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Distance-dependent Fluorescence Quenching and Binding of

CdSe Quantum Dots by Functionalized Nitroxide Radicals

Chittreeya Tansakul, Erin Lilie, Eric D. Walter, Frank Rivera III, Abraham Wolcott, Jin
Z. Zhang, Glenn L. Millhauser and Rebecca Braslau™

Department of Chemistry and Biochemistry, University of California, Santa Cruz, CA

95064 USA

Abstract: Quantum dot (QD) fluorescence is effectively quenched at low concentration
by nitroxides bearing amine or carboxylic acid ligands. The association constants and
fluorescence quenching of CdSe QDs with these derivatized nitroxides have been
examined using electron paramagnetic resonance (EPR) and fluorescence spectroscopy.
The EPR spectra in the non-protic solvent toluene are extremely sensitive to
intermolecular and intramolecular hydrogen bonding of the functionalized nitroxides.
Fluorescence measurements show that quenching of QD luminescence is nonlinear, with
a strong dependence on the distance between the radical and the QD. The quenched
fluorescence is restored when the surface-bound nitroxides are converted to
hydroxylamines by mild reducing agents, or trapped by carbon radicals to form
alkoxyamines. EPR studies indicate that photoreduction of the nitroxide occurs in
toluene solution upon photoexcitation at 365 nm. However, photolysis in benzene

solution gives no photoreduction, suggesting that photoreduction in toluene is



independent of the quenching mechanism. The fluorescence quenching of QDs by

nitroxide binding is a reversible process.

1. Introduction

Semiconductor nanoparticles or “quantum dots” (QDs) are of interest due to their
intense and tunable fluorescence, and are increasingly being investigated for tagging,
imaging and sensing applications.!* QDs are nanoscale crystalline particles usually
surrounded by an outer layer of organic ligands to protect them against oxidation and
aggregation. Comparisons of QDs to conventional organic fluorophores have been
reported.> © The broad interest in fluorescent QDs derives from their flexibility in
excitation wavelength, intense and narrow band emission, good photostability relative to
organic dyes, and their commercial availability or simple synthetic accessibility.””
Applications of nanoparticles in chemical and biosensors has been reviewed recently.!® !!
The controlled quenching of fluorescent QDs has led to the development of probes in
biology, medicine, and analytical chemistry as temperature,'? protease-activation,'
DNA,!* spironolactone,'® glucose,'® copper ion,!” anions,'® nitric oxide,' and
catecholamine? sensors.

Nitroxide free radicals are effective quenchers of the fluorescence of pendent
organic fluorophores; these are often referred to as “profluorescent nitroxides™?! (or “pre-
fluorescent nitroxides”??). These spin-labeled profluorophores can be “switch-on” when
the paramagnetic nitroxide is converted to a diamagnetic species, such as the
hydroxylamine or alkoxyamine. Profluorescent nitroxides have been studied for over 20

years and have been utilized as sensors of cationic metals,? free radical generation in



25-28 31, 32

olymer films,?* nitric oxide, singlet oxygen in plants,?® thiyl,*° superoxide, and
poly g Yg p Y p

hydroxyl*> 33 radicals as well as antioxidants,>*38

such as ascorbic acid (vitamin C),
trolox, galangin, quercetin, rutin, BHT, gallic acid, caffeic acid and a-tocopherol
(vitamin E).

Scaiano et al have investigated the quenching effect of the persistent nitroxide
radical  2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) on the emission of
trioctylphosphine oxide (TOPO)-capped CdSe QDs in toluene solution.*® This interaction
is non-linear with respect to nitroxide concentration, and strongly dependent on
nanoparticle size: smaller particles are quenched more efficiently than larger particles.
Significantly, 4-amino TEMPO is a much more efficient quencher compared to non-
functionalized TEMPO, due to strong binding to the QD surface.*® The Stern-Volmer
quenching plot shows an upward curvature in the case of non-binding TEMPO, whereas
the plot for the ligand 4-amino TEMPO is a downward curve. Fluorescence of the 4-
amino TEMPO-CdSe QD complex is restored by trapping the nitroxide with the carbon
free radical isopropylnitrile, generated by the photoexcitation of azo-bis-isobutyronitrile
(AIBN).*! Recently, Guo and co-workers utilize water soluble thioglycolic acid-capped
CdTe QDs conjugated to 4-amino TEMPO as the acid/base salt to detect vitamin C.*?
This system shows an upward curvature to the Stern-Volmer plot even though 4-amino
TEMPO is held near the surface of CdTe QDs by electrostatic interactions.

In this work, the fluorescence quenching efficiency of several nitroxides bound to
a CdSe QD surface was examined as a function of proximity of the nitroxide to the ligand
and thus to the QD surface, and variation of the ligand binding affinity. The quenching

mechanism of the CdSe QD emission by ligated nitroxide radicals in toluene and benzene



solutions was explored by combined fluorescence and electron paramagnetic resonance
(EPR) studies. These results provide new fundamental insights into the process of
fluorescence quenching of QDs by nitroxides as well as electron transfer or spin

exchange between QDs and nitroxide radicals.

2. Experimental Section
2.1 General Materials

2,2,6,6-tetramethylpiperidine-N-oxy (TEMPO, Acros, 98%), 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPOL, TCI America, 98%), methanesulfonyl chloride
(Acros, 99.5%), sodium azide (Matheson Coleman & Bell), triphenylphosphine (Aldrich,
99%), 4-dimethylaminopyridine (Aldrich, 99%), methyl vinyl ketone (Acros, 95%), 2-
nitropropane (Sigma, 98%), tetrabutylammonium fluoride (Acros, 1.0 M in THF
containing 5% water), zinc powder (Fisher, 99.0%), ammonium chloride (Fisher, 99.7%),
n-butyllithium (Aldrich, 2.5 M in hexanes), cupric acetate (Mallinckrodt), lithium
aluminum hydride (Aldrich, 1.0 M in diethyl ether), succinic anhydride (Aldrich, 99%),
ethylenediamine (Aldrich, 99%), triethylborane (Aldrich, 1.0 M in THF), sodium
borohydride (Aldrich, 98%), 1,4-cyclohexadiene (Acros, 97%), lead dioxide (Acros,
97%), concentrated ammonia (Fisher, 7.4 N), and glacial acetic acid (Fisher, 17.4 N)
were used as received. Triethylamine (Fisher, 100.2%) and pyridine (Aldrich, 99.9%)
were distilled over calcium hydride. Methyl acrylate (Aldrich, 99%) and styrene (Fisher,
99.9%) were distilled under vacuum immediately before use. Diethyl ether (Fisher,
99.1%) was distilled from sodium/benzophenone. Acetronitrile, dichloromethane,

tetrahydrofuran, and toluene were obtained from a PureSolv solvent purification system



(SPS) manufactured by Innovative Technologies, Inc. when anhydrous conditions were
required. All other solvents were used as received. Manganese salen catalyst was
prepared following the procedure of Choudary et al.** Molecular sieves (4 A, 1.6 mm
pellets, Aldrich) were activated by heating in an oven at 200 °C overnight. Flash
chromatography was performed on Premium Grade 60, 40-75 mesh silica gel from
Sorbent Technology. Analytical thin layer chromatography (TLC) was carried out on

Whatman silica gel plates (0.25 nm thick).

2.2 Instrumentation and Methods

'"H-NMR spectra were recorded on either a Varian UNITYplus 500 MHz or
INOVA 600 MHz spectrometers as noted in CDCls, and reported in ppm with TMS as an
internal standard for proton and the CDCIj triplet as an internal standard for carbon. FTIR
spectra were recorded on a Perkin-Elmer 1600 FTIR spectrometer. High-resolution mass
measurements were obtained on a benchtop Mariner electrospray ionization time-of-
flight (ESI-TOF) mass spectrometer. EPR measurements were performed on a Bruker X-
band EPR spectrometer using 707-SQ EPR tubes (Wilmad) in anhydrous toluene except
as noted. EPR settings were 20 mW for the microwave power and 1.0 G for the
modulation width. Absorption spectra were recorded on a Hewlett Packard 8452A diode
array spectrometer. Fluorescence spectra were taken on a Perkin-Elmer LS 50B
fluorescence spectrometer with an excitation wavelength of 390 nm. The emission slit
was set at 5 nm, and fluorescence emission (Amax = 594 nm) was collected from 450 to
700 nm. For the emission spectra of QDs taken at a series of quencher concentrations,

after the addition of the quencher, the solution was shaken for 60 seconds before the



emission spectrum was taken. Samples were prepared with anhydrous toluene and placed
in an open-sided 1 cm path-length quartz cuvette for both absorption and emission
measurements. All air and moisture sensitive reactions were carried out under nitrogen
atmosphere using oven dried syringe and flame-dried glassware. Thin layer
chromatography (TLC) visualization was performed with a UV lamp visualized at 254
nm and after heating with p-anisaldehyde dip (PAA: 2.5 mL of p-anisaldehyde in 40 mL
of 90:5:1 ethanol:concentrated sulfuric acid:glacial acetic acid). All fluorescence photos
were taken under UV illumination produced by a UVGL-25 366 nm wavelength hand-
held TLC lamp. Photoexcitation experiments were performed with a UVL-56 365 nm
wavelength hand-held TLC lamp. All spectroscopic studies were carried out in aerated
solution at room temperature except as noted. Non-linear curve fitting was performed
either with KaleidaGraph or OriginPro 8.0 programs. Bond lengths of nitroxide
molecules were calculated from Molecular Mechanics calculations version 2 (MM2)

embedded in Chem3D Ultra 8.0%® software.

2.3 Synthesis of CdSe Quantum Dots

The synthesis of the CdSe QDs was based on the hot injection organometallic
route described previously.** 4> Standard air-free conditions were followed on a Schlenk
line with nitrogen gas as the inert atmosphere. For the preparation of CdSe QDs, 2.29 g
(5.92 mmol) of trioctylphosphine oxide (TOPO), 2.17 g (7.80 mmol) of
tetradecylphosphonic acid (TDPA), 5.71 g (23.6 mmol) of hexadecylamine, and 500 mg
(3.89 mmol) of cadmium oxide (CdO) were added to a 50 mL three-neck flask. The

solids were heated to 130 °C under a flow of nitrogen with continuously stirring. At 130



°C, the solution was treated under vacuum at 30 millitorr to three successive degassing
cycles on a nitrogen line over 1 hour. The nitrogen flow was resumed and the solution
was heated. At 260 °C, the CdO-TDPA complex formed, and the solution appeared
optically clear with a slight yellowish tint. At 270 °C, 1.00 g (1.22 mL, 4.88 mmol) of
tributylphosphine (TBP) was injected into the mixture with vigorous stirring. The
temperature was lowered slightly and held at 260 °C. Selenium tributylphosphine (1.6 g,
20% by weight of Se in TBP) was injected into the mixture at 260 °C: subsequent growth
was monitored by UV-vis and photoluminescence spectrophotometry. Growth was
stopped by the removal of the heating mantle after 4 minutes at 260 °C to give material
exhibiting an excitonic peak at 576 nm, a band edge emission peak at 583 nm, and an
emission full-width-half-maximum (FWHM) of 23 nm. The solution was allowed to cool
to 60 °C and 8 mL of anhydrous methanol was added to precipitate the CdSe QDs.
Centrifugation was carried out at 3000 rpm: the supernatant was discarded. To remove
unreacted precursors, 6 mL of octanoic acid was added and the mixture was sonicated
and vortexed until the solution became optically clear. A minimum amount of anhydrous
methanol was slowly added to precipitate the CdSe QDs. The resulting slightly opaque
solution was centrifuged at 3000 rpm and the supernatant discarded. The CdSe solid was
redissolved in anhydrous toluene, and precipitated and decanted twice more; the CdSe
QDs were then dried under a flow of nitrogen. The CdSe QD solids were dissolved in
anhydrous toluene, and concentrations and average size of the QDs were obtained from
UV-visible absorption measurements following the calibration reported by Yu, W. W., et
al.*® The standard deviation of the extinction coefficient values reported by these authors

for QDs is £15%, thus all the QD concentrations reported in this work are affected by this



uncertainty. The low (23 nm) FWHM of the 583 nm emission indicates that the samples

were narrow in size distribution.

3. Results and Discussion
The parent nitroxide TEMPO, and four nitroxides (1-4) bearing amino or

carboxylic acid ligands (Fig. 1) were investigated in EPR and fluorescence spectroscopy

studies.
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Figure 1. Nitroxides utilized in EPR and fluorescence studies

3.1 EPR studies
3.1.1 Binding affinities

The characteristic EPR spectra of TEMPO-based nitroxides exhibit three '“N
hyperfine lines separated by a splitting of 1.546 mT in toluene or benzene solutions.*’
EPR investigations on the interaction between the non-functionalized nitroxide TEMPO
and CdSe QDs by Scaiano et al*® suggest that no specific binding occurs between

TEMPO and the QDs: the N coupling constant, line width and amplitude of the TEMPO



signal remains unchanged upon addition of QDs. However, addition of QDs to a solution
of 4-amino TEMPO leads to extensive broadening of the EPR signal and to a lower
relative intensity of the high field signal.** EPR spectra of the ligand-bearing nitroxides
1-4 in deaerated toluene show the expected characteristic YN hyperfine splitting as
illustrated in Fig. 2A-D (red lines). Deaerated conditions are necessary to avoid line
broadening caused by dissolved oxygen, thus allowing the accurate determination of
binding constants.

Successive addition of orange 3.7 nm diameter CdSe QDs to a solution of 4-
amino TEMPO 2 or carboxylic acid nitroxide 3 led to broadening of the EPR signals,
accompanied by a reduction in peak-to-peak height, particularly at the high field peak.
For example, upon addition of 10 equivalents of CdSe QDs to carboxylic acid nitroxide 3
(Fig. 2C, black line), the two peaks at low and central fields are strongly broadened, and
the peak-to-peak height at the high field peak is much smaller than those at central and
low fields. This broadening is indicative of restricted mobility and slow tumbling of the
nitroxide, as a result of binding to the QD surface.*! This type of behavior in the EPR
spectrum has been previously observed with nitroxides bound to gold nanoparticles,*

incorporated into DNA stands,*” and immersed in lipid membranes.*% 3!
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Figure 2A-D. EPR spectra of nitroxides 1-4 (0.5 uM) in deaerated toluene upon

successive addition of a solution of 3.7 nm CdSe QDs. (Note: eq = equivalents)

In order to measure binding constants (Ky), saturation curves for 4-amino TEMPO
2 and carboxylic acid nitroxide 3 interacting with CdSe QDs were obtained. The fraction
of bound nitroxide (0) is defined in equation (1), where [N] is the nitroxide concentration,

and [QN] is the concentration of the QD-nitroxide complex.
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By applying the equation for the dissociation constant (Kq) from equation (2) where [Q]
is the concentration of unbound QDs ([Qadded]-[Qbound]), an equation involving only [Q]

and Ky is obtained as shown in equation (3), assuming there is no cooperative effect.
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0 was determined using the relative peak heights at high field observed in the EPR

spectra. The plots between 0 and [Q] provided saturation curves for each nitroxide. The
K4 values were obtained by curve fitting (see SI; Fig. S1-S2). The binding constant (K)
is the reciprocal of Kq4. K values for 4-amino TEMPO 2 and carboxylic acid nitroxide 3
are (4 +2) x 10°and (2 + 1) x 10° M}, respectively. A relative error of +15% is assumed
due to the inherent error in evaluating the QD concentrations.

Amino moieties are known to stabilize QDs.>*>* In previous work, Scaiano et al
have shown that 4-amino TEMPO 2 binds efficiently to 2.4-2.5 nm CdSe QDs with a
binding constant of (8 + 4) x 10 M1.*! The binding constant obtained in this study for 4-
amino TEMPO 2 with 3.7 nm CdSe QDs is an order of magnitude lower than that
previously reported. One should keep in mind that the 3.7 nm QDs and the 2.4-2.5 nm
QDs were prepared using different procedures, including the use of tributylphosphine

instead of trioctylphosphine for the larger QDs. Thus, the surface properties of these
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CdSe QDs are expected to be different as a result of variation in the synthetic conditions
as well as particle size.>® It is interesting that carboxylic acid functionalized nitroxide 3
shows a greater affinity by an order of magnitude than the amino-substituted nitroxide 2.
The ability of carboxylic acids to bind to the surface of CdSe nanoparticles® is not well
explored, and warrants further study.

Amino pyrrolodine nitroxide 1 was expected to show a similar binding affinity to
that of 4-amino TEMPO 2, as they both bear amine functionalities. Bidentate bisamino
nitroxide 4 was expected to bind more strongly to the QD surface than the monoamine
counterparts. Unexpectedly, solutions of nitroxide 1 and 4 showed large discrepancies
between the known molarities and the concentrations determined by EPR when calibrated
using TEMPO as a standard. In the case of amino pyrrolidine nitroxide 1, the difference
between the two concentrations was a factor of four. Addition of 10 equivalents (based
on EPR nitroxide calibration) of QDs was not enough to produce a significant decrease in
the EPR signal (Fig. 2A, black line). Bisamino nitroxide 4 showed an entire order of
magnitude discrepancy between the known molarity and the calibrated concentration, and
an initially puzzling increase in the EPR signal intensity upon addition of QDs (Fig. 2D),
vide infra. For all four nitroxides, the purities of the nitroxide samples were confirmed by
NMR of the corresponding hydroxylamines (reduced in situ using phenylhydrazine).
Before EPR experiments, the nitroxide samples were oxidized with PbO- to ensure that
the entire sample was nitroxide rather than hydroxylamine. The lower apparent
concentration of nitroxide by EPR implies that there is an interaction between nitroxides

in solution. This is discussed further in the next section.
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3.1.2 Competition studies and evidence of hydrogen bonding interactions

Competition studies were performed by the addition of competitive ligands with
similar binding functionalities. Benzylamine and 4-phenylbutyric acid were used as
competitors of amine and carboxylic acid functionalized nitroxides 2 and 3, respectively.
In the first set of competition experiments, CdSe QDs were added to a mixture of
nitroxide and a large excess (6 x 10° equivalents) of competitor. EPR spectra were taken
at t = 0 (immediately upon addition of the QDs) and t = 4 hrs. The EPR signal intensity
was expected to decrease upon addition of the QDs, but not as much as in the absence of
the competitor. However, the EPR signal of a mixture of 4-amino TEMPO 2,
benzylamine, and QDs (Fig. 3A, red line) increased above the original signal of 4-amino
TEMPO 2 (Fig. 3A, black line). After 4 hours, the intensity had not changed (Fig. 3A,
blue line). Fig. 3B shows the results of a similar competition between carboxylic acid
nitroxide 3 and 4-phenylbutyric acid. An increase in signal intensity was again observed
(Fig. 3B, red line), but was not as pronounced as that of 4-amino TEMPO 2. After 4
hours, the intensity dropped below the original nitroxide signal (Fig. 3B, blue line),
indicating that eventually some of the carboxylic acid nitroxide 3 became bound to the

QD surface.
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4-Amino TEMPO 2 Carboxylic Acid Nitroxide 3

A — Nitroxide 2 only — Nitroxide 3 only
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Figure 3. EPR spectra of a mixture of (A) 4-amino TEMPO 2 and (B) carboxylic acid
nitroxide 3 (0.5 uM) with CdSe QDs (2 uM) and a large excess of the corresponding
competitor (6 x 10°:1 moles of competitor:nitroxide) in deaerated toluene. Spectra were
taken att =0 and 4 h.

In the second set of competition experiments, EPR spectra of a mixture of
nitroxide and CdSe QDs were taken at t = 0, and t = 4 h in the absence of competitor. A
large excess (6 x 10° equivalents) of competitor was then added at t = 4 h, and the spectra
were taken at t = § h. In the case of 4-amino TEMPO 2, upon addition of CdSe QDs at t =
0 h the EPR intensity decreased as expected (Fig. 4A, red line), and continued to decrease
as presumably more nitroxides became bound by t = 4 h (Fig. 4A, blue line). However,
four hours after the addition of benzylamine, at t = 8 h, the signal intensity increased
dramatically (Figure 4A, purple line). This increase in signal was similar to that seen in
the first set of competition experiments. In contrast, carboxylic acid nitroxide 3 showed
the expected behavior: the signal intensity decreased upon addition of CdSe QDs, and

continued to do so at t = 4 h (Figure 4B, red and blue lines). Four hours after 4-

14



phenylbutyric acid was added (t = 8 h), the EPR intensity has increased (Figure 4B,

purple line), but not beyond the initial value. These results indicate that some of the

nitroxides on the QD surface were displaced by the added competitor.

4-Amino TEMPO 2

Carboxylic Acid Nitroxide 3

—t=0
—t=4
—t=8

A " | —Nitroxide 2 only

3330 3340 3350 3360 3370 3380 3390
Field (G)
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—t=4
—t=8

3330

3340
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3380

3390

3400

Figure 4. EPR spectra of a mixture of (A) 4-amino TEMPO 2 and (B) carboxylic acid

nitroxide 3 (0.5 uM) with CdSe QDs (2 uM) in deaerated toluene. Spectra were taken at t

=0and 4 h. Att=4 h, a large excess of their corresponding competitors (6 x 10°:1 moles

of competitor:nitroxide) was added, and spectra were taken at t = § h.

Addition of a large excess (6 x 10° equivalents) of benzylamine to bisamino

nitroxide 4 (in the absence of CdSe QDs) also resulted in an increase in the EPR signal

intensity similar to that observed with 4-amino TEMPO 2; however bisamino nitroxide 4

gave an even more dramatic change (see SI; Fig. S3). As a control, the EPR signal of the

non-functionalized nitroxide TEMPO did not show any effect from the addition of

benzylamine (see SI; Fig. S4), indicating that the functional groups attached to the

nitroxide molecules play an important role in the unexpected signal enhancement. It is
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likely that this behavior is due to significant intermolecular hydrogen bonding between
the nitroxide oxygen and the amine or carboxylic acid functional groups in the non-protic
solvent toluene. This type of hydrogen bonding between functionalized nitroxides has
been observed by EPR even under fairly dilute solutions of nitroxides containing
carboxylic acid,”’° lactam,’® hydroxyl,* and oxime groups.®! EPR evidence for
intramolecular hydrogen bonding has also been reported in the case of hydroxy-
substituted nitroxides.®*%> Nitroxides also form hydrogen bonds with a variety of other
proton donating molecules.®6-%

Additional evidence for intermolecular hydrogen bonding with 4-amino
TEMPO 2 and bisamino nitroxide 4 was provided by EPR measurements in p-xylene at
125 K (Fig. 5A and 5B). At this temperature, exchange interactions should be limited;
dipolar interactions through space should be the major effect on the signal. Without
benzylamine, both nitroxide EPR signals were significantly broadened (red lines),
indicating that nitroxide free radicals self-associate, resulting in spin-spin coupling
interactions. Upon addition of benzylamine, the EPR peaks became sharper, and stronger
in intensity (blue lines), resulting from interruption of self-association by the
benzylamine. This phenomenon of hydrogen bonding explains the discrepancy between
the known molarity and the calibrated concentrations of the nitroxides, as well as the
increase in the EPR signal intensity beyond the original level when the competitor was
added. In solution, EPR hyperfine lines from the nitroxide dimers or multimers are
significantly broadened and thus become silent relative to the monomer species. The EPR
signal of amino pyrrolidine nitroxide 1 showed only small changes upon addition of

CdSe QDs, presumably due to the seven membered-ring intramolecular hydrogen bond

16



between the nitroxide oxygen and the tethered amine. The most dramatic effect of
hydrogen bonding occurs with bisamino nitroxide 4 as bidentate intermolecular hydrogen
bonding is possible. Because association constants are derived from the equilibrium
between the monomer nitroxides and the QD bound species, the monomer concentrations

were determined from integration of the sharp line EPR spectra.

4-Amino TEMPO 2 Bisamino Nitroxide 4
—2 —4
A — 2 with benzylamine B —4 with benzylamine
3300 3325 3350 3375 3400 3425 3300 3325 3350 3375 3400 3425
Field (G) Field (G)

Figure SA-B. EPR spectra of a mixture of 4-amino TEMPO 2 (50 uM) or bisamino
nitroxide 4 (200 uM) with and without benzylamine (6 x 10%:1 moles of

benzylamine:nitroxide) in deaerated p-xylene. Spectra were recorded at 125 K.

3.1.3 Time studies

A series of time studies were performed concurrently via EPR and fluorescence
spectroscopies to correlate the change in the amount of bound nitroxide with the change
in fluorescence quenching. Spectra of a 1:4 mixture of carboxylic acid nitroxide 3 and

CdSe QDs in toluene were taken every 30 minutes for 4 hours. The decrease in the EPR

17




peak intensity showed that the free nitroxides continued to convert into bound species
over the 4 hour period (Fig. 6A). The signal was still changing at the end of 4 hours,
indicating that equilibrium had not yet been reached. Similarly, fluorescence spectra
showed a decrease in intensity over the 4 hour period (Fig. 6B), resulting from an
increase in fluorescence quenching as more nitroxides bonded to the QD surface. Again,
the process had not reached a plateau at the end of 4 hours. This demonstrates a strong
correlation between binding affinity and quenching efficiency, which although not
completely linear, does follow the same trend. This experiment also implies that the
measurements used for the determination of the binding constant were taken significantly
before the system reached equilibrium. To determine how this affects the value of the
binding constant, EPR spectra of carboxylic acid nitroxide 3 with different concentrations
of CdSe QDs were taken after each aliquot was allowed to equilibrate for 24 hours. The
signal intensities were greatly reduced (Fig. 7) compared to those taken immediately after
the addition of QDs (Fig. 2B). As a control, the EPR signal intensity of carboxylic acid
nitroxide 3 without CdSe QDs after 24 hours was unchanged (see SI; Fig. S5). This time
requirement to reach equilibrium influences the determination of the binding constant.
The binding constant for carboxylic acid nitroxide 3 calculated from the saturation curve

taken after 24 hours is Ky = (8 £ 4) x 10° M"!: four times greater than the previous value.

18



3330 3340 3350 3360 3370 3380 3390 3400

Field (G) 520 540 560 580 600 620 640
Wavelength (nm)

Figure 6. (A) EPR and (B) fluorescence spectra of carboxylic acid nitroxide 3 (0.5 uM)
with CdSe QDs (2 uM) in deaerated toluene. Spectra were taken every 30 minutes for 4

hours.

—0eq QD

3330 3340 3350 3360 3370 3380 3390 3400
Field (G)

Figure 7. EPR spectra of carboxylic acid nitroxide 3 (0.5 uM) in deaerated toluene with
different concentrations of CdSe QDs. Spectra were taken after each aliquot was allowed

to equilibrate for 24 hours.
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3.2 Fluorescence quenching efficiency

It has been reported that the quenching of CdSe QD luminescence by 4-amino
TEMPO 2 occurs at a concentration at least 3 orders of magnitude lower than that
required for TEMPO.* 4° Stern-Volmer plots for the fluorescence quenching by TEMPO
are characterized by positive deviations from linearity while negative deviations are
observed in the case of 4-amino TEMPO 2, attributed to amine binding to the QD
surface. The addition of an excess of binding nitroxide to CdSe QDs resulted in a
dramatic decrease in fluorescence that can be observed by the naked eye. For example, in
Fig. 8 QD luminescence in the presence of carboxylic acid nitroxide 3 (on the left) was
effectively quenched, while the vial in the presence of TEMPO (in the middle) looked the
same as the control in the absence of nitroxide (on the right).

The emission spectra of CdSe QDs in the absence and presence of increasing
concentrations of the functionalized nitroxides 1-4 are shown in Fig. 9A-D. Fluorescence
intensities decreased as the concentration of nitroxide increased. Quenching was
noticeable upon addition of the first equivalent of nitroxide, consistent with the very high
binding constants for these QD-nitroxide complexes. At high concentration of nitroxide,
subsequent addition of additional nitroxide resulted in only a small decrease in
photoluminescence. Scaiano et al have offered a satisfying explanation: at low
concentration, nitroxides are able to bind easily by filling vacancies in the layer of
ligands covering the QD surface. However at high concentration, binding requires the
displacement of existing ligands on the QD surface; subsequent substitution becomes
increasingly more difficult.’* From the magnitude of the fluorescence intensity, it is

evident that the emission of the CdSe QDs is quenched most effectively by 4-amino
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TEMPO 2, followed by carboxylic acid nitroxide 3 and amino pyrrolidine nitroxide 1;
quenching is least effective by bisamino nitroxide 4. In all cases, addition of 2000
equivalents of nitroxide was not sufficient to suppress the luminescence completely. A
slight blue shift was observed with each addition of nitroxide solution. This may be

attributed to a small decrease in the QD size, possibly due to dissolution upon dilution.

Figure 8. Luminescence of 5 uM CdSe QDs in toluene in the presence of (from left to
right): carboxylic acid nitroxide 3 (2500:1 moles of nitroxide 3:QDs), TEMPO (2500:1

moles of TEMPO:QDs), and no additive upon illumination with a TLC lamp at 366 nm.
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Carboxylic Acid Nitroxide 3 Bisamino Nitroxide 4
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Figure 9A-D. Fluorescence emission spectra (Aex = 390 nm) of toluene solutions of 3.7
nm CdSe QDs (0.4 pM) quenched by increasing amounts of added nitroxides 1-4.

Spectra were taken 60 seconds after addition of each aliquot.

Quenching efficiency is conveniently measured by the concentration of nitroxide
required to achieve a 50% reduction in the emission intensity, as shown in Table 1. 4-
Amino TEMPO 2 is three times more effective as a quencher than carboxylic acid
nitroxide 3, which is in turn an order of magnitude more effective than amino pyrrolidine
nitroxide 1 and bisamino nitroxide 4. These results are inconsistent with the binding
affinities for 4-amino TEMPO 2 and carboxylic acid nitroxide 3; however the quenching
efficiencies correspond to the proximity of the nitroxide radicals to the QD surfaces.
Molecular mechanics calculations (MM2) were used to estimate lengths from the
nitroxide oxygen atom to the ligand functionality: for nitroxides 1-4, the distances were

4.7,5.6,8.0 and 11.1 A, respectively. Although carboxylic acid nitroxide 3 has a higher
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binding affinity to the QDs than 4-amino TEMPO 2, nitroxide 2 holds the nitroxide
moiety closer to the QD surface. The long tether of bisamino nitroxide 4 holds the
nitroxide moiety remote to the QD surface, and hence is the least effective quencher. A
similar distance-dependence has been observed in the intramolecular quenching between
nitroxides and organic dyes.?> ® Amino pyrrolidine nitroxide 1 was expected to be an
excellent quencher due to the short and flexible tether between the primary amine and the
nitroxide; however intramolecular hydrogen bonding interactions dramatically diminishes
binding and/or quenching efficiency, such that it is even less effective than carboxylic
acid nitroxide 3. Thus nitroxide quenching efficiency depends on both the binding
affinity and the proximity of the nitroxide moiety to the QD surface; the proximity effect

dominates. Moreover, hydrogen bonding also contributes to the quenching efficacy.

Table 1. Concentrations of nitroxides 1-4 required to reduce the luminescence of 0.4 uM

CdSe QDs in toluene by 50%.

Nitroxides Concentration for I,/ =2 (M)
Amino Pyrrolidine 1 1.9x 1073
4-Amino TEMPO 2 2.0x10°
Carboxylic Acid 3 6.3 x 10
Bisamino 4 5.7 x 107

The quenching efficiency can also be analyzed by plotting the fluorescence

intensity at the maximum wavelength as a function of nitroxide concentration in a Stern-
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Volmer fashion as shown in Fig. 10A. Deviations from linearity are attributed to a
combination of static and dynamic quenching, and to the differential binding of the
quenchers to the QD surface.”® Positive deviations (upward curvature) are predicted by
several related models, including the transient effect model”! for diffusion-controlled

reactions; the sphere of action model’® 72

in which quenching results from the quencher
molecule lying immediately adjacent to the fluorophore at the moment of excitation; the
dark complex model” relying on proximity but no specific physical contact, and the
distance-dependent quenching model.”* Negative deviations (downward curvature) have

75,76 a5 a hole

been observed in the fluorescence quenching of CdSe QDs by n-butylamine
acceptor, and by boronic acid-substituted viologen quenchers.'® Upward and downward
curvatures have been reported for the quenching of CdSe QD fluorescence by non-
binding and binding nitroxides, respectively.*

As dynamic quenching also contributes to fluorescence quenching by the ligand-
bearing nitroxides,*? the downward curvatures observed in Fig. 10B are likely due to a
combination of dynamic and static quenching, whereas the upward curvature is
associated only with dynamic quenching. The data showing a downward curvature (data
at low concentrations for nitroxides 1, 2 and 4 and the entire curve for carboxylic acid
nitroxide 3 in Fig. 10B) can be fit by a “multi-binding-site” model: equation (4) as
reported by Guo ef al ** (see SI; Fig. S6, S8, S10 and S11), where Kp is the dynamic
quenching constant, Ks is the static quenching constant, [nitroxide]o is the initial
concentration of the nitroxide, and » is the average number of immediately available

empty binding sites on the QD surface. This modified Stern-Volmer model gives R’

values higher than 0.99, a much better fit than the “sphere of action” model.
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% =1+ K p[nitroxi de]y+ Kg[nitroxide]* + K Kq[nitroxide]™ 4@

An exponential dependence described by equation (5) is observed for the upward
curvatures seen at high concentrations for nitroxides 1, 2 and 4, as previously reported for
the non-binding nitroxide TEMPO?*® where A is the amplitude and o is the dynamic

quenching constant (see SI; Fig. S7, S9 and S12).

h — Aem[nmade] (5)
I
35 8
—eo— Nitroxide 1 —eo— Nitroxide 1
—=— Nitroxide 2 A —=— Nitroxide 2 B
30 | —e— Nitroxide 3 7 | ——Nitroxide 3
—=— Nitroxide 4 —=— Nitroxide 4

0 L
0 50 100 150 200 250 300 350 400 0 10 20 30 40 50 60 70

[Nitroxide] (10°° M) [Nitroxide] (10'6 M)

Figure 10. (A) Stern-Volmer plots of fluorescence quenching by nitroxides 1-4 at the
emission maximum of 594 nm. (B) Enlargement for [nitroxide] < 77 uM; I = observed

fluorescence intensity, I, = fluorescence intensity with no nitroxide.
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Table 2. Dynamic quenching constants (Kp) and static quenching constants (Ks) of
nitroxides 1-4, average number of immediately available empty binding sites (#) on the

QD surface, and dynamic quenching constants at high concentration (o) of nitroxides 1, 2

and 4.
Nitroxides Kp (M) Ks (M) binding sites, n o (M)
Amino Pyrrolidine 1 322 1.69 x 10° 0.60 7750
4-Amino TEMPO 2 1240 6.71 x 10° 0.54 4710
Carboxylic Acid 3 774 3.63 x 10° 0.60 -
Bisamino 4 1640 7.82 x 104 0.59 4820

As summarized in Table 2, it is evident that fluorescence quenching by the
ligand-bearing nitroxides 1-4 is predominantly due to a static quenching mechanism, as
Ks values are much greater than Kp values. 4-Amino TEMPO 2 has a higher value of Ks
than that of carboxylic acid nitroxide 3 due to the close proximity of the radical when it is
bound to the QD surface. The low Ks value for amino pyrrolidine nitroxide 1 is due to
intramolecular hydrogen bonding between the nitroxide oxygen and the amine tethered
by a flexible linker. The dynamic quenching efficiencies of amino-substituted nitroxides
1 and 2 are also indicated by the o values at high concentrations, as observed by the
upward curvature of the Stern-Volmer plots. This may be understood in terms of the
greater mobility of smaller nitroxides 1 and 2 compared to that of carboxylic acid
nitroxide 3. The enhanced rotation of smaller molecules facilitates fluorescence

quenching even when the nitroxides are not bound to the QD surface. The total effect
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makes 4-amino TEMPO 2 the most effective quencher, followed by carboxylic acid
nitroxide 3 and amino pyrrolidine nitroxide 1, respectively.

Bisamino nitroxide 4 has the smallest Ks and the largest Kp values. The two long
chains of the bisamine make nitroxide 4 sterically large; as a result the nitroxide has
limited accessibility to the QD surface, resulting in the smallest Ks. Similar examples
have been previously reported of hindered access to a semiconductor surface resulting in

decreasing quenching effectiveness.”” 78

Apparently, the first molecule of bisamino
nitroxide 4 binds to an available empty site (n = 1) on the QD surface; following this, a
few more nitroxides can bind by exchange with surrounding ligand molecules.
Subsequent bisamines find it difficult to access the QD surface. The static quenching still
dominates in this case due to the tight binding of the bisamine bidentate functionality.
However, dynamic quenching also plays a significant role at low concentrations, as
observed by the greatest Kp value. Overall, bisamino nitroxide 4 is the least effective
quencher in this study.

The values of a obtained from the upward curved regions in Fig. 10A using
equation (5) are 7750, 4710 and 4820 M! for nitroxides 1, 2 and 4, respectively. At
higher concentrations, quenching is dominated exclusively by the dynamic process,
which does not require binding of nitroxides to the QDs. Thus the a values for nitroxides
1, 2 and 4 are all of the same magnitude. Amino pyrrolidine nitroxide 1 has the largest
value due to the small size of this molecule, facilitating the dynamic quenching. The
average number of immediately available empty binding sites on the QD surface #» for all
four nitroxides is consistently a little less than one, which is close to the reported values

of land 1.12 for 2.4-2.5 nm CdSe*' and 2.8 nm CdTe QDs,* respectively, conjugated
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with 4-amino TEMPO 2. This indicates that in order to bind additional nitroxides,
subsequent nitroxide molecules need to displace existing ligands on the QD surface. The

o values are much smaller than Ks, indicative of limited accessibility of a second site on

the QD surface.

3.3 Fluorescence recovery
In order to determine if fluorescence can be restored after quenching, the
quenched QD-carboxylic acid nitroxide 3 complex was exposed to ethyl radicals

generated from triethylborane in the presence of the air (Scheme 1 and Fig. 11).

Scheme 1
o Et;B + O, (air)
HONO - l ]
o)
° 3 —O ['Et} —O0
No N-O- o) N-O-Et
Toluene e} 1h 0}

Not
Fluorescent

Figure 11. Luminescence visualized with a 366 nm lamp of CdSe QDs (5 uM) in the

presence of carboxylic acid nitroxide 3 (1000:1 moles of nitroxide 3:QD) in toluene
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solution (A) before and (B) after the addition of Et;B (open to air for 1 h; 4:1 moles of

BEts:nitroxide 3). The vial on the left contains CdSe QDs with no additive as a control.

To confirm this chemistry, the trapping of ethyl radical with the nitroxide 4-
hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL) was carried out on a
preparative scale using a longer reaction time (Scheme 2) to give the ethoxyamine 5 in
52% isolated yield. It is evident that the recovery of QD luminescence resulted from the
disappearance of nitroxide radical by the formation of ethoxyamine; however the
fluorescence was not completely restored, presumably due to incomplete reaction.
Alternatively, addition of pre-formed alkoxyamine 6 to a solution of CdSe QDs did not
result in any observable quenching of QD fluorescence as seen by the naked eye (Scheme
3 and Fig. 12). This confirms that the carboxylic acid functionality is not responsible for

quenching the QD fluorescence: the nitroxide is required.

Scheme 2
OH OH
BEt3, 02 (air)
'}‘ toluene ’}l
o 8d o~
52% 5
Scheme 3
i By
HONO N-O~ “Ph
°© s o L
No N-0~ “Ph
Toluene 0
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Figure 12. No change in luminescence is observed for CdSe QDs (5 uM) before (left
vial) and after (right vial) the addition of alkoxyamine 6 (1000:1 moles of alkoxyamine
6:QD) in toluene solution.

An alternative method to recover the QD fluorescence is the quantitative
reduction of nitroxide, as shown in Scheme 4. The reducing agent 1,4-cyclohexadiene
was chosen because it is organic soluble, and does not react directly with the QDs. The
reductant phenyl hydrazine caused rapid decomposition of a control sample of CdSe
QDs. The emission spectra in Fig. 13A illustrate the recovery over time. The plot in Fig.
13B (red line) shows the intensity of the emission at 594 nm as a function of the reaction
time following the addition of 1,4-cyclohexadiene. A 30% decrease in QD fluorescence
was observed upon addition of carboxylic acid nitroxide 3; the reducing agent was then
added, and the emission spectra were recorded. As the nitroxide underwent reduction, the
fluorescence recovered, reaching its initial level after 75 minutes. The sample was
allowed to stand for two hours: the fluorescence intensity remained unchanged. A
control experiment was performed by addition of 1,4-cyclohexadiene to a suspension of
CdSe QDs in the absence of nitroxide. The fluorescence intensity remained fairly stable
over two hours (Fig. 13B, blue line), indicating that 1,4-cyclohexadiene does not

significantly affect QD fluorescence.

30



Scheme 4
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Figure 13. Fluorescence recovery of QD-carboxylic acid nitroxide 3 complex in toluene.

Fluorescence emission spectra for an initial toluene suspension containing CdSe QDs (0.4

uM) and carboxylic acid nitroxide 3 (1:17 moles of QD:nitroxide 3). At time = 0: 1,4-

cyclohexadiene (100:1 moles of 1,4-cyclohexadiene:nitroxide 3) was added. (A)

Emission spectra for excitation at 390 nm, and (B) emission intensity at the peak

maximum of 594 nm.

3.4 Fluorescence quenching mechanism based on EPR
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Quenching of tethered fluorescent organic molecules by nitroxides is known to be
influenced by the excited state energy of the donor;” % however in this instance, the
nitroxide absorption band (350-550 nm) is at higher energy than the band gap of the
orange QDs. As a consequence, a simple energy transfer mechanism can be ruled out due
to negligible spectral overlap. As quenching efficiency is highly dependent on distance,
an electron exchange mechanism is likely. This mechanism requires close proximity
between the electron acceptor and the excited electron in the conduction band of the
electron donor. Such processes include electron spin exchange and electron transfer.
Electron spin exchange involves a paramagnetic-assisted spin relaxation mechanism,
analogous to nitroxide-induced intersystem crossing observed previously.’! 82 Reversible
electron transfer, also called an electron shuttle mechanism,* involves electron transfer
from the conduction band of the QD to the half-filled SOMO (singly occupied molecular
orbital) of the nitroxide, and back electron transfer from the nitroxide to the valence band
of the QD. Examples are the proposed mechanisms for the quenching of CdSe QDs by
both n-butylamine’> and by nitroxides.*’ 42

In order to probe the fluorescence quenching mechanism, photoexcitation studies
were performed using a combination of EPR, fluorescence and UV-vis spectroscopies
(Scheme 5). As a control, CdSe QDs did not show a signal in the EPR spectrum (Fig.
14A, red line), but strong fluorescence was observed (Fig. 14B, red line: behind blue
line). With the aim of photoexciting an electron in the QD from the valence band to the
conduction band, with subsequent electron transfer or spin exchange with the ligated
nitroxide, photoexcitation was carried out at 365 nm (for absorption spectra for CdSe

QDs and for 4-amino TEMPO 2, see SI; Fig. S13-S14). The EPR signal was monitored
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immediately after irradiation. If electron transfer occurred and was irreversible or slow, a
diminution in the EPR signal would be expected. The EPR spectrum of the QD-4-amino
TEMPO 2 complex in toluene solution before photoexcitation (Fig. 14A, purple line)
shows a broadened signal and a small peak-to-peak height at the high field peak, as
expected for a nitroxide with restricted mobility bound to the QD surface. The
fluorescence intensity was diminished (Fig. 14B, purple line) due to quenching by the
nitroxide radical. Upon photoexcitation of the QD-nitroxide complex, a significant decay
of the EPR signal and concurrent enhancement of the fluorescence intensity were
observed (Fig. 14, blue lines), indicating that the nitroxide had been transformed to a
non-paramagnetic species. The QD concentration determined by UV-vis spectroscopy
remained unchanged. The loss of the EPR signal of the photoexcited QD-nitroxide
complex remained unchanged after standing for 15 hours (see SI; Fig. S15), suggesting
that the reduction process in toluene solution was irreversible. In order to reform the
paramagnetic nitroxide, the QD-hydroxylamine complex formed by photoexcitation was
oxidized by addition of a catalytic amount of PbO» with exposure to air. Recovery of the
EPR signal was observed (Fig. 14A, green line); however surprisingly the fluorescence
intensity (Fig. 14B, green line) diminished further below the original quenching level
observed with fresh nitroxide (Fig. 14B, purple line). A control experiment showed that
treatment with PbO and air quenched the QD luminescence (Fig. 14B, black line). The
recovery of the EPR signal confirms that the nitroxide was photoreduced in toluene, and

was then successfully chemically reoxidized.
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Scheme 5
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Figure 14. (A) EPR spectra and (B) fluorescence emission spectra of a toluene solution
containing CdSe QDs (2 uM), followed by addition of 4-amino TEMPO 2 (1 puM),

photoexcitation, and then chemical re-oxidation.

One mechanism for this nitroxide reduction could be electron transfer from the
conduction band of the QD to the nitroxide, followed by proton transfer to form the
hydroxylamine. However, the reduced EPR signal could also result from photoinduced
reduction of the nitroxide in toluene®* 8 by direct photoexcitation of the nitroxide to form

an excited state, followed by benzylic hydrogen abstraction from toluene. A control was
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carried out using free 4-amino TEMPO 2 in toluene. Photoreduction to the alkoxyamine
was observed in the absence of QDs (see SI; Fig. S16). The photoexcitation experiment
on QD-4-amino TEMPO 2 complex was repeated in benzene solution, where hydrogen
abstraction can not occur (for control experiment see SI; Fig. S17). The EPR signal of the
QD-nitroxide complex in benzene before photoexcitation showed the expected
broadening (Fig. 15A, purple line: behind blue line) compared to the free nitroxide (Fig.
15A, green line). The fluorescence intensity was slightly diminished due to quenching by
the nitroxide (Fig. 15B, purple line); however the quenching is less effective compared to
that in toluene solution. Addition of 25 equivalents of 4-amino TEMPO 2 quenched the
fluorescence to a much greater extent (Fig. 15B, black line: directly behind blue line).
The fluorescence intensity and the EPR signal remained unchanged upon photoexcitation

(Fig. 15, blue lines).

A —QDb —QD
L —Nitroxide 2 500 B —— QD-Nitroxide 2 (2:1)
— QD-Nitroxide 2 —— QD-Nitroxide 2 (1:26)
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Figure 15. (A) EPR spectra and (B) fluorescence emission spectra of a benzene solution

containing CdSe QDs (2 uM), followed by addition of 4-amino TEMPO 2 (1 uM) and
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then photoexcitation. (Note: an additional 25 equivalents of 4-amino TEMPO 2 was
added in the fluorescence study.)

These experiments indicate that the photoreduction process in toluene solution is
independent of the fluorescence quenching mechanism, but instead results from hydrogen
abstraction by a photoexcited nitroxide. The quenching mechanism appears to be
reversible, as no change was observed in the EPR signal upon photoexcitation. In both
toluene and benzene solutions, the quenching process is either due to a fast reversible
electron transfer mechanism or an electron spin exchange mechanism as illustrated in

Fig. 16. These experiments cannot distinguish between these two mechanisms.*°

A) ’
CB(— hv —IN e — relaxation ——
—> —> —
VBﬂ l transfer l J ﬂ
(B)
CB(— hv L spin —’\" relaxation —
—> —> —>
it B e i

Figure 16. Diagrams illustrating two possible quenching mechanisms: (A) reversible
electron transfer, and (B) electron spin exchange. (Note: CB = conduction band, VB =

valence band, SOMO = singly occupied molecular orbital, NitOe = nitroxide radical)

4. Conclusions
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In summary, a clear distance dependence in the fluorescence quenching by
nitroxides bound to the surface of CdSe QDs has been observed. Among the four
nitroxides tested, the order of quenching efficiency is: 4-amino TEMPO 2 > carboxylic
acid nitroxide 3 > amino pyrrolidine nitroxide 1 > bisamino nitroxide 4. This sequence
correlates with the distance of the bound nitroxide radicals to the QD surface, except for
the case of amino pyrrolidine nitroxide 1, which can take part in intramolecular hydrogen
bonding, dramatically diminishing its quenching efficiency. The carboxylic acid nitroxide
3 shows tighter binding to the CdSe QDs than 4-amino TEMPO 2. Intermolecular
hydrogen bonding between nitroxides strongly affects the EPR spectra of dilute solutions
of the free nitroxides in toluene: the addition of chemically similar competitors breaks up
the nitroxide aggregates, resulting in a strong enhancement in the magnitude of the EPR
signal. Interaction of QDs with all of these functionalized nitroxides shows bimodal
quenching, as reflected in both upward and downward curved Stern-Volmer plots. The
large binding constants (Kp) and static quenching constants (Ks) confirm that
fluorescence quenching by nitroxides 1-4 is dominated by static processes. Restoration of
the QD fluorescence was demonstrated by converting the nitroxide moiety to either
ethoxyamine or hydroxylamine. The EPR data in conjunction with fluorescence and UV-
vis studies support photoinduced reduction in toluene solution. Similar experiments in
benzene suggest a reversible fluorescence quenching mechanism. The development of
strongly binding QD-nitroxide complexes with multidentate ligands and short tethers is
expected to improve the performance of profluorescent probes in the development of QD-
based sensors for chemical and biological applications. The insights gained from these

studies will lead to a deeper understanding of the fundamental processes that govern both
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fluorescence quenching of QDs by organic radicals and electron transfer or spin exchange

between QDs and radicals.
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