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Absolute photoluminescence quantum yields
of IR26 and IR-emissive Cd,_,Hg,Te and PbS
quantum dots — method- and material-inherent
challenges¥

Soheil Hatami,? Christian Wirth,® Martin Kaiser,? Susanne Leubner,”
Stefanie Gabriel,” Lydia Bahrig,® Vladimir Lesnyak,>< Jutta Pauli,? Nikolai Gaponik,®
Alexander Eychmdller® and Ute Resch-Genger*?

Bright emitters with photoluminescence in the spectral region of 800-1600 nm are increasingly impor-
tant as optical reporters for molecular imaging, sensing, and telecommunication and as active com-
ponents in electrooptical and photovoltaic devices. Their rational design is directly linked to suitable
methods for the characterization of their signal-relevant properties, especially their photoluminescence
quantum yield (®¢). Aiming at the development of bright semiconductor nanocrystals with emission
>1000 nm, we designed a new NIR/IR integrating sphere setup for the wavelength region of
600-1600 nm. We assessed the performance of this setup by acquiring the corrected emission spectra and
& of the organic dyes Itrybe, IR140, and IR26 and several infrared (IR)-emissive Cd;_,Hg,Te and PbS semi-
conductor nanocrystals and comparing them to data obtained with two independently calibrated fluor-
escence instruments absolutely or relative to previously evaluated reference dyes. Our results highlight
special challenges of photoluminescence studies in the IR ranging from solvent absorption to the lack of
spectral and intensity standards together with quantum dot-specific challenges like photobrightening and
photodarkening and the size-dependent air stability and photostability of differently sized oleate-capped
PbS colloids. These effects can be representative of lead chalcogenides. Moreover, we redetermined the &
of IR26, the most frequently used IR reference dye, to 1.1 x 10~% in 1,2-dichloroethane DCE with a thorough
sample reabsorption and solvent absorption correction. Our results indicate the need for a critical reevalua-
tion of & values of IR-emissive nanomaterials and offer guidelines for improved & measurements.

1 Introduction

Fundamental advances in biochemical assays, molecular
sensors, optical imaging, telecommunication, and optical,
electroluminescent, and photovoltaic devices require bright and
stable fluorophores.”” A straightforward measure of fluoro-
phore performance is the photoluminescence quantum yield
(@),>° given by the number of emitted photons N, per
number of photons N,,s absorbed by the system, see
eqn (1).°™" For fluorescent nanomaterials such as semiconduc-
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tor nanocrystals (NCs), i.e., quantum dots and rods,® and for
upconversion nanoctystals (NCs),’>"* where surface states and
the accessibility of emissive states by quenchers largely control
the accomplishable ®; values,"*™® the value of & provides also
a straightforward tool to assess the quality of the surface shell
and surface passivation and hence to evaluate new synthetic
and surface functionalization strategies.'® Moreover, concen-
tration-dependent @y gives a direct hint of ligand desorption as
recently shown for, e.g., CdTe and CdSe quantum dots,"*">2%72
which is typically the first step to material decomposition,
resulting in the release of toxic heavy metal ions.*?%**

Nem(4)

b =
f Nabs (ﬂ.)

(1)

@; can be obtained directly by optical methods either rela-
tive to a fluorescent reference with known @; or as an absolute
quantity (standard-free),”"***> or by calorimetric methods
like photoacoustic spectroscopy and thermal lensing.*¢™>®
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Commonly, & is obtained optically, comparing the absorp-
tion-weighted integral fluorescence intensities of a sample and
a reference measured under identical conditions.”'"** Due to
the need for standards with reliably known @, this straight-
forward procedure is limited predominantly to the ultraviolet
(UV), visible (vis) and NIR regions, where &; standards have
been recommended for many years®>*>>2”7> or were recently
provided by us.”*® This included the reevaluation of & of
IR125 in dimethylsulfoxide (DMSO), the most frequently used
NIR reference dye for organic fluorophores and semiconductor
NCs,*™ yielding a @ of 0.23° instead of the previously
assumed @ of 0.13,® and consequently, an underestimation
of all & values obtained relative to this dye. Nevertheless, the
accurate determination of ¢¢ > 1000 nm still presents a con-
siderable challenge as indicated by the recently reexamined &
of the most frequently used IR &; reference dye IR26,%*>
demonstrating large deviations in its &y in 1,2-dichloroethane
(DCE) by a factor of up to 10.***> This was recently addressed
in depth by the absolute measurements of its &¢ by Semonin
et al. using a self-made integrating sphere setup.*® These high
uncertainties in the red wavelength region originate from the
fact that many critical issues affecting especially photo-
luminescence measurements in the IR wavelength region,
such as the performance and validation of instrument calibra-
tions,*® solvent and water vapor absorption, and sample reab-
sorption,>**”*® have not been really detailed so far. Moreover,
semiconductor NC-specific effects like material- and surface
chemistry-dependent photodecomposition and photobrighten-
ing,>'** which can depend on the incident spectral radiant
flux and even on the NC size, or a possible excitation wave-
length dependence of @;>*>" were not addressed.

Aiming at the rational design of bright NIR- and IR-emissive
semiconductor NCs with emission in the wavelength region of
650-1600 nm and to address the relevance of the reliable
characterization of emerging luminescent reporters for the
NIR II window of 1000-1700 nm for, e.g.,, bioimaging
studies,” >* we present the design of a new integrating sphere
setup for absolute measurements of photoluminescence
spectra and @ from 600 to 1600 nm and its calibration and
performance validation. Subsequently, we reexamined the &y
of IR26 and quantified measurement uncertainties. Then, we
measured @ of representative NIR- and IR-emissive semi-
conductor NCs, here Cd,_,Hg,Te colloids with size and com-
position tuning of the optical and electrochemical
properties,*>*>® and differently sized PbS, presenting the
most commonly used NCs in photovoltaics,>***” to provide
examples of achievable & values.

2 Methods

2.1 Reagents and materials

The @&; standards HITCI (batch number 029006) and IR125
(batch number 10970) used for relative measurements and
IR140 (batch number 9310) were obtained from Lambda
Physics, the spectral emission standard Itrybe from Otava
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(batch number OTVD_0037), and IR26 from Acros (batch
number 409401000). The chemical structures are given in the
ESIT (Fig. 1S). The solvents used for the spectroscopic studies,
i.e., ethanol for Itrybe and HITCI, dimethylsulfoxide (DMSO)
for IR125 and IR140, 1,2-dichloroethane (DCE) for IR26, and
tetrachloroethylene (TCE) for PbS, were of spectroscopic grade
and were purchased from Sigma Aldrich and Merck. For
Cd,_,Hg,Te, deuterated water (D,0) from Merck was employed.

2.2 Synthesis of semiconductor NCs

Cd,_,Hg,Te of different compositions and sizes were syn-
thesized in water as previously described using mercaptoprop-
ionic acid (MPA) as a ligand** and stored in the dark in air.
Differently sized PbS colloids were prepared according to
Poppe et al.>® under inert gas, purified, and stored as stock
solutions in toluene either in a glove box or under an inert gas
atmosphere or in air in the dark in the refrigerator.

2.3 Characterization

Dye purity was determined by high performance liquid chromato-
graphy (HPLC) with the Agilent 1200 HPLC system (Agilent)
using a previously reported method>® and yielded the follow-
ing purities (100% method): HITCI: 97.9% (760 nm),>® IR125:
99.1% (800 nm),*® Itrybe: 99.8% (600 nm), IR140: 90.2%
(700 nm), and IR26: 99.5% (750 nm). The size of the PbS NCs
was determined from absorption spectra to be 2.3 nm, 4.1 nm,
and 4.4 nm, respectively, as described by Cademartiri et al.>®
The size and composition of the Cd,;_,Hg,Te NCs was deter-
mined to be 4.8 nm, 6.3 nm, and 7.1 nm for colloids with
Cd:Hg ratios of 99:1, 98:2, and 97:3, respectively, using
TEM and ICP-OES. Absorption spectra were recorded on a cali-
brated Cary 5000 spectrometer. Fluorescence emission spectra
and &; were measured with a FSP920 spectrofluorometer
(Edinburgh Instruments; 300-1700 nm; relative measurements
with HITCI (&; = 0.30; ethanol) and IR125 (&; = 0.23; DMSO)
as the references),”**?* a custom made UV/vis/NIR integrating
sphere setup (350-1050 nm),>*> and our newly designed NIR/IR
integrating sphere setup (600-1600 nm), all independently
calibrated (see ESIt for details of instrumentation and cali-
bration including the transfer standards employed). All
absorption and fluorescence measurements were performed
with freshly prepared dye or NC solutions (absorbances A of
0.02 to 0.1 at the longest wavelength absorption maximum or
the first excitonic peak) at 7 = (25 + 1) °C in air using either
10 mm x 10 mm quartz cuvettes from Hellma GmbH or
10 mm x 4 mm cells to minimize dye or NC reabsorption
and/or solvent absorption. For IR26, absorbances of up to 0.8
were used. Stock solutions of Cd;_,Hg,Te NC stored in air in
the dark at room temperature were diluted with D,O by a
factor of at least 1000 : 1 before each measurement. For poten-
tially air-sensitive PbS colloids, aging studies were performed
with the stock solutions of the three PbS colloids in toluene,
stored in air in the dark in the refrigerator. To representatively
address the influence of oxygen, the 4.4 nm sized PbS NC
batch was split into two portions, one kept always under inert
gas in the dark at room temperature and the other one under

This journal is © The Royal Society of Chemistry 2015
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identical conditions to the stock solutions of the smaller PbS
colloids. For the spectroscopic studies, the PbS stock solutions
were always diluted by a factor of at least 1000 : 1 with TCE and
measured in air, except for 4.4 nm PbS stored and aged under
inert gas. In this case, TCE dilution was performed in a glove
box and sealed cells were used for subsequent spectroscopic
measurements. All fluorescence emission spectra shown were
blank-corrected and corrected for instrument-specific effects
relative to the spectral photon radiance scale.’®®"®" Relative
standard deviations of fluorescence measurements were
obtained from four independent measurements. Spectral cor-
rections such as a reabsorption correction®?*?* and solvent
absorption correction are detailed in the ESL{

3 Results and discussion
3.1 Design of an integrating sphere setup for the NIR and IR

The design of our integrating sphere setup for absolute @
measurements from 600 to 1600 nm with versatile excitation,
reasonable spectral resolution, and high sensitivity is shown
in Fig. 1 (for more details of setup components, see ESIt). To
optimize the sensitivity of the setup, which should enable the
determination of not only the moderate to high @¢ of semi-
conductor NCs exceeding 0.1, but also those of organic dyes with
emission >1000 nm like IR26 with very small & < 5 x 107%*
we chose a small integrating sphere (diameter of ca. 11 cm)
with a high reflectivity hydrophobic Spectralon coating

View Article Online
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(99% from 400 to 1500 nm) as the sample compartment,
thereby minimizing water adsorption from air. This sphere,
which is large enough to minimize distortions of the radiating
field in the sphere by the sample, was equipped with six ports
for sample illumination, positioning of the sample holder,
emission detection, and purging with dry nitrogen to remove
water vapor absorbing at around 950 nm, 1130 nm, and
1450 nm (see ESI, Fig. 7St). This avoids distortions of the
measured transmitted excitation light and photoluminescence,
which become otherwise dependent on air humidity (and
ambient temperature) and optical path length. As excitation
light sources, we chose different high stability (intensity fluctu-
ations <1%; see ESIf) intense lasers (HeNe laser: 633 nm),
laser diodes (690 nm, 730 nm, 785 nm, 808 nm, and 980 nm),
and a diode-pumped solid-state laser (914 nm), to enable the
measurement of dye and NC samples absorbing and emitting
over a broad wavelength region with strongly varying photo-
luminescence efficiencies. These light sources were coupled
via fiber optics (Fig. 1, top) to the integrating sphere (Fig. 1,
bottom) or directed either directly into the middle of the
sphere (sample position) or on the sphere wall with a flat
mirror. This enables direct and indirect sample illumination
and their combination.®* The small spot diameters of 1-4 mm
of these excitation light sources provide control of the illumi-
nated volume to minimize solvent absorption and reabsorp-
tion effects. This is of special relevance for the measurement
of solutions and dispersions >950 nm due to the absorbance
of many solvents and matrices in this wavelength region
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Fig. 1 NIR/IR integrating sphere setup for absolute measurement of photoluminescence in the wavelength region of 600 nm to 1600 nm consisting
of several high stability (intensity fluctuations <1%) lasers and laser diodes, coupled either via fiber optics (upper panel; 808 and 980 nm laser
diodes) or directly (HeNe laser, 690 nm, 730 nm, and 785 nm laser diodes; 914 nm solid-state laser) with a flat mirror (lower panel) to a N,-purged
12 cm integrating sphere attached via an IR-quartz fiber bundle to an imaging spectrograph equipped with an InGaAs CCD. The mirrors can be used
for direct or indirect sample illumination. Two filter wheels, one equipped with neutral density (ND) filters placed between the sphere and the light
sources, and one equipped with different long pass (LP) interference filters (cut-on wavelengths of 600, 800, 950, and 1000 nm) in front of the
detection system, enable control of the exciting radiant power and remove second order diffractions. Dye solutions and NC dispersions in cuvettes
are placed in the center of the sphere using a custom designed Spectraflect-coated cell holder.
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(Fig. 3, right panel). For signal detection, we used an imaging
spectrograph attached to a Peltier cooled, thinned back side
illuminated deep depletion InGaAs CCD with high quantum
efficiencies of >85% (1100-1500 nm). The N,-purged spectro-
graph-detector ensemble was coupled to the integrating sphere
with an IR-suitable quartz fiber bundle (LLB552-IR-0,12,
IR Quartz, LOT Oriel, transmission >50%) shielded from direct
reflexes with several baffles. We placed a filter wheel with
neutral density (ND) filters (known wavelength-dependent
transmission) in front of the integrating sphere for the control
and variation of the incident radiant power and a filter wheel
with several long pass (LP) interference filters (cut-on wave-
lengths of 600 nm, 800 nm, 950 nm, and 1000 nm) in front of
the spectrograph-CCD ensemble to eliminate signal distorting
second order diffractions and stray light. Dye solutions and
NC dispersions in quartz cells were center-mounted in the
sphere with a custom designed Spectraflect-coated cuvette
holder positioned with a HeNe laser.

3.2 Setup characterization

We subsequently determined the wavelength accuracy of the
excitation and detection channel(s), the linearity of the detec-
tion channel, and the wavelength-dependent spectral respon-
sivity of the integrating sphere-spectrograph—-CCD ensemble
(8(4em))-*® The wavelength accuracy of the emission monochro-
mator revealed maximum deviations <1.1 nm (see ESI,
Fig. 3St). Relative deviations from a linear behavior of the
InGaAs CCD, measured at a constant integration time for
varying excitation radiant powers, amounted to 0.3% (see ESI,
Fig. 4St) and for a constant radiant power and varying inte-
gration times to 0.5%. To reduce calibration uncertainties in
S(Aem) caused by stray light and second order effects and to
account for the lack of suitable emission standards >950 nm,
we employed two calibration lamps, a conventional spectral
radiance transfer standard (SDS)*® with an emission maximum
at 1050 nm and a blackbody radiator (BBR) with a tempera-
ture-controlled spectral radiance, with an emission maximum
at 1970 nm (for 7' = 1200 °C). An example of an emission cor-
rection curve (equaling 1/s(4enm)) derived from the combination
of these measurements (see ESI, Fig. 6St) is shown in Fig. 2
(top panel; SDS: emission correction curve for 600-950 nmj;
BBR: emission correction curve measured for 950-1600 nm).
The relative uncertainty for the determination of s(4ey,) from
such combined calibration curves amounts to maximum 12%.
This value includes uncertainties of the certified values of the
calibrated light sources, the wavelength accuracy, linearity of
the detection system, contributions from stray light, specific
uncertainties arising from the different types of light sources
and merging of the emission correction curves. Finally, the
long term stability of the spectral radiant power of the
different light sources of the integrating sphere setup was
obtained as this is a critical parameter for all absolute
measurements of &> Multiple measurements over time
using typical measurement conditions (integration time,
number of accumulations; see ESI, Fig. 551 for exemplary light
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Fig. 2 Top: inverse spectral responsivity 1/s(1em) of the NIR/IR integrat-
ing sphere setup determined with two calibration lamps. Middle: nor-
malized corrected emission spectra of the NIR dyes ltrybe (solvent
ethanol; black line) and IR140 (solvent DMSO; black line), MPA-stabilized
CdHgTe NC colloids of various compositions and sizes dispersed in air-
saturated D,O (red lines), and PbS colloids of various sizes in TCE (blue
lines) in air obtained with our NIR/IR integrating sphere setup. Bottom:
relative spectral deviations between the corrected spectra measured
with the integrating sphere setup and an independently calibrated
spectrofluorometer (data given for intensities up to 50% of the intensity
at the respective emission maximum). The dotted grey lines indicated
relative deviations of 5%.

sources) revealed relative deviations of the mean values (inte-
gration over the entire excitation peak) of <1%.

3.3 Setup validation - comparison of emission spectra

Proper validation of the calibration of the wavelength and
intensity scale is the only way to obtain reliable emission
spectra and @y values. The good agreement between the emis-
sion correction curves obtained with SDS and BBR (see ESI,
Fig. 6S1) provides already a first hint of the accuracy of our
emission correction curve. For the control of s(Aey) in the wave-
length region of 600-1000 nm, we acquired the corrected emis-
sion spectra of the NIR dyes Itrybe and IR140 in ethanol and
DMSO, respectively, and for 900-1600 nm, the corrected emis-
sion spectra of different IR-emissive semiconductor NCs, here
mercaptopropionic acid (MPA)-stabilized Cd,_,Hg,Te NCs of
various compositions and sizes dispersed in D,O and PbS col-
loids of various sizes in TCE with the NIR/IR sphere setup and
our independently calibrated fluorometer. The generally good
match between these emission spectra (Fig. 2, middle panel),
indicated by the small relative spectral deviations of the order

This journal is © The Royal Society of Chemistry 2015
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of typically 5% (Fig. 2, lower panel), underlines the reliability
of our emission correction curve.

3.4 Fluorescence quantum yields of NIR dyes with emission
<1000 nm

Subsequently, we measured @; of the NIR dyes Itrybe (solvent
ethanol; emission: 680-950 nm; A = 633 nm)®* and IR140
(solvent DMSO; emission: 830-1050 nm; A, = 808 nm) with
our NIR/IR and/or UV/vis/NIR integrating sphere setups and
our calibrated fluorometer FSP920. Itrybe and IR140 were
chosen because of their different Stokes shifts providing
examples of small (Itrybe)®* and large (IR140) spectral overlap
between absorption and emission and their commercial avail-
ability in high purity as well as their subsequently derived
good photochemical stability (see ESI, Fig. 9St) and their exci-
tation wavelength-independent ;. The good agreement
between the different methods and setups used underlines the
reliability of @& measurements with our new integrating sphere
in the wavelength region of 630-1050 nm. We previously pro-
vided an uncertainty budget for @ measurements in the wave-
length region of 400-1000 nm.*>**°

3.5 Reassessment of @ of IR26 with emission >1000 nm

For the control of the reliability of &; measurements
>1000 nm, we chose IR26 in DCE (excitation range:
800-1000 nm, emission: 1010-1450 nm; see Fig. 3, left panel).
Together with IR125 in DMSO, this dye presents the most
common reference for red emissive NCs. Moreover, its @; was
only recently redetermined absolutely to be 4.8 x 107%,** which
is by a factor of ca. 10 lower than previously assumed,**** ren-
dering all @ measured relative to this dye questionable.**%*>
Its extremely low @ enables us to test the sensitivity of our
new setup. Other challenges in the measurement of the @¢ of
IR26 are the strong spectral overlap between its absorption
and emission bands favoring reabsorption and the absorption
of the recommended solvent DCE within the dye’s emission
band with a sharp maximum at ca. 1170 nm (Fig. 3, left and
right panels). Solvent absorption occurs for many common sol-
vents >900 nm (Fig. 3, right); hence, uncertainties of deter-
mined quantum yields in this wavelength region exceed those

T T T
= = Abserplion: IR 28
=+ == Absorption: DCE
Emission: IR 26

(a5 measured in sphere) |
~—Emission: IR 26
{reabsorption cormected) |

Absorbance (arb. u.)
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-
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Wavelength (nm)
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Table 1 Comparative absolute and relative measurements of @; of the
organic dyes Itrybe (lex = 633 nm; relative to HITCI in ethanol, &; = 0.30)
and IR140 (lex = 808 nm; relative to IR125 in DMSO, &; = 0.23) emitting
<1000 nm (Fig. 1) and IR26 (lex = 980 nm; relative to IR125 in DMSO
excited at 808 nm using a previously controlled excitation correction)
emitting >1000 nm (Fig. 3, left panel); absolute 1: NIR/IR integrating
sphere setup, absolute 2: UV/vis/NIR integrating sphere setup; relative:
fluorometer FSP 920

Dye Solvent @; Absolute 1 @ Absolute 2 &y Relative &y Lit.

Itrybe EtOH 0.22 — 0.23 —
IR140 DMSO  0.20 0.20 0.20 —
IR26 DCE 0.0011 — 0.0007 0.00048

of measurements at smaller wavelengths. Solvent and reab-
sorption effects are especially critical for integrating sphere
measurements, as the size of the resulting signal distortions
depends on the sphere diameter and reflectivity of the sphere
coating as well as on the sample volume.

We determined the @; of IR26 in DCE (see Table 1) absol-
utely at dye concentrations (¢) of 0.7 x 107° to 6 x 107° mol L™
(equaling absorbances of 0.09-0.80 at the absorption
maximum of 1082 nm using a molar absorption coefficient
£=1.4x10"° L mol™" em™" (ref. 65)) and with our spectrofluo-
rometer relative to IR125 in DMSO”*® (IR26: 1o, = 980 nm;
IR125: A, = 808 nm; see ESI, Fig. 2S1).>**® Absorption spectra
of these dye solutions revealed the absence of dye aggregates
at these concentrations (see ESI, Fig. 8St) and the photochemi-
cal stability of IR26 was sufficient for excitation with a 980 nm
laser diode (see ESI, Fig. 9St). The sharp dip in the measured
emission band of IR26 at ca. 1170 nm shown in Fig. 3 (left
panel, red spectrum) demonstrates the considerable influence
of solvent absorption. The influence of dye reabsorption on
IR26 fluorescence follows from the red shift and the reduced
intensity of the as-measured emission band compared to the
reabsorption- and solvent-absorption-corrected fluorescence
spectrum (Fig. 3, left panel, black spectrum). This is reflected
by the corresponding &; data, ie., a & of 0.7 x 107> as
measured, which amounts to 1.1 x 10~ after consideration of
solvent absorption and dye reabsorption (see ESI;t
Fig. 85).”>"*> We determined the relative uncertainty of this

0.5 CH.ClL,

Absorbance
0
o]

0.0 T it 7 T
600 800 1000 1200 1400 1600

Wavelength (nm)

Fig. 3 Left: normalized absorption and emission spectra of IR26 in DCE (without and with corrections for dye reabsorption and solvent absorption)
and absorption of the solvent DCE within the wavelength region of dye emission. Right: absorption spectra of common organic solvents, H,O, and
D,O used for the study of IR dyes and NCs, given for an optical path length of 1 cm.
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value to be 21% (2.3 x 107*). This includes contributions from
setup calibration (12%) and applied corrections (15%) as well
as the relative standard deviation of fluorescence measure-
ments with our NIR/IR integrating sphere setup (9%). Relative
measurements yielded a @ of 0.7 x 10~° (Table 1). We estimated
the relative uncertainty of this value to be 30% (2.1 x 107%)
taking into account uncertainties from instrument calibration
(emission correction from the instrument manufacturer,
two point self-made excitation correction, and @; uncer-
tainty of the reference dye IR125), dye reabsorption and
solvent absorption and the relative standard deviation of fluo-
rescence measurements. Dye purity was not considered in
both cases.

We attribute our finding of a higher & for IR26 than the
value of 0.48 x 107 reported by Semonin et al.”® to different
calibration and correction procedures. Nevertheless, our value
still equals the absolute upper limit of @¢ of this dye assumed
by Semonin. In addition, the fact that we could measure &
absolutely at concentrations of 0.7 x 107® to 6 x 10™° mol L™
demonstrates the higher sensitivity of our integrating sphere
setup compared to the setup reported by Semonin et al. who
used dye concentrations of 2 x 107 to 11 x 107° mol L™
(equaling the absorbances of 0.3-1.5 at the absorption
maximum of 1082 nm) for the integration sphere measure-
ment of @, of IR26. In this respect, the measurement uncer-
tainties given by us for the absolute determination of @ of
IR26 exceed only apparently the uncertainty provided by
Semonin et al. of 0.2 x 10~* (equaling a relative uncertainty of
4.2%) that was not really deduced from the actual integrating
sphere measurements. This uncertainty was derived by
Semonin et al. only from a fit considering dye reabsorption,
but not solvent absorption, which was made for a 0°/90°
measurement geometry and not for the integrating sphere
measurements. Most likely, the small uncertainties given by
Semonin et al. consider solely the standard deviation of the
fluorescence measurements, but not a complete uncertainty
budget as given by us.>***

Nevertheless, our data verify the considerable overestima-
tion of many &¢ of NIR- and IR-emissive NCs like PbS, PbSe,
and Cd,_,Hg,Te.****** This finding, together with the &
values absolutely measured for PbS in different solvents of the
order of 0.05 to 0.60*>°°7°® and relative to IR125 (using a refer-
ence &; of 0.13)’® of the order of 0.20 to 0.40,>° clearly
demonstrates the need for a critical reexamination of @&; values
of representative IR-emissive semiconductor NCs.

3.6 @ of IR-emissive semiconductor Cd,_,Hg,Te ternary
alloys

Especially promising IR-emissive NCs are Cd,_,Hg,Te ternary
alloys as well as PbS and PbSe.*?**%*>737 As PbSe NCs can be
more prone to surface oxidation as PbS NCs,**”> we decided
to evaluate only the &; of dispersions of representative
Cd,_,Hg,Te ternary alloys of different compositions and sizes
and exemplary differently sized PbS colloids detailed in the fol-
lowing section to provide examples of achievable &y values for
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IR-emissive quantum dots and to identify NC-specific chal-
lenges and sources of uncertainty.

We determined the &y of three MPA-capped Cd,Hg;_,Te NC
samples with comparatively broad emission spectra in D,O
spanning a wavelength region of ca. 750-1350 nm shown in
Fig. 2 and 4 (inset) at different excitation wavelengths between
633 and 785 nm relatively and absolutely. Prior to these
measurements, we measured time traces with our integrating
sphere setup to exclude photodecomposition and photobrighten-
ing for excitation with intense laser diodes, the radiant flux of
which considerably exceeded that of a xenon lamp mono-
chromator ensemble used for relative photoluminescence
measurements. Moreover, &; were determined relatively before
and after each absolute measurement. These studies did not
reveal light-induced changes of the Cd;_,Hg,Te NC colloids.

As follows from Fig. 4, the absolutely and relatively deter-
mined @ of the three Cd;_,Hg,Te colloids agree reasonably
well. We determined the relative uncertainties of absolutely
measured & to be 16%), considering uncertainty contributions
of setup calibration (12%) and applied reabsorption and stray
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Fig. 4 Top: normalized absorption spectra of three representative
Cd;_4Hg,Te NC colloids of different sizes and compositions (black: 4.8.
nm, Cd:Hg =99:1, ¢ =1.3x107® mol L™%; red: 6.3 nm, Cd: Hg = 98:2,
c=13x10"° mol L% blue: 7.1 nm, Cd:Hg = 97:3, ¢ = 5.2 x 10~ mol
L™ in D,O in air. The corresponding corrected emission spectra are
shown in the inset and in Fig. 2 (middle panel). The concentration of the
Cd;_4Hg,Te NC was determined by measuring the concentration of the
respective metal ions (Cd** and Hg®") via ICP-OES as previously
described®”® and considering the NC diameter derived from TEM data.
Bottom: absolutely measured @ (solid symbols) and relatively measured &
(open symbols) at different excitation wavelengths. Considering the uncer-
tainties of both methods, the determined values overlap.
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light corrections (5%; see ESIT) as well as of the relative stan-
dard deviation of fluorescence measurements with the NIR/IR
integrating sphere setup (10%). The uncertainties of relatively
measured @ are estimated to be 15% (no excitation correction,
only small absorption of D,0, less pronounced reabsorption
as found for IR26). None of the colloids studied showed a
dependence of its @ on the excitation wavelength within the
uncertainties. The comparatively high @; between ca. 0.3 and
0.65 of our colloids underline the suitability of our simple one
pot aqueous synthesis*> for the preparation of bright
Cd,Hg,_,Te NCs especially with the ligand MPA.”> Whether
the observed trend of a decrease in &; with increasing size
and/or Hg content is really representative, possibly originating
from a confinement reduction with increasing particle size
and/or the introduction of an increasing number of crystal and
surface defects with larger numbers of Hg”* ions (with sizes
exceeding that of Cd*") favoring luminescence quenching,
remains to be shown for a larger set of samples.

3.7 Aging studies and @ of IR-emissive PbS colloids

Subsequently, we investigated the spectroscopic properties of
three oleate-capped PbS colloids of different sizes, i.e., 2.3 nm,
4.1 nm, and 4.4 nm, in TCE which does not absorb within the
wavelength region of NC emission (Fig. 2 and 3, right panel;
ESI, Fig. 10ST). To account for a possible influence of oxygen
and hence NC oxidation, which is manifested by a blue shift in
absorption and emission and can depend on particle size,”?
the 4.4 nm-sized PbS colloid batch was split into two portions
immediately after synthesis. One portion was kept always
under inert gas and the other sample was stored in air.

PbS aging. Spectroscopic studies of our differently sized PbS
colloids kept in air and dispersed in TCE revealed a blue shift
of the absorption and emission maxima with time in conjunc-
tion with a considerable narrowing of the blue shifted absorp-
tion band and a reduction in emission bandwidth, i.e., FWHM
(full width at half height of the maximum). This is exemplarily
shown for 4.4 nm PbS NCs in Fig. 5 (top panel and lower
panels), the largest NC of this series, which underwent the
most pronounced changes (see ESI, Fig. 11St). Here, the initial
emission maximum located at 1380 nm shifted to 1265 nm
over a period of ca. 250 days, accompanied by a considerable
narrowing of the absorption band (Fig. 5, lower panel, left;
comparison of black and blue solid spectra) and the emission
band (Fig. 5, lower panel, right; initial FWHM of 250 nm
(0.165 eV) developing into FWHM of 150 nm (0.113 eV)).
Simultaneously, @ increased from 0.24 to 0.45 within 250 days
and then remained stable (Fig. 5, top). These @&¢ values lay at
the upper end of the &; values reported by Semonin et al.,*
underlining the good quality of our PbS NCs. This is similarly
true for the two smaller PbS NC samples that showed a higher
stability to aging, as indicated by their smaller time-dependent
spectral shifts in absorption and emission and changes in
FWHM (see ESI, Fig. 11St). The smallest 2.3 nm-sized PbS par-
ticles reached a stable state almost immediately after synthesis
(FWHM = 0.178 €V, no time-dependent changes). We attribute
this size-dependent stability of our three PbS colloids to
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similar effects to those reported by Choi et al. for oleate-
capped PbS nanoparticles.””> They claimed a size-dependent
shape transition from air stable ligand-passivated (111) facets-
only octahedra to (111)/(100) cubooctahedra with bare self-
passivated (100) facets which are prone to surface oxidation.”?
The latter is reflected by the strong aging-induced changes in
the optical properties of especially the 4.4 nm PbS NCs (Fig. 5)
which can be attributed to surface etching. Etching leads to a
decrease of the PbS core size and the formation of an oxidized
layer (PbSO,) on the surface of the PbS NC as recently reported
by, e.g., Tang et al.”* and Hardman et al.”® in conjunction with
a focusing of the NC size distribution, indicated by the narrow-
ing of the absorption and emission bands, that is possibly
accompanied by a shape transition. Such a shape transition
was observed, e.g., by Hines et al.** The astonishing lumines-
cence enhancement in air for our PbS NCs and size regime,
contradicting other studies of photobrightening and photo-
darkening of PbS NCs where irreversible oxidation-induced
luminescence quenching was observed,”® suggests a passiva-
tion of surface defects by this surface oxidation. In addition,
the efficiency of the “intrinsic” nonradiative interband recom-
bination caused by the increase in bandgap in oxidized, i.e.,
smaller PbS NCs, could also be reduced.*

Our explanation for the aging-induced luminescence
enhancement is supported by the improved stability of 4.4 nm
PbS NCs kept under inert gas. This is reflected by only very
small time-dependent changes in the spectral position of the
emission maximum located at 1390 nm, matching the initial
value found for the freshly synthesized 4.4 nm PbS NC in the
presence of oxygen (Fig. 5, upper panel), and its considerably
smaller @&; of 0.15.

Photostability and @¢ of PbS. Within the context of the
desired validation of absolute measurements of photo-
luminescence with our new integrating sphere setup, we
measured the &; of aged PbS NC colloids (4.4 nm PbS NCs
stored both in air and under inert gas) at different excitation
wavelengths relatively and absolutely with different excitation
radiant powers. Relative measurements with excitation radiant
powers of 0.1 mW in the wavelength region of 690 nm to
915 nm (see ESI, Fig. 2S}) revealed no or only very small light-
induced changes in absorption and emission as well as exci-
tation wavelength-independent @y Absolute fluorescence
measurements with the exemplarily chosen more intense
808 nm laser, however, revealed radiant power-dependent
photoeffects for all three PbS NCs, which affect the resulting
@y values. This is exemplarily shown for 4.4 nm PbS NCs aged
in air for ca. 300 days (Fig. 5, middle panel, right) and stored
under an inert gas atmosphere (Fig. 5, middle panel, left). For
4.4 nm PbS in air, &¢ decreased at short illumination times
and subsequently increased again, reaching almost the start-
ing &y value. Simultaneously, its absorption and emission are
blue shifted by ca. 10 nm (Fig. 5, lower panels, blue spectra),
indicative of slight photocorrosion. Similar photoeffects, i.e.,
photobrightening and photodarkening, commonly ascribed to
(reversible) trapping of carriers to a long-lived, optically dark
state or particle charging, have been already reported for PbS
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Fig. 5 Top: aging of 4.4 nm PbS NCs in air. Blue shift of the spectral position of the emission band (red circles) and the relatively measured & (black
squares) of 4.4 nm PbS NCs as a function of time after colloid preparation. Middle: absolutely measured @ and photoeffects. Change in absolutely
measured @ (black squares) and in the spectral position of the emission band (red circles) of 4.4 nm PbS NCs kept under inert gas (left panel) and of
4.4 nm PbS NCs, both aged in air for ca. 300 days, as a function of illumination time. Illumination was performed with the 808 nm laser diode of the
integrating sphere setup (radiant power of 62 mW). Bottom: aging and light-induced spectral changes. Change in the absorption spectra (left panel)
of 4.4 nm PbS NCs aged/stored under inert gas for ca. 300 days (black) and in air (blue) and diluted with TCE, before (solid lines) and after illumina-
tion (dashed lines) with the 808 nm laser diode (radiant power of 62 mW) for 120 hours. The initial absorption spectrum of 4.4 nm PbS NCs stored
under an inert gas atmosphere (black solid line) closely matches the initial absorption spectrum of this colloid prior to aging in air (top panel).

quantum dots.”® Illumination of 4.4 nm PbS NCs in the
absence of oxygen leads to a blue shift in absorption and
especially in emission by about 50 nm (Fig. 5, lower panels,
black spectra) and an increase in @; by a factor of almost two
(Fig. 5, middle panel, left). The eventually reached &y of 0.27
is, however, still clearly smaller than the &; of 0.45 obtained
for the same PbS colloid in air (Fig. 5, upper panel). Purging
of the solution of the air-aged PbS NCs with argon did not
alter the light-induced spectroscopic changes revealed by this
colloid, still showing photodarkening followed by photo-
brightening upon light exposure. Apparently, aging in air
changed the NC surface chemistry irreversibly, which confirms
the formation of a PbSO, layer at the NC surface as reported,
e.g., by Tang et al.”* and Hardman et al.”

Similar experiments with 2.3 nm and 4.1 nm PbS NCs in air
(see ESI, Fig. 12St) revealed size-dependent photoeffects. The
smallest PbS colloid showed solely photobrightening, leading
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to an increase of the initially obtained & of 0.18 to 0.71,
accompanied by a blue shift of the emission band from
958 nm to 920 nm. At lower radiant powers, also fast photo-
darkening was observed, yet in all cases, subsequent photo-
brightening dominated, always yielding similarly high &r. In
contrast, 4.1 nm PbS NCs showed a similar behavior to 4.4 nm
PbS particles and comparable @;. These size-dependent differ-
ences in photochemical behavior seem to correlate with the
size-dependent aging of these colloids, providing a further
hint of a different surface chemistry of our three PbS NCs.
Comparison of absolute and relative @; measurements for
PbS. As exemplarily shown for our 4.4 nm PbS colloid in air
and under an inert gas atmosphere, principally the absolutely
measured initial @ values agree reasonably well with the rela-
tively obtained data (see, e.g., Fig. 5; finally reached &y after
300 days in the top panel and the starting @; value in the
middle right panel for PbS in air and for PbS under inert gas,
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the initial @y after synthesis from the top panel and the start-
ing @; value in the middle left panel, respectively). The desired
comparison of relatively and absolutely measured &; data for
PbS is, however, hampered by the radiant power- and size-
dependent photodarkening and photobrightening of this
material, since these measurements are commonly performed
at different excitation radiant powers (see ESIt). Our results
are nevertheless very interesting for a better understanding of
the factors yielding very bright PbS NCs. In this respect, it
should be kept in mind that the measurement conditions used
by us for the absolute determination of &¢ of the PbS NCs
most likely closely mimic those of absolute measurements
reported by other groups in the IR wavelength region. Integrat-
ing sphere measurements with IR-emissive NCs like lead chal-
cogenides are commonly performed with intense excitation
light sources like a 831 nm semiconductor laser,””**”” LEDs
emitting at 850 nm or 950 nm,** or a 405 nm laser,”® with no
information provided on the excitation radiant powers
employed. There are only very few reports of integrating sphere
setups for measurements >1000 nm using a fiber coupled
xenon lamp-monochromator ensemble as a less intense exci-
tation light source.”” Hence, measurement condition- and
material-specific photo-induced changes in fluorescence inten-
sity as found by us for PbS NCs could principally also affect
other literature data, especially in the case of potentially
oxygen- and light-sensitive lead chalcogenides.

4 Conclusions and outlook

In summary, we presented the design of a new integrating
sphere setup for spectrally resolved measurements of absolute
photoluminescence quantum yields (®¢) of barely to moder-
ately emissive organic dyes to highly emissive semiconductor
NCs in the wavelength region of 600-1600 nm and addressed
common instrument- and material-related challenges for fluo-
rescence measurements in the NIR and IR and solutions. We
demonstrated the reliability of our measurements by compar-
ing the corrected emission spectra and the relatively and absol-
utely determined @; of several organic dyes, MPA-capped
Cd,_,Hg,Te in D,0, and oleate-capped PbS NCs in TCE
obtained with two integrating sphere setups and a spectrofluo-
rometer, all independently calibrated. These validation strat-
egies provide a good example of the validation of challenging
fluorescence measurements in the NIR and IR for, e.g., semi-
conductor quantum dots and rods, carbon nanotubes, and
upconversion materials.

Moreover, we redetermined the & of the only IR reference
dye IR26 to be 1.1 x 107 with an uncertainty of 2.3 x 107"
derived from an uncertainty budget and introduced a pro-
cedure for the simultaneous correction for sample reabsorp-
tion and solvent absorption. These effects present common
signal distortions in the IR. A further reduction in measure-
ment uncertainties requires especially an improved stability of
the excitation light sources used for our NIR/IR integrating
sphere setup. We could verify the high & of 0.3 to 0.7 for high
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quality aqueous Cd,_,Hg,Te NC colloids prepared via our pre-
viously reported simple one pot synthesis. For differently sized
oleate-capped PbS colloids with @& between 0.2 and 0.7, we
demonstrated the influence of quantum dot-inherent photo-
brightening and photodarkening on &; measurements, which
can be material-specific, size-dependent, and affected by
oxygen. These effects, which can be expected also, e.g. for
other lead chalcogenides, together with the considerable over-
assessment of many previously published &; of NIR- and
IR-emissive quantum dots like PbS, PbSe, and Cd,_,Hg,Te
derived from our reexamined @; of the reference dye IR26
underline the need for a critical reevaluation of @&; values of
IR-emissive nanomaterials. A critical evaluation of &, data and
procedures used for the determination of @&y is generally of
considerable importance with respect to the foreseeable
increasing importance of luminescence measurements in the
wavelength region of 1000-1600 nm, e.g. for bioimaging
studies. This similarly triggers the need for broadly available
and well characterized quantum yield standards also for this
wavelength region.
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