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Quenching of quantum dot luminescence by nitroxides is
extremely non-linear and dependent on nanoparticle size, being
most effective for the smaller particles; it is proposed to involve
an electron exchange mechanism.

Nanoparticles, and in particular semiconductor quantum dots
(QD), have been the subject of intense study;'” their tunable
narrow band emission and broad absorption makes them
attractive for numerous imaging and sensing applications. We
are interested in their interactions with paramagnetic species, such
as free radicals and their eventual use in functional materials; in
this study we have examined the quenching of CdSe QD
(purchased from Evident, coated with TOPO, trioctylphosphine
oxide) by the paramagnetic species TEMPO (2,2,6,6-tetramethyl-
piperidine-N-oxide free radical) in toluene solution at room
temperature. We believe that QD emission quenching by free
radicals and its size dependence has not been studied before.

Quenching of QD emission can be performed with one-size or
mixtures of QD of different sizes by monitoring intensity changes
of their characteristic emission bands for different concentrations
of quencher. The intrinsic properties of nanocrystals are strongly
size-dependent.'> In our case we use QD of 2.4 nm (green,
Jmax 925 nm), 3.2 nm (orange, Jm.x 575 nm) and 6.7 nm (red,
/max 630 nm), in diameter. The emission spectra of the two smaller
ones in the absence and presence of selected concentrations of
TEMPO (excitation at 380 nm) are shown in Fig. 1. Note a small
red shift at high TEMPO concentrations.

From Fig. 1 it is evident that the smaller particles are quenched
more efficiently than larger ones (note the more facile quenching of
the short wavelength band). This is also reflected when the data
(based on the fluorescence intensity at the maximum) is plotted in
a Stern—Volmer fashion, as shown in Fig. 2. The pronounced non-
linearity observed explains the spectral shift observed in Fig. 1.
Each band arises from a distribution of nanoparticle sizes. Since
small particles are quenched more effectively than large ones, the
surviving emitting population is enriched in larger nanoparticles.
Similar non-linear behaviour was recently reported in the
quenching of QD by cyanide ions.?

Fig. 2 is characterized by remarkable non-linearity. Typical
Stern—Volmer plots are linear; deviations from linearity are
frequently attributed to quenching of more than one electronic
state, or to a combination of static and dynamic quenching.
However, the changes in the slopes, particularly for the smaller
QD are just too large to adapt to a simple two-state or two-modes

Department of Chemistry, University of Ottawa, 10 Marie Curie,
Ottawa, Canada KIN 6N5. E-mail: tito@photo.chem.uottawa.ca;
Fax: 01 (613)562-5633; Tel: 01 (613)562-5896

of quenching model. We observe an exponential dependence (see
Fig. 2, insert B), according to eqn. (1).
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The values of « obtained from the fits of insert A and B in Fig. 2
are 1.6, 64 and 13.7 M! for large, medium and small dots,
respectively. The size—and thus band gap—dependence is so
pronounced that multiple quenching plots can be recorded by
monitoring the quenching at the maximum and on the sides of the
emission band, as shown in Fig. 3 (top), where plots for
(nominally) 2.4 nm QD were obtained at 510, 525 (max) and
540 nm. This allows the detailed determination of the parameter o
dependence with the emission wavelength (and thus band-gap and
size), as shown in Fig. 3 (bottom). Independent EPR experiments
suggest that there is no specific binding between TEMPO and the
QD:;, thus in a solution of TEMPO (2 x 107°M) the N coupling
constant (1.55 + 0.01 mT)* line width and amplitude remain
unchanged upon addition of an equimolar amount of green QD.’

A dependence of the type shown in Fig. 2 is expected in several
related models, including a simple Perrin model.® in which only
immobile’ quenchers within a certain radius are effective, as well as
models such as distance-dependent quenching (DDQ)® and others’
that take into account time-dependent terms usually neglected in
Smoluchowski’s equation.'® Observation of an exponential
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Fig. 1 Fluorescence spectra (/ex 380 nm) of a toluene solution of 2.4 and
3.2 nm QD with the same dot concentrations (3.7 pM). Fluorescence
intensity is decreasing as the concentration of TEMPO is increased: 0 M,
0.04 M, 0.2 M TEMPO.
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Fig. 2 Fluorescence intensities at the maximum for each size QD shown
as a Stern—Volmer plot. I, is the maximum of fluorescence without
TEMPO. Data for QD of diameter 2.4 (green), 3.2 (orange) and 6.7 nm
(red). Insert A shows an enlargement for [TEMPO] < 0.2 M, and insert B
a plot based on the logarithm of the Stern—Volmer-type data. The data
were corrected to account for competitive absorption by TEMPO at the
excitation wavelength (380 nm).

dependence provides a clear relationship between emission and
quencher concentration. In CdSe QD, band gap, size and surface
curvature are related and can influence quenching processes'' as
well as the access through the organic coating to the semiconduc-
tor surface." Interestingly, in a simple Perrin analysis (ie., o0 =
NAV, where N is Avogadro’s number and V' the quenching
volume), the calculated radii (corresponding to 50% quenching
efficiency) for quenching are 1.8, 1.5 and 0.9 nm, for particles of
2.4, 3.2 and 6.7 nm in diameter, respectively; notably, for the larger
QD the quenching radius is much smaller than the QD size itself.
In this case quenching radii is better viewed as the action radius for
the quencher as it approaches the QD surface; thus for the smaller
(green) QD a TEMPO quencher can almost ‘reach’ across the
nanoparticle, while for the larger QD (e.g., red at 6.7 nm) the
quencher can only interact with excitons near the surface, given its
quenching radius of only 0.9 nm.

Quantum dots are known to participate in fluorescence
resonance energy transfer (FRET),'? and quenching of organic
molecules by nitroxides is known to be influenced by the excited
state energy of the donor;">* however, in the cases of the
QD studied, the TEMPO absorption (peak at 470 nm) is at higher
energy than the band gap for all the QD used; in fact, the overlap
integral between the TEMPO weak transition and the QD
emission is modest for the green QD and negligible for the others,
see spectral data in Fig. 3. The fact that the quenching

1/
0
250

200
150
100
50
0 '
0 0.1 0.2 0.3
[TEMPQO], M
TEMPO Q-dot emission %’J
absorbance 8.
o
a
Ir 2
|
@
15 ®
& @
310
] o | |
© - -
=
st o
L W)
ol v vt b b e
400 450 500 550 600 650

Wavelength, nm

Fig. 3 Top: Stern—Volmer plots of a toluene solution of QD 4.1 uM at
510 nm (¢) 525 nm (M) and 540 nm (A); the data were corrected to
account for competitive absorption by TEMPO at the excitation
wavelength (380 nm). Bottom: Linear fit of o vs. wavelength. The o
values were derived from the fits of Stern—Volmer plots to eqn. (1). Data
points represent o for green (+) and orange (M) and red (¢) quantum dots at
different wavelengths.

radii correspond to contact distances argues strongly in favour
of an electron exchange mechanism. This may involve a spin
relaxation mechanism similar to that in which paramagnetic
quenchers interact with triplet biradicals,'> or the introduction
of surface traps in the QD by the half-filled SOMO in the
nitroxide. An alternate interpretation also leading to effective
quenching would involve electron transfer from the conduction
band to the nitroxide (a mild acceptor), and back electron transfer
from the nitroxide to the valence band, effectively leading to
quenching using the nitroxide SOMO as a shuttle for electron
and hole.

Electron exchange requires close proximity with the excited
electron in the conduction band and should be favoured for
smaller nanoparticles. Surface curvature may also play a role in
this interaction; one may speculate that in the case of the smaller
nanoparticles the higher curvature causes some opening of the
TOPO molecules, thus facilitating the approach of quenchers
to the CdSe surface. As already noted, band-gap, size and
surface curvature are inseparable quantities for semiconductor
nanoparticles.

The size-dependent quenching efficiencies observed may find
applications where selective quenching of one colour is desirable,
even when QD of multiple colour/sizes are simultaneously present,
as in some biological applications. Further, CdSe QD have been
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recently derivatized with alkoxyamines, as precursors for nitroxide-
mediated polymerization, an area where the understanding of
QD-nitroxide interaction would be useful.'®

In summary, an interesting dependence of nitroxide fluorescence
quenching with QD size has been observed; the data clearly point
to short range electron exchange interactions as the mechanism
for quenching. Semiconductor nanocrystals have a strong varia-
tion of their quenching properties with their size. These unusual
non-linear effects may prove useful in the design of functional
materials.

JCS and ML acknowledge the generous financial support of the
Natural Sciences and Engineering Research Council of Canada.

Notes and references

1 A. P. Alivisatos, Science, 1996, 271, 933-937.

2 A. P. Alivisatos, J. Phys. Chem., 1996, 100, 13226-13239.

3 W.J.Jin, M. T. Fernandez-Arguelles, J. M. Costa-Fernandez, R. Pereiro
and A. Sanz-Medel, Chem. Commun., 2005, 883-885.

4 P. Franchi, M. Lucarini, P. Pedrielli and G. F. Pedulli, ChemPhysChem,
2002, 3, 789-793.

5 A similar observation was made at 0.028 M TEMPO; while the
spectrum is quite broad at this concentration, the QD causes no
additional broadening. In contrast, in the case of a binding nitroxide,
such as 4-amino-TEMPO, addition of QD led to readily detectable line
broadening at concentrations as low as 2 x 107> M.

6 N. J. Turro, Modern Molecular Photochemistry, Benjamin Cummings
Publishing Co., Menlo Park, 1978.

7 The term “immobile” applies to the timescale for fluorescence.

8 B. Zelent, J. Kusba, 1. Gryczynski, M. L. Johnson and J. R. Lakowicz,
J. Phys. Chem., 1996, 100, 18592-18602.

9 M. R. Eftink and C. A. Ghiron, J. Phys. Chem., 1976, 80, 486-493.

10 R. M. Noyes, Prog. React. Kinet., 1961, 1, 131-160.

11 H. Matsumoto, T. Matsunaga, T. Sakata, H. Mori and H. Yoneyama,
Langmuir, 1995, 11, 4283-4287.

12 C.R. Kagan, C. B. Murray, M. Nirmal and M. G. Bawendi, Phys. Rev.
Lett., 1996, 76, 1517-1520.

13 O. L. J. Gijzeman, F. Kaufman and G. Porter, J. Chem. Soc., Faraday
Trans. 2, 1973, 69, 727-737.

14 A. R. Watkins, Chem. Phys. Lett., 1974, 70, 262-265.

15 J. C. Scaiano, Tetrahedron, 1982, 38, 819.

16 K. Sill and T. Emrick, Chem. Mater., 2004, 16, 1240-1243.

Chemical Science

An exciting news supplement providing a
snapshot of the latest developments across the

chemical sciences

Free online and in print issues of selected RSC journals!*

Research Highlights — newsworthy articles and significant scientific advances

Essential Elements - latest developments from RSC publications

Free access to the originals research paper from every online article

*A separately issued print subscription is also available

RSCPublishing

www.rsc.org/chemicalscience

This journal is © The Royal Society of Chemistry 2006

Chem. Commun., 2006, 257-259 | 259



