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The near-infrared (NIR) polymethine dye Styryl-13 emitting at ∼925 nm has recently been suggested as a
reference fluorophore for determining the quantum yield (QY) of the NIR photoluminescence of dispersed
single-walled carbon nanotubes (SWNTs). Ju et al. reported the QY for SWNTs to be as high as 20% on the
basis of 11% QY for Styryl-13 in methanol (Science 2009, 323, 1319). We directly compared the fluorescence
of Styryl-13 and Styryl-20 (emitting at ∼945 nm) with that of the standard fluorophore Rhodamine 6G using
a spectrometer with a broad visible-NIR detection range. QYs of 2.0 (4.5) and 0.52 (0.80)% were determined
for Styryl-13 and Styryl-20 in methanol (propylene carbonate), respectively. Correspondingly, the above-
mentioned photoluminescence efficiency of SWNTs appears to be strongly overestimated. We also discuss
singlet oxygen as an alternative NIR reference. A total QY of 1.4% was measured for the emission of singlet
oxygen at 1275 nm, as photosensitized by C70 fullerene in air-saturated carbon tetrachloride.

The fluorescence of molecules and nanostructures emitting
light in the near-infrared (NIR) spectral range above ∼800 nm
has been increasingly studied in recent years. This development
has been driven partially by the emergence of new classes of
NIR emitters such as quantum dots and single-walled carbon
nanotubes (SWNTs), which have interesting properties and
promising applications. An important parameter of a fluorophore
is its emission efficiency or quantum yield (QY), that is, the
ratio of photons emitted to photons absorbed. In solution, QYs
are conveniently measured relative to a reference emitter with
a known QY.1 Typical references such as quinine sulfate, some
polycyclic aromatic hydrocarbons, and Rhodamine and Cou-
marine dyes are well-characterized compounds with bright
emissions (QY ≈ 0.5 to 1) in the UV-visible spectral range,
high photochemical stability, and good solubility in common
solvents.1

In principle, NIR fluorescence can be quantified by direct
comparison with these “standard” reference emitters using a
spectrometer covering an adequately broad visible-near-infrared
emission range (see below).2-4 This is, in our opinion, the most
flexible and accurate approach. Recently developed NIR pho-
tomultipliers5 sensitive up to ∼1700 nm are detectors that are
especially well suited for such measurements. This approach
is, however, not feasible for many commercial NIR spectrom-
eters with a limited detection range, which are practically “blind”
in the UV-visible spectral region. In this case, selected NIR
emitters such as NIR laser dyes6 may serve as a (secondary)
reference. Unfortunately, although numerous NIR dyes have
been synthesized and tested for lasing in different pumping
schemes (with the main interest being their tuning wavelength
range, energy conversion, and photostability), their emission
efficiencies have remained scarcely documented.6,7 Calibration

measurements against a “standard” fluorophore have been
performed for only a few NIR dyes emitting above ∼800 nm.4,8

Note that the QYs of NIR dyes are typically much less than
unity and typically decrease along a series of compounds as
emission wavelength increases.

Recently, Crochet et al. have suggested the polymethine dye
Styryl-13 as a reference emitter for dispersed single-walled
carbon nanotubes (SWNTs) because its absorption maximum
at ∼580 nm and emission maximum at ∼925 nm are close to
those of some semiconducting SWNT species.9 These authors
found a QY of up to 0.01 for SWNTs in water-surfactant
dispersions on the basis of 0.11 QY for Styryl-13 dissolved in
methanol. Unfortunately, no details of the source of the emission
efficiency measurement for Styryl-13 were provided. Very
recently, using the same Styryl-13 reference, Ju et al. reported
the QY to be as high as 0.2 for SWNTs dispersed in toluene
and wrapped with an aliphatic analog of flavin mononucleotide.10

Because an accurate QY value is crucial for a reference
emitter, we measured the fluorescence of Styryl-13 relative to
that of the well-known fluorophore Rhodamine 6G and found
the QY of Styryl-13 in methanol to be (2.0 ( 0.2) × 10-2.
Consequently, the reported emission efficiencies9,10 of SWNTs
appear to be overestimated by a factor of 5.5. The fluorescence
of Styryl-13 is brighter and red-shifted when it is dissolved in
propylene carbonate. For comparison, we also determined the
fluorescence QY of the polymethine dye Styryl-20, which emits
at ∼945 nm, as well as the phosphorescence QY of singlet
oxygen 1O2 (a1∆g) at 1275 nm as photosensitized by C70

fullerene in air-saturated carbon tetrachloride. We propose
singlet oxygen as an alternative NIR reference emitter.

The laser dyes Rhodamine 6G (Sigma-Aldrich), Styryl-13
(LDS925, Exciton), and Styryl-20 (LC9440, Lambda Physik)
and solvents (Merck, analytical or HPLC grade) were used as
received. The structures and nomenclature of the NIR dyes are
listed in Figure S1 (Supporting Information). Fullerene C70 was
produced and chromatographically purified (>99%) in this lab.
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Absorption spectra were recorded on a Varian Cary 500
spectrometer. Note that the red or near-infrared absorption of
NIR dyes is quite characteristic and allows an easy and reliable
control of their quality, stability, or both. The absorption spectra
and molar peak absorptivity of Styryl-13 and Styryl-20 ((5.25
and 4.62) × 104 M-1 cm-1 in methanol, respectively) were found
to be in good agreement with literature data.11-13 Fluorescence
was measured in 90° geometry on a Spex Fluorolog-3 spec-
trometer equipped with double excitation and emission mono-
chromators. Diffraction gratings (Thorlabs) ruled at 600 lines/
mm and blazed at 750 nm as well as a Hamamatsu R5509
photomultiplier were applied in one emission channel of the
Fluorolog-3. This combination provided a detection range of
∼400-1390 nm, with the lower and upper limits defined by
the gratings and photomultiplier, respectively. For QY measure-
ments, solutions were diluted to an absorption of <0.05 (in 10
mm cuvettes) at the excitation wavelength of 527 nm (absorption
maximum of Rhodamine 6G). The emission of a sample solution
was recorded versus that of Rhodamine 6G at the same geometry
and spectrometer parameters. Excitation and emission slit widths
were typically set to 3 nm. Freshly prepared solutions of Styryl-
20 were used to preclude their photodegradation. (See below.)
Emission spectra were corrected for wavelength-dependent
spectrometer and detector response in relative photon flux units
per wavelength interval (Figure S2, Supporting Information).
We measured the latter by using a standard tungsten halogen
lamp (LOT-Oriel) and a Spectralon integrating sphere (Lab-
sphere) for reducing light intensity, as illustrated in Figure S3
(Supporting Information).8 All preparations and measurements
were done at ambient temperature (22 °C).

Figure 1 compares absorption and fluorescence spectra of
Rhodamine 6G and Styryl-13 dissolved in methanol. The QY
of a sample fluorophore (Styryl), �s, was calculated according
to

where �ref is the QY of the reference (Rhodamine 6G), I is the
integrated emission intensity (area of the corrected emission
spectrum), A is the absorption at the excitation wavelength
(proportional to the relative amount of the absorbed excitation
light at A e 0.05), and n is the refractive index of the solvent

for the sample (s) and reference (ref), respectively.1 The
emission efficiency of Rhodamine 6G in methanol was taken
to be 0.95.14 For Styryl-13 in methanol, we obtained a QY of
(2.0 ( 0.2) × 10-2 as averaged from several measurements.
The experimental uncertainty includes an estimated error due
to the emission correction and background subtraction. Absorp-
tion and fluorescence spectra of Styryl-13 in propylene carbonate
and Styryl-20 in methanol and propylene carbonate as well as
the corresponding emission quantum yields are collected in
Figure S4 (Supporting Information) and Table 1, respectively.
Note that the QY of Styryl-20 in propylene carbonate (� ) 8
× 10-3) coincides with our earlier result.8 That value was also
referenced to Rhodamine 6G but was measured in a tedious
procedure using three different photodetectors (Hamamatsu
R928 and R5108 photomultipliers and an Edinburgh Instruments
Ge-photodiode) to cover the required visible-NIR emission
range.8 The agreement between the two experiments indicates
the accuracy of our procedure for determining the spectrometer
and detector spectral response.

Characteristic for both NIR dyes are broad absorption and
emission bands and a large Stokes shift of up to ∼6500 cm-1

between the absorption and emission maxima (Figure 1 and
Figure S4 in the Supporting Information). The measurements
also demonstrate significant solvatochromic effects: the fluo-
rescence is red-shifted by 16-18 nm in propylene carbonate
relative to methanol solutions (Table 1). These features appear
to be common for unsymmetric polymethine dyes having
different (charged) functional groups at the ends of a polyme-
thine chain. The highly polar character of the electronic ground
state in these dyes induces a large orientational polarization of
the solvent, which explains pronounced Stokes shifts.15 The low
emission efficiency of a few percent or less can be attributed to
the structural (rotational) flexibility of polymethine dyes,
resulting in efficient nonradiative relaxation pathways. This
correlates with a picosecond lifetime of the fluorescence.4,6,15

The QYs of Styryl-13 and Styryl-20 increase by a factor of 2
in propylene carbonate as compared with methanol solutions
(Table 1). This trend has also been observed for other polyme-
thine dyes and assigned to specific dye-solvent interactions in
aprotic (propylene carbonate) versus protic (methanol) media.4

According to our QY determination for Styryl-13 in methanol
(Table 1), the emission efficiencies of SWNTs presented in refs 9
and 10 have to be corrected downward by a factor of 5.5 to ∼2 ×
10-3 and ∼3.5 × 10-2, respectively. These last values approach
those reported earlier for SWNTs in water-surfactant (� ≈ 1 ×
10-3) and polymer-toluene (� ≈ 1 × 10-2) dispersions.16-18 Note
that ∼1% QY in polymer-toluene dispersions has also been
demonstrated by nanotube species emitting light at wavelengths
as large as 1350 nm.18 In particular, above ∼1000 nm, SWNTs
are, in fact, more efficient emitters than NIR laser dyes.4,8,15 This
justifies the continued interest in SWNTs as potential luminescent
markers for analytical applications.

Apart from the limited photophysical data available, NIR dyes
have some other disadvantages as reference NIR emitters. For
instance, most of them, including Styryl-13 and Styryl-20, are

Figure 1. Absorption and fluorescence spectra of Rhodamine 6G and
Styryl-13 solutions in methanol (vertically shifted for clarity). The
emission spectra were recorded under the same conditions for dilute
solutions of Rhodamine 6G and Styryl-13 (optical density 0.031 and
0.048 at the excitation wavelength of 527 nm, respectively) and
corrected for the spectrometer response. (See the text.) The fluorescence
excitation spectrum of Styryl-13 (dashed line) was acquired at the
emission wavelength of 940 nm.

�s ) �ref × (Is/Iref) × (Aref/As) × (ns/nref)
2 (1)

TABLE 1: Fluorescence Quantum Yields and Absorption/
Emission Maxima of Styryl-13 and Styryl-20 in Methanol
and Propylene Carbonate

solvent Styryl-13 Styryl-20

MeOH (2.0 ( 0.2) × 10-2 (5.2 ( 1.0) × 10-3

581/925 nm 628/960 nm
PC (4.5 ( 0.4) × 10-2 (8.0 ( 1.0) × 10-3

579/941 nm 626/978 nm
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rare and quite expensive chemicals. Furthermore, NIR dyes are
often only moderately photostable.6 Whereas no photodegra-
dation of Styryl-13 was observed in our experiments, solutions
of Styryl-20 in methanol and propylene carbonate showed a
significant decrease in the absorption band at ∼628 nm after
absorption of only ∼105 photons per dye molecule (irradiation
at 633 nm). Such degradation is consistent with our observation
of complete photobleaching of moderately concentrated solu-
tions of Styryl-20 after exposure to daylight for only a few days
(Figure S5, Supporting Information).

Therefore, we propose the phosphorescence of photosensitized
singlet oxygen 1O2 (a1∆g) as a possible alternative NIR reference.
Its characteristic narrow peak at ∼1275 nm can be readily
detected and precisely integrated, in contrast with the broad and
long-tailed emission bands of NIR dyes. The total QY of the
photosensitized emission, �PE, (ratio of photons emitted by
singlet oxygen to photons absorbed by the photosensitizer) is
determined not only by the rate of radiative deactivation of 1O2

(strongly dependent on the solvent) but also by the efficiency
of 1O2 formation via quenching of the triplet excited state of a
photosensitizer by dissolved oxygen. The phosphorescence of
1O2 is especially bright in solvents such as carbon tetrachloride,
carbon disulfide, and chlorofluorocarbons.2 Fullerene C70 is an
efficient singlet oxygen sensitizer with a relatively smooth
absorption spectrum in the visible spectral range of ∼400-700
nm.19 Figure 2 shows the emission spectrum of 1O2 photosen-
sitized by C70 in air-saturated carbon tetrachloride. Note that
the excitation spectrum of the emission at 1275 nm is quite
consistent with the absorption spectrum of C70 (Figure 2; the
deviation between the spectra below ∼350 nm is due to the
silicon photodiode used for correction of the excitation light
intensity). This indicates that the intersystem crossing in
photoexcited C70 (and generation of 1O2) is independent of the
excitation wavelength, at least in the range of ∼350-700 nm.

In a similar procedure as that used for the NIR dyes, we
determined the total emission efficiency for the C70/1O2 (air-
saturated CCl4) system to be �PE ) (1.4 ( 0.1) × 10-2. It is
lower than �PE ) 4.9 × 10-2, as found by Schmidt et al.2 for
tetraphenylporphine/1O2 (CCl4), but higher than �PE ) 1.38 ×
10-3, as reported by Shimizu et al.3 for phenalenone/1O2 (CCl4).
The discrepancy is probably due to different efficiencies of the
generation of 1O2 by these photosensitizers and is subject to
ongoing investigations. To establish singlet oxygen as a versatile
and reliable reference NIR emitter in future, it will be necessary
to quantify its emission for several commonly available pho-
tosensitizers in carbon tetrachloride and other solvents.

In conclusion, we have determined fluorescence quantum
yields of two polymethine NIR laser dyes in methanol and
propylene carbonate, respectively, as well as the phosphores-
cence quantum yield of singlet oxygen photosensitized by C70

in air-saturated CCl4. The accuracy of our method is based on
a direct comparison of the NIR emitters with a well-character-
ized “standard” UV-visible fluorophore (Rhodamine 6G in this
work) by using a spectrometer sensitive over a broad visible-
NIR detection range. The NIR dyes can now be applied as
benchmarks for other NIR emitters such as dispersions of
quantum dots and single-walled carbon nanotubes. The bright
and characteristic emission of singlet oxygen in carbon tetra-
chloride (photosensitized, for instance, by C70 fullerene) can
provide an alternative reference for determining the efficiency
of NIR fluorophores.

Acknowledgment. This work was partially supported by the
Deutsche Forschungsgemeinschaft (DFG) and by the Bundesmin-
isterium für Bildung und Forschung (BMBF).

Supporting Information Available: Structures and nomen-
clature of the NIR laser dyes used, spectral response of the
spectrometer, schematic setup for spectrometer calibration, absorp-
tion and fluorescence spectra of Styryl-13 in propylene carbonate
and Styryl-20 in methanol and propylene carbonate, and photo-
degradation of Styryl-20 in propylene carbonate. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Lakowicz, R. Principles of Fluorescence Spectroscopy; Plenum:
New York, 1999.

(2) Schmidt, R.; Seikel, K.; Brauer, H.-D. J. Phys. Chem. 1989, 93,
4507.

(3) Shimizu, O.; Watanabe, J.; Imakubo, K.; Naito, S. Chem. Lett. 1999,
67, and references therein.

(4) Casalboni, M.; De Matteis, F.; Prosposito, P.; Quatela, A.; Sarcinelli,
F. Chem. Phys. Lett. 2003, 373, 372.

(5) Technical information on the web site: www.hamamatsu.com.
(6) See, for example: Thiel, E. Laser Dyes. In Ulmann’s Encyclopedia

of Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2005 and
references therein.

(7) Bright fluorescence or a high QY are obviously helpful for
realization of a dye laser. However, other parameters such as the absorption
of dye molecules in their ground and excited states (contributing to losses
in the resonator) as well as intersystem crossing to triplet state(s) are much
more critical for lasing. (See, for example, ref 6.) Also for this reason (and
because of technical problems associated with such measurements), the
emission efficiency of NIR dyes has typically not been quantified as a
separate parameter in many previous studies of NIR dye lasers.

(8) Lebedkin, S.; Langetepe, T.; Sevillano, P.; Fenske, D.; Kappes,
M. M. J. Phys. Chem B 2002, 106, 9019.

(9) Crochet, J.; Clemens, M.; Hertel, T. J. Am. Chem. Soc. 2007, 129,
8058.

(10) Ju, S.-Y.; Kopcha, W. P.; Papadimitrakopoulos, F. Science 2009,
323, 1319.

(11) Brackmann, U. Lambdachrome Laser Dyes; Lambda Physik GmbH:
Göttingen, Germany, 1994.

(12) Stark, T. S.; Dawson, M. D.; Smirl, A. L. Opt. Commun. 1988, 68,
361.

(13) Bloomfield, L. A. Opt. Commun. 1989, 70, 223.
(14) Bindhu, C. V.; Harilal, S. S.; Nampoori, V. P. N.; Vallabhan,

C. P. G. Mod. Phys. Lett. 1999, B13, 563.
(15) Hebert, Ph.; Baldacchino, G.; Gustavsson, Th.; Mialocq, J. C. J.

Photochem. Photobiol., A 1994, 84, 45.
(16) O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.;

Strano, M. S.; Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon, W. H.; Kittrell,
C.; Ma, J.; Hauge, R. H.; Weisman, R. B.; Smalley, R. E. Science 2002,
297, 593.

(17) Nish, A.; Hwang, J.-Y.; Doig, J.; Nicholas, R. J. Nat. Nanotechnol.
2007, 2, 640.

(18) Lebedkin, S.; Hennrich, F.; Kiowski, O.; Kappes, M. M. Phys. ReV.
B 2008, 77, 165429.

(19) Arbogast, J. W.; Foote, C. S. J. Am. Chem. Soc. 1991, 113, 8886.

JP905166S

Figure 2. Emission of singlet oxygen at 1275 nm as photosensitized
by C70 fullerene in air-saturated carbon tetrachloride solution irradiated
at 527 nm. The excitation spectrum of the singlet oxygen emission
(dotted line) follows well the absorption of the photosensitizer (vertically
shifted for clarity). The half-bandwidths of the excitation and emission
monochromators corresponded to 3 nm.
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