is rather difficult and expensive to obtain in the lab. Alternatively, we will adopt
a simple approach by frequency doubling the idler beam from the commercial OPO laser
source and then recombining it with the OPO signal beam as a new pair of pump and Stokes
beams (Fig. 1, detail in methods) to open up a new SREF excitation range near 600-nm.
Benefiting from a large variety of commercial fluorescence dyes in this visible range, the
generality of SREF can be sufficiently tested. Moreover, we will select a rich list of dyes
with slightly different (a few nm interval) absorption peak (A4 in this range, which
provides different electronic resonance condition for systematic evaluation.

Our new excitation source is based on an optical modification of the previous commercial
OPO system (picoEmerald S, APE), which outputs the signal beam (A g4 tunable from
790-nm to 960-nm) and the idler beam (A4, with their wavelengths following a
relationship of 1/Agjgnas+1/ A jgrer = 1/515.6-nm. Hence, by tuning of Agjgnas Ajgrer Will cover
the wavelength range of 1484.4-nm to 1113.8-nm with the same pulse shape and laser
linewidth (2-ps, 0.6-nm FWHM bandwidth). We then frequency doubled the idler beam by
second harmonic generation (SHG) with a periodically poled Lithium Niobate (PPLN)
crystal (Covesion, MSHG1420-0.5-5) (Fig. 1b, c). We then used the SHG (A,y,72) of the
idler as the new pump beam (cwp), and the signal Az, as the new Stokes beam (ws). When
tuning Agjgna/ from 805-nm to 825-nm with the PPLN temperature matched simultaneously,
the Ajge/2 will sweep from 717.1-nm to 687.4-nm. As such, the energy difference between
this new pair covers the Raman shift between 1523-cm~1 and 2426-cm™1 (Fig. 1b). The
crystal length (5-mm) is chosen to be short enough to ensure neglectable group velocity
mismatch, which well maintains of the ~2-ps pulse width for efficient SREF excitation30
(Fig. S1a).

With this new excitation source, the total excitation energy ((wp - ws) + wp)) for a typical
C=C skeletal mode (~1650 cm™1) of fluorescent dyes reaches ~638-nm. Therefore, C=C
skeletal mode with dye absorption peak (14,5 around 638-nm can be potentially excited.
Different from the previous near-IR region which lacks bright fluorophores, many
commercial fluorophores with high photo-stability and large quantum yield, such as Alexa
610, ATTO Rho14, Nile Blue A, Alexa 633, ATTO 633, Alexa 647 etc., can be found with
absorption peak around 638-nm (likely because of the famous He-Ne laser line at 633-nm).
To test the generality of SREF spectroscopy and to study the critical electronic pre-
resonance condition systematically, we select seven popular fluorescent dyes with A g
gradually shifting from 621-nm to 662-nm. With the additional help of solvatochromic effect
in different solvents32, we are able to generate 11 different A within this range with a step
size of several nanometers (Table 1). Since the total SREF excitation energy ((wp - ws) + wp)
of the C=C mode is fixed around 638-nm, these 11 A4 from 621-nm to 662-nm serve as a
“sweep” to study the effect of electronic resonance condition in a systematic way. As shown
in Table 1, we can divide these 11 cases into three categories depending on the energetic
relationship between A zsand ((wp - ws) + wp).
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We started from the high-energy side of the absorption peaks. ATTO 610 NHS ester in
phosphate buffered saline (PBS, pH = 7.4) is the model dye in this category. As shown in
Fig. 2, SRS spectrum clearly shows a Raman peak around 1638 cm™1 for its C=C skeletal
mode. Note that, the electronic resonance is detuned substantially so that the total SREF
excitation energy ((wp - ws) + wp) is lying below the ensemble 0-0 transition energy (i.e. the
cross point between the absorption spectrum and corresponding emission spectrum). As a
result of this energetic gap, the pure SREF signal is observed to be very weak and barely
detectable above the background (Fig. 2b, c). We reason that only a very small portion of
molecules in the solution can be pumped to electronic excited state by SREF (likely because
of inhomogeneous broadening). Therefore, the 0-0 transition energy can be set as the “red”
side limit for the total SREF excitation energy. This limit would become more apparent after
considering the complete “sweep” of the 11 cases shown below.

There are eight different cases in the second category in which the total SREF excitation
energy slightly exceeds that of the 0-0 transition line and lies in the vicinity of the dye
absorption peak (A45). Remarkably, robust SREF peaks were observed against the anti-
stokes fluorescence background in a//eight cases (Fig. 3). For several of these dyes such as
ATTO Rhol4 and Alexa 633 (Fig. 3f, g), high quality SREF spectra can be recorded with
solution even below 50 nM (which corresponds to only a few molecules on average within
our tight laser focal volume). We thus attribute this superb sensitivity to the nearly perfect
match between ((wp - ws) + wp) and A5 Moreover, SREF spectra containing double
vibrational peaks were recorded for ATTO Rho14 in both PBS and DMSO solutions (Fig.
3c, f), which showcases the accurate reflection of SREF on the vibrational dimension. This
is an importance technical advance and generalization, as our proof-of-principle study only
recorded a single/isolated vibrational peak in SREF spectrum.

In the third and final category, we have two more cases in which the total SREF excitation
energy exceeds that of the 0-0 transition line by 20 nm (approximately exceeding the dye
absorption peak by 10-nm). As shown in Fig. 4, although SRS spectra display the Raman
peaks around 1600 cm™1 from C=C skeletal mode for Alexa 647 in PBS and JF646 in 0.1%
TFA ethanol, their vibrational features are largely buried by the anti-Stokes fluorescence
background in the corresponding SREF spectra. Under this condition, the molecules are said
to be over electronic pre-resonance and the SREF strategy for vibrational detection fails,
which sets the “blue” side limit for the total SREF excitation energy.

This systematic SREF spectroscopy study on the C=C skeletal mode of a total of 11 cases
distributed in three different categories has allowed us to gain quantitative insight into the
generality and extendibility of SREF. We could draw an experimental conclusion that the
“proper electronic pre-resonance” condition for successful SREF is within ~20-nm range
between the absorption peak of fluorescence dye and the total SREF excitation energy: 0-0
transition energy sets the “red” limit for the total SREF excitation energy, and the 20-nm
above the 0-0 transition energy sets the “blue” limit. We now have strong experimental data
to show that, when under such electronic pre-resonance condition, SREF would be a general
phenomenon for a large class of fluorophores with high sensitivity, as supported by all the
eight cases shown in Fig. 3. Once outside this range, SREF signal could be either too weak
or be buried in anti-Stokes fluorescence background, as shown in Fig. 2 and Fig. 4.
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To further test if our experimental insight obtained above is extendable to other electronic
coupled Raman modes, we have synthesized two new fluorophores33-34 (Fig. 5a, e;
synthesis detail in supporting materials) with nitrile group installed on their conjugation
systems. For both these two fluorophores, strong electronic coupled nitrile modes are
observed with Raman resonance around 2200 cm™1 (Fig. 5c, g). For fluorophore A which is
designed with A4, =635-nm in PBS (pH = 7.4) (Fig. 5a), the total SREF excitation energy
for nitrile mode reaches 600.4-nm, meaning the SREF excitation is far beyond the blue side
limit of proper electronic pre-resonance (Fig. 5b). Consistent with our insight obtained
above, an overwhelming anti-Stokes fluorescence background was observed, and no sharp
vibrational feature can be found on the fluorescence excitation spectrum (Fig. 5c, d). In
contrast, for fluorophore B which is designed with A 4,5 = 595-nm (Fig. 5e), the total SREF
excitation energy of nitrile mode (resonance at 2250 cm™1) reaches 599.6-nm, which makes
it well within the proper electronic pre-resonance (Fig. 5f). Indeed, an obvious SREF peak
was detected above the anti-Stokes fluorescence background at the exact Raman resonance
of the nitrile mode (Fig. 5g, h). Therefore, our newly synthesized dyes on different Raman
modes also support the obtained insights. Note that the fluorophore A experiences a strong
quenching effect in many solvents (including in PBS, pH = 7.4), mainly due to the ionization
dynamics that led to the failure of the push-pull electronic conjugation system. Together
with the low fluorescence collection efficiency of the emission filter (Fig. 5f, blue band),
only a moderate detection sensitivity of ~700-nM is achieved. Further engineering of less-
quenchable fluorophores will significantly improve the sensitivity up to single molecule
level30,

We then seek for a theoretical explanation for our experimental insight obtained above by
modeling the detuning trend of SREF signal and anti-Stokes fluorescence background (Fig.
6, details in Supporting materials, Fig. S2—4). In our experiments, the anti-Stokes
fluorescence background can be modeled by Boltzmann statistics3>-36 (Fig. S4). On the
other hand, the modeling of SREF signal will depend on whether the total excitation energy
((op - ws) + wp) is above the 0-0 transition line. If so, the SREF signal is mainly determined
by the SRS pumping rate which can be modeled by the Albrecht A-term?: 37, as our pump
pulse can easily saturate the transitions from ground-state vibrational-excited states to the
first electronic excited state3C. If not, SREF transition rate will be further modulated by the
profile of the absorption tail (Fig. S3). Fig. 6 shows the evolving trend of the ratio between
the SREF signal and anti-Stokes fluorescence background, if the competition between
different processes can be ignored. Obviously, when the total excitation energy ((wp - ws) +
wp) is above 0-0 transition line, the anti-Stokes fluorescence increases much faster than
SREF. As a result, when the total excitation energy is above 0-0 transition line by ~20-nm,
the ratio between SREF and anti-Stokes fluorescence decreases by more than two times.
Note that this ratio can be further decreased due to competition between different processes,
such as ground state depletion, etc. Hence this trend can explain our observed “blue” limit
(Fig. 4). When the total excitation energy ((wp - ws) + wp) is below 0-0 transition line, the
absolute SREF signal drops very fast (Fig. S3b), which can explain our observed “red” limit
for successful SREF detection. Besides offering theoretical support to the blue and red limits
for the resonance condition of the total excitation energy, this simple model also suggests
that SREF to anti-Stokes fluorescence ratio would reach the maximum near the 0-0

J Phys Chem Lett. Author manuscript; available in PMC 2019 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xiong et al.

Page 7

transition line, which is indeed observed in the SREF spectra of ATTO 633 and ATTO
Rho14 in PBS and DMSO (Fig. 3c & f, e &h).

In summary, through constructing a new excitation source and exploring a large palette of
popular dyes, we have established the generality of SREF spectroscopy on a wide variety of
visible dyes with nanomolar-level sensitivity. This has put the validity of SREF spectroscopy
on firm experimental ground, which is a significant result given that only two dyes were
successfully detected since the proposal back in 1980. Moreover, by systematic studying
how the SREF performance depends on the electronic resonance, we have revealed the
experimental rule for the critical electronic pre-resonance condition. Specially, the total
excitation energy ((wp - ws) + wp) should lie within the 20-nm range around the absorption
peak A 45 of fluorophores above the 0-0 transition energy. Our theoretical modeling (Fig. 6)
also lends support to this insight. On one hand, such a relatively narrow range might appear
stringent and thus partly explain why experimental progress on this line has been slow
during the past three decades?®. On the other hand, the successful SREF detection of a//8
cases falling within the proper electronic pre-resonance window strongly supports the
generality and robustness of SREF spectroscopy (Table 1). Furthermore, as we have
demonstrated here for the novel nitrile-containing fluorophores (Fig. 5), the insights
obtained here can serve as a valuable guide to design SREF-optimized dyes for advanced
application such as super-multiplexed biomedical imaging®: 31. 38-40 Beside optimized
laser excitation configuration, successful single-molecule SREF spectroscopy would require
high quantum yield and good photo-stability of fluorophores in the environment, which
would be a topic for further study.

Experimental methods

The OPO system we used (APE picoEmerald S) has an idler beam output up to 350-mW,
signal beam output up to 800-mW, both with 0.6-nm HWFM bandwidth, 80-MHz repetition
rate, and ~2-ps pulse width. We weakly focus (focus length f = 75-mm) the idler beam (~1-
mm beam diameter) into a 5-mm PPLN crystal (Covesion, MSHG1420-0.5-5) for SHG
generation. And a home-build software based on LabVIEW is used to synchronize the OPO
tuning and the temperature of the oven (Covesion, PVV10 and OC?2) that hosts the crystal. A
power up to 120-mW can be achieved across the whole tuning range of the crystal. The
benefit of using PPLN for frequency doubling is that the output beam shares exactly the
same polarization and propagation direction as the input idler beam, which ensures the
spatial overlap between pump beam and Stokes beam during laser tuning process. A
feedback power control loop based on a photodiode (Thorlabs, PDA36A) and a halfwave
plate mount on a motorized rotation stage (Thorlabs, PRM1Z8) has been built to precisely
adjust the power within 2% fluctuation range during laser tuning for high accurate excitation
spectrum recording (Fig. 1c and Fig. S1). Then, the SHG of idler was set as pump beam, and
OPO signal was set as Stokes beam. They were expanded, collimated, and sent to a home-
build galvanometer-based (GVSMO002, Thorlabs) two-dimension laser scanning microscopy.
The scan lens (Thorlabs, SL50-CLS2) and tube lens (Thorlabs, TL200-CLS2) enable an
additional 4x beam expansion. At last, the back pupil of the objective (UPLSAPO, 1.2 N.A,,
Olympus) were overfilled by both two beams to approach diffraction limited focus. A delay
line on SHG of idler was used to control the delay between pump beam and Stokes beam.
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An electro-optic modulator (Thorlabs, EO-PM-R-20-C1) was used on the Stokes beam for
all SRL measurements. The laser itself provide a 20-MHz driving signal, it was amplified by
a power amplifier (Mini-Circuits, ZHL-1-2W+) before sent to the modulator to achieve a
modulation depth more than 90%. For all SREF measurements, a shortpass dichroic mirror
(Chroma, T690spxxr) was used to reflect the pump and Stokes beam but pass the backward
fluorescence, and two bandpass filters (FF01-661/20, Semrock) were used to totally block
pump, Stokes laser lines and CARS lines. A 75-mm doublet was used to relay the
fluorescence emitted in the objective focus to a 100-um diameter small area avalanched
photodiode (SPCM-NIR-14-FC, 70-cps dark counts, Excelitas) worked at single-photon-
counting mode to form serious confocal detection. For all the SRL and SREF signal
acquisition, samples were prepared by sandwich solutions with standard 1-mm thick glass
slide and 0.17-mm coverslip, separated by 0.12-mm thick imaging spacers (20-mm diameter,
Sigma, GBL654006). For nanomolar-concentration solutions, to avoid dye absorption on
glass interface, both slides and coverslips were cleaned in Piranha solution*? (H,SO,: H,05
solution = 3:1 v/v) at 90 degrees Celsius overnight, and further rinsed by 30-min ultrasonic
cleaning in deionized water for more than 4 times. Data points were all collected with 1-ms
dwell time while laser focus was driven to scan in the solution to avoid obvious photo-
bleaching at a single point. And each data point on the spectra represents the mean value of
200 independent measurements, the corresponding error bar represents 95% confidence
intervals of the mean values. All data collection and laser-scan control were achieved by a
NI card (PCI-6259, NI) driven by our home-written LabVIEW program. The details about
the detection of SRL signal can be found in other reference3C. For all the commercial dyes,
they are directly used without further purification. For the dyes synthesized by us, their
details about synthesis and characterization can be found in the supporting material
(Synthesis of fluorophore A and B).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. New stimulated Raman excited fluorescence (SREF) laser microscopy system opening
excitation band near 600-nm.

(a) Energy diagram for SREF process. (b) Wavelength of SHG of OPO idler (red) and
corresponding resonance Raman shift (blue) as a function of OPO signal wavelength when
OPO signal is set as Stoke beam and the SHG is set as pump beam. (¢) System setup for
SREF excitation band around 600-nm. PPLN, periodically poled Lithium Niobate; QWP,
quarter-wave plate; DM, dichroic mirror; PBS, polarization beam splitter; BS, beam splitter;
SPCM, single photon counting module; DAC, digital-to-analog converter; ADC, analog-to-
digital converter; EOM, electro-optical modulator; APD, avalanched photodiode; PD,
photodiode.
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Fig. 2. SREF excitation with the total SREF excitation energy ((wp - ws) + wp) below the 0-0
transition line.

(a) show the SREF excitation and signal collection diagrams for ATTO 610 (NHS ester) in
PBS (pH = 7.4). Purple curves and blue curves show the absorption and emission spectra;
The dark red, light red and dash blue lines show the corresponding wavelength positions of
Stokes beam (ws), pump beam (wp) and total excitation energy ((wp - ws) + wp),
respectively; and the blue band shows the fluorescence collection band of filter set
(FF01-661/20, Semrock). All laser lines and CARS lines ((wp - ws) + wp) are avoided. (b)
and (c) show the SRS spectrum and the SREF spectrum of ATTO 610 (NHS ester),
respectively. Corresponding concentrations and solvents are labeled on each panel. SRS
spectrum was measured under 2.5-mW pump power and 13-mW Stokes power, and SREF
spectrum was measured under 6-mW pump power and 13-mW Stokes power.
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Fig. 3. SREF excitation with the total SREF excitation energy ((ep - ws) + wp) within the proper-
electronic pre-resonance region.
Right column shows the SREF excitation and signal collection diagrams for Alexa 633

(Carboxy) in PBS (pH =7.4), ATTO 610 (NHS ester) in DMSO, ATTO Rho14 (NHS ester)
in PBS (pH = 7.4), Nile Blue A in ethanol, ATTO 633 (NHS ester) in PBS (pH = 7.4),
ATTO Rhol4 (NHS ester) in DMSO, Alexa 633 (Carboxy) in DMSO, ATTO 633 (NHS
ester) in DMSO, respectively. In these panels, purple curves and blue curves show the
absorption and emission spectra in corresponding solvents, respectively; The dark red, light
red and dash blue lines show the corresponding wavelength positions of Stokes beam (wy),
pump beam (wp) and total excitation energy ((wp - ws) + wp), respectively; and the blue
bands show the fluorescence collection band of filter set (FF01-661/20, Semrock). All laser
lines and CARS lines ((wp - ws) + wp) are avoided. Center column shows the SRS spectra of
corresponding dyes. And all SRS spectra are measured under 2.5-mW pump power and 13-
mW Stokes power. Left column shows the SREF spectra of corresponding dyes. All SREF
spectra was measured under 6-mW pump power and 13-mW Stokes power. Concentrations
and solvents are marked in corresponding panels, respectively. The concentration of the right
panel of (c) is unknown because of the strong absorption of ATTO Rho14 (initially 2-uM in
PBS) on the coverslip and spacer, which results to obvious decreasing of the concentration.
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Fig. 4. SREF excitation of two dyes with over electronic pre-resonance.
(a) and (d) show the SREF excitation and signal collection diagrams for Alexa 647 (NHS

ester) and JF646 (NHS ester), respectively. In these panels, purple curves and blue curves
show the absorption and emission spectra in corresponding solvents, respectively; The dark
red, light red and dash blue lines show the corresponding wavelength positions of Stokes
beam (ws), pump beam (wp) and total excitation energy ((wp - ws) + wp), respectively; and
the blue bands show the fluorescence collection band of filter set (FF01-661/20, Semrock).
All laser lines and CARS lines ((wp - ws) + wp) are avoided. (b) and (e) are the
corresponding SRS spectra. And all SRS spectra are measured under 2.5-mW pump power
and 13-mW Stokes power. (c) and (f) show the SREF spectra of corresponding dyes. All
SREF spectra was measured under 6-mW pump power and 13-mW Stokes power.
Concentrations and solvents are marked in corresponding panels, respectively.
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Fig. 5. SREF excitation of nitrile mode on newly synthesized fluorophores.
(@) and (e) show the newly synthesized dyes with electronic-transition-coupled nitrile mode.

(b) and (f) show the energy diagrams for nitrile mode SREF excitation. purple curves and
blue curves show the absorption and emission spectra in corresponding solvents,
respectively; The dark red, light red and dash blue lines show the corresponding wavelength
positions of Stokes beam (ws), pump beam (wp) and total excitation energy ((wp - ws) + wp),
respectively; and the blue bands show the fluorescence collection band of filter set
(FF01-661/20, Semrock). (c) and (g) show the SRS spectra of corresponding dyes. (d) and
(h) show the SREF spectra of corresponding dyes. All SRL and SREF spectra was measured
under 2.5-mW pump power and 13-mW Stokes power. Concentrations and solvents are
marked in corresponding panels, respectively.

J Phys Chem Lett. Author manuscript; available in PMC 2019 July 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Xiong et al.

Page 16

Total excitation energy (wp - Ws + Wp)
0 619.7 627.8 6358 643.8 651 .80

07 ' e 2
- = 0.18
Anti-Stokes L 1=
g0 | \ fluorescence s 10.16
= 1 10.14
© =N
60 [ £: 10.12
2 =8 Ratio L.
w 4= 01 3
S 40 0 0.08 ¥
= .9
— = 0.06
o =
20 | [ 10.04
o
SREF S 1002
0 1 e — | 0
690 700 710 12 730

Pump wavelength (nm)

Fig. 6. Theoretical modeling of the SREF signal and anti-Stokes fluorescence background as a
function of pump detuning rate.

Assume the ensemble 0-0 transition energy of the molecule is fixed at 638-nm. Yellow line
for anti-Stokes fluorescence; red curve for SREF. Blue curve is the ratio between SREF and
anti-Stokes fluorescence. Red dash lines in (a) and (b) show the position of 713-nm, while
the total excitation energy ((wp - ws) + wp) equals the 0-0 transition line, which we defined
as the “red” limit for “proper” electronic pre-resonance.
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Table 1

Spectral properties of commercial red SREF dyes experimented in this study.

Dyel Solvent?  Aabs (M) C=C mode (cmt)  (@P _(r?r;))Jr @ Conc(in,\;r)ation SNR®
ATTO 610* a 621 1644 638.1 500 undetectable
Alexa 633" a 630 1651 637.6 100 25
ATTO 610* b 631 1644 638.1 500 3.0

ATTO Rho14* a 632 1652 &1680 637.5 & 635.7 <2000 75&21
Nile Blue A c 635 1652 637.5 500 7.1
ATTO 633* a 635 1640 638.4 500 3.1

ATTO Rho14* b 638 1652 &1680 637.5 & 635.7 50 30&15
Alexa 633" b 640 1651 637.6 10 3.0
ATTO 633* b 642 1640 638.4 500 1.6
Alexa 647* a 654 1602 640.8 500 undetectable

JF 646* d 662 1616 639.9 500 undetectable

La for carboxy linker; * for NHS linker.
Z'afor PBS (pH =7.4); bfor DMSO; c for ethanol; dfor 0.1% TFA in ethanol.

3'SNR for signal to noise ratio. data shown in Fig. 2, 3, 4.
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