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There is considerable current interest within the rapidly expand-
ing field of nanotechnology1 in integrating hard and soft structures
into complex functional nanosystems that have stimuli responsive
properties.2 Control of nanoscale “devices” fabricated from these
materials is one of the major challenges limiting their implementa-
tion. Indeed, size constraints render physical contacts to nanoscale
devices inherently ambiguous, making them difficult to “wire”. An
alternative approach to addressing nanoscale devices is via the
photon, which obviously requires no physical contacts. Herein, we
report a hard-and-soft hybrid nanosystem whose fluorescence
intensity can be reversibly modulated using specific bandwidths
of light. Specifically, we have attached a spiropyran via a thiol-
metal linkage to a core-shell semiconductive CdSe/ZnS nanocrys-
tal. Preparation of both the spiropyran and the core-shell nano-
crystals is straightforward and follows reported procedures;3,4 the
hybrid spiropyran-nanocrystal systems used in these studies were
constructed by simply mixing the nanocrystals with the thiolated
spiropyran.

The emission intensity of underivatized fluorescent nanocrystals
cannot be modulated. However, nanocrystals functionalized with
spiropyrans gain on-off function that arises from the photoisomer-
ization capabilities of the bound chromophore (Scheme 1). Spiro-
pyrans undergo photoinduced ring opening reactions under ultra-
violet irradiation to give isomeric merocyanine dyes that have strong
solvatochromic absorption bands in the visible spectral region; the
band maximum for the particular compound under study, 5-(1,3-
dihydro-3,3-dimethyl-6-nitrospiro[2H-1-benzopyran-2,2′-(2H)-in-
dole])hexane-1-thiol, appeared at 580 nm in THF. The origin of
this band is the extendedπ-conjugation that develops between the
indolene and pyran rings following rupture of the C-O (spiro) bond.
Back-conversion from the mero forms of the dye to the spiro form
occurs thermally and is accelerated by excitation into the visible
band.5 This conformational change has been used to alter the
physical and chemical properties of materials, including emission
from organic dyes.6 The spiropyran-functionalized nanocrystals
exhibited light-induced reversible photochromism that was very
similar to the photochromism exhibited by the unbound dye (Figure
1A). However, fluorescence from the hybrid nanocrystals that was
observed when the dye was in its spiro form was strongly quenched
by the dye in its mero form, which absorbs maximally at 588 nm
when bound to the particles. This effect is illustrated in Figure 1B,
where the fluorescence intensity of the dye-functionalized nano-
crystals has been modulated with alternating cycles of UV (350
nm) and visible (588 nm) light. For several cycles, at least, this
modulation was fully reversible, demonstrating the potential of such
hybrid nanosystems for on-and-off switching applications.

In these hybrid constructs, photon energies that effect dye
photoisomerization and induce particle fluorescence are well-
resolved, allowing clean separation between photoinduced molecular
switching and fluorescence excitation. Specifically, the spiro form
can be converted to the mero isomers by photoexcitation with UV

light within a 260-390 nm range, the optimum wavelength being
350 nm, which is an absorption maximum of the spiro form.
Conversely, visible light at wavelengths greater than 515 nm effect
mero- to spiro-switching, the most effective wavelength being 588
nm. In contrast, fluorescence excitation of the nanocrystal is
insensitive to wavelength over a wide spectral range throughout
the visible and UV region. By selecting a wavelength of∼420 nm,
one can elicit particle fluorescence without simultaneously inducing

Figure 1. Optical properties of deoxygenated solutions containing spiro-
pyran (SP)-modified CdSe/ZnS core-shell nanocrystals (NC). (A) Photo-
chromism of 6 nm CdSe/ZnS core-shell nanocrystals at 2.6× 10-7 M
concentration with a SP/NC ratio of 105 under alternating cycles of filtered
UV and visible illumination. (B) Modulation of the intensity of fluorescence
emission at 546 nm with alternating cycles of UV and visible light (squares
and lines); the size of core-shell CdSe/ZnS nanocrystals is 5 nm, the
nanocrystal concentration is 3.5× 10-7 M, and the SP/NC ratio is 150.
Overlay: Six cuvettes showing the response time at 1 s intervals for
conversion from the spiro to the mero form under 365 nm UV illumination.
Illumination conditions are described in Supporting Information.
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molecular switching, that is, without modulating its intensity by
simultaneously altering the relative amounts of spiro and mero forms
of the bound dye. Because, in these assemblies, neither spiro nor
mero forms emit light strongly, the dominant emitter was the
nanocrystal, whose emission intensity is inversely dependent upon
the amount of the mero form that is present.

We attribute this fluorescence quenching to fluorescence reso-
nance energy transfer (FRET)7 from the nanocrystal to the mero-
cyanine. In the spiro form, however, no FRET occurs because the
strong visible band associated with the mero form is absent;
consequently, under these conditions, emission from the particle is
unquenched. The efficiency of FRET is largely governed by the
extent of overlap between the emission band of the CdSe/ZnS
energy donor and the absorption band of the merocyanine energy
acceptor. The emission wavelength is dependent upon the particle
size. For example, a 6 nmparticle containing a 2.6 nm diameter
CdSe core with 1.7 nm thick ZnS shell emits maximally at 578
nm, which matches well the absorption band of the particle-bound
merocyanine (Figure 2A), whereas smaller particles with 5 and 4
nm diameters containing a 2.4 nm diameter core and 1.3 nm thick
shell or a 2 nm diameter core with 1 nm thick shell fluoresce
maximally at 546 and 523 nm, respectively. The emission bands
of these particles overlap less strongly the absorption band of the
merocyanine than does the larger particle; consequently, if FRET
is the mechanism, fluorescence quenching by the merocyanine in
these hybrid particles should become progressively less efficient
as the particle size decreases. As illustrated in Figure 2B, this
behavior was observed.

Also plotted in Figure 2B is the observed quenching efficiency
using hybrid nanocrystals containing variable amounts of bound
spiropyran. For the 6 nm hybrid nanocrystal, 90-100 bound dye
molecules were required to attain maximal quenching; the smaller
particles required progressively greater numbers of bound dye to
reach equivalent quenching. Under the applied steady-state illumi-
nation conditions,∼40% of the dye molecules were converted to
the mero form, based upon the intensity of the visible absorption
band. At higher dye loadings, the actual number of bound spiropyran
molecules per particle were greater than the number required to
effectively quench particle fluorescence; consequently, fatigue
effects that were manifested in loss of intensity of the merocyanine
visible bands upon repetitive cycling (Figure 1A and Supporting
Information) were not reflected in the corresponding fluorescence
emission intensities from the dye-bound particles, which remained
constant over an equivalent number of cycles (Figure 1B).

These fatigue effects, which are a common feature found among
a much wider range of organic photochromic compounds,8 are
caused by photodegradation of the dyes under UV irradiation. Both
O2-dependent and O2-independent mechanisms have been identi-
fied;9 for spiropyrans, the O2-independent mechanism appears to
be dominant, with degradation occurring primarily from the triplet
manifold.8a,9a Consistent with this assignment, the rate of photo-
degradation in several environments has been found to increase
with the dye concentration.8a,9aOur observations on the nature of
photodamage of nanocrystal-bound spiropyran are consistent with
these general observations. Specifically, prior irradiation under
visible light for periods up to 1 h caused no loss in the amount of
dye converted to the mero form upon subsequent UV irradiation,
as measured by the maximal photostationary absorbance achieved
at 588 nm. Therefore, visible light did not contribute to the observed
photoinduced chemical degradation (Figure 1A). In contrast, under
continuous UV illumination (260-390 nm, 0.97 mW), the OD at
588 nm of the mero form faded at a rate that was dependent upon
both the light intensity and the level of dye coverage on the

nanocrystals. This fading rate was relatively insensitive to the
presence of O2; for example, the initial fading rate of 2.6× 10-7

M 6 nm particles containing 105:1 dye molecules was increased
by only ∼33% when Ar-purged solutions were made aerobic. The
apparent quantum yields for photodegradation estimated from the
rate of loss of the merocyanine visible absorption band (ε588 ) 3
× 104 M-1 cm-1) under continuous UV illumination were∼5 ×
10-3, ∼6.4 × 10-3, and∼8.5 × 10-3 for loadings of 26, 65, and
105 dye molecules, respectively, on 6 nm particles. Assuming a
random distribution of dye molecules on the surface, these loadings
correspond to surface densities of 1.1, 1.7, and 4.4 nm2/SP,
respectively, or average separation distances of 1.2, 1.5, and 2.3

Figure 2. (A) Size dependence of fluorescence spectra of spiropyran (SP)-
modified CdSe/ZnS core-shell nanocrystals (NC). The fluorescence
maximum of 4 nm (solid square), 5 nm (solid circles), and 6 nm (solid
triangles) nanocrystals is at 523, 546, and 578 nm, respectively. The
merocyanine-modified nanocrystals have much reduced fluorescence in-
tensity; an example shown (open squares) is a 5 nmmero NC system. In
all systems, the SP:NC ratios are 100:1. (B) Dependence of steady-state
fluorescence quenching of three different sizes of nanocrystals shown in
(A) upon dye/NC ratio. The inset shows fluorescence color change of the
6 nm NC at various ratio of the dye. (C) Stern-Volmer plots that compare
the difference between bound merocyanine nanocrystals and a physical
mixture at various merocyanine concentrations. For all experiments, the
nanocrystal concentration is 2.6× 10-7 M.
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nm. These distances are about the same as the lengths of thioalkane
tethers to the dye chromophores, suggesting that surface bimolecular
reactions between triplet excited dye molecules with neighboring
dye molecules can occur without aggregation of the dye on the
nanocrystalline surface. Decreasing the incident light intensity (1.8
× 10-9 einstein/s) by 60% caused the initial rate of photodegra-
dation to decrease by approximately one-half, indicating that the
apparent quantum yield was not dependent upon the intensity. The
photodegradation rate was also indistinguishable for 2.6× 10-5

M dye in solution and when bound to 6 nm nanocrystals under
identical irradiation conditions. These properties indicate that the
photodegradation characteristics of the dye on these composite
semiconductor particles are very similar to those described in other
media; in particular, there is no indication that binding either
enhances or retards photodegradation, for example, as might occur
by charge injection into the conduction band of the particle.

The inherent rate constants for photoinitiated spiro-mero inter-
conversion are extremely large, with half-times typically on
subpicosecond time scales.10 However, under the prevailing ex-
perimental conditions,∼5 s illumination was required to quench
fluorescence and∼90 s to reverse the process. (The time course of
fluorescence quenching under UV photoexcitation is shown in
Figure 1B as an overlay on the light-dark cycle intensities.) The
factors contributing to the much slower rate of fluorescence
switching in the hybrid dye nanocrystals have not yet been
identified, but because photoisomerization quantum yields are
generally e0.6,10e they probably reflect the need for multiple
isomerizations to effectively quench the particle fluorescence.

To probe the impact of constraining the dye to the particle
surface, we compared the quenching efficiencies of the thiol-
containing spiropyran to an analogue lacking this functionality.
Figure 2C displays Stern-Volmer plots (defined asIo/I ) 1 +
Ksv[merocyanine]) of nanocrystals containing attached spiropyran
and of physical mixtures of nanocrystals and the thiol-deficient
spiropyran. The apparent Stern-Volmer constant measured for the
bound dye wasKsv ) 9.3 × 104, ∼7-fold greater than for the
physical mixture (Ksv ) 1.4× 104), indicating considerably greater
quenching efficiencies for the bound dye. This difference may
reflect the closer proximity of the bound dye to the particle; the
absorption band of the bound merocyanine was red-shifted by 8
nm from that in solution, presumably due to a nonpolar microen-
vironment on the particle surface.11 This shift caused poorer donor-
acceptor spectral overlap of the bound merocyanine which, in the
absence of countervailing factors, would have caused less efficient
FRET to the bound dye.

These studies demonstrate that optical modulation of nanoparticle
fluorescence is possible, suggesting potential application to optically
addressable devices. One major obstacle to technological imple-
mentation of assemblies incorporating photoisomerizable dyes,
however, has been the extensive photodegradative side reactions
that accompany UV illumination. Strategies that have been used
tominimizethesereactionsincludemaintaininganaerobicenvironments,8a

appending to the dye molecules that can function as triplet excited
state,1∆ O2, or free radical quenchers,8b,12 and identifying classes
of photochromic molecules that are unusually resistant to fatigue.13

In the present case, shortening the thioalkyl linker group on the
immobilized dye may also significantly improve fatigue resistance
by restricting degradative bimolecular reaction pathways.
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