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Fluorescence microscopy offers the opportunity to image biological samples
noninvasively in real time and has become an essential analytical tool in the biomedical
laboratory. Nonetheless, the phenomenon of diffraction imposes stringent limitations on
the resolving power of conventional microscopes, preventing the spatial resolution of
fluorescent species co-localized within areas of nanoscaled dimensions. Time, however,
can be exploited to distinguish fluorophores within the same subdiffraction area, if their
fluorescence can be switched independently, and reconstruct sequentially their spatial
distribution. In this context, photolytic reactions and photochromic transformations can
be invoked to switch fluorescence under optical control. Fluorescent units, such as
inorganic semiconductor nanoparticles and organic dyes, and photoactive components
can be operated within a common supramolecular matrix or integrated within the same
molecular construct to produce photoswitchable fluorescent assemblies. In the resulting
systems, electronic communication between the components can be designed in order to
photoactivate or photodeactivate fluorescence respectively. Both mechanisms can be
exploited to overcome diffraction, and ultimately permit the reconstruction of images
with resolution down to the nanometer level, in combination with appropriate

illumination protocols.
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A process cannot be understood by stopping it.
Understanding must move with the flow of the process, must join it and flow with it.

—from “Dune” by Frank Herbert, 1965
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Summary

My research efforts were aimed at the identification of valuable strategies to manipulate
molecules with photons and photons with molecules on the basis of absorption and
emission processes, in order to develop new innovative materials for possible
applications in biomedical research and information technology. My experimental
program demanded the design and synthesis of inorganic nanoparticles, organic
compounds and macromolecular constructs, together with their structural characterization
and the investigation of their electrochemical, photochemical and photophysical
properties.  These efforts were mostly directed to the design of molecular strategies to
overcome diffraction. Diffraction prevents the focusing of ultraviolet and visible
radiations within nanoscaled volumes and, as a result, the imaging and patterning of
nanostructures with conventional far-field illumination. Specifically, the irradiation of a
fluorescent or photosensitive material with focused light results in the simultaneous
excitation of multiple chromophores distributed over a large area, relative to the
dimensions of single molecules. It follows that the spatial control of fluorescence and
photochemical reactions with molecular precision is impossible with conventional
illumination configurations. However, the photochemical and photophysical properties of
organic chromophores can be engineered to overcome diffraction in combination with
patterned or reiterative illumination. These ingenious strategies offer the opportunity to
confine excited chromophores within nanoscaled volumes and, therefore, restrict
fluorescence or photochemical reactions within subdiffraction areas. Information can,

therefore, be ‘‘read’” in the form of fluorescence and ‘‘written’ in the form of



photochemical products with resolution down to the nanometer level on the basis of these
innovative approaches, which will be extensively described and reviewed in Chapter 1.
These fundamental investigations can lead to viable protocols for the reading and writing
of information at the nanometer level with far-field optics and can have a long-term

impact on fluorescence imaging and photolithography.

The introduction of fluorescent labels within a biological sample offers the opportunity
to reconstruct noninvasively an image of the specimen after the excitation of the probes
and the collection of their emission with the aid of a microscope. Nonetheless, because of
diffraction, the resolution of conventional fluorescence microscopes is limited to
hundreds of nanometers in both the horizontal plane and vertical direction and, as a
result, fluorescent probes separated by a few nanometers cannot be distinguished in a
conventional fluorescence image, rendering it impossible to appreciate the structural
details that govern biological processes on the molecular level. Time can be exploited to
resolve what cannot be distinguished in space. In particular, the stringent limitations
imposed by diffraction on the spatial resolution of conventional fluorescence microscopes
can be overcome with a combination of switchable probes and multiphoton illumination
schemes. Labels designed to turn their fluorescence from on to off, or vice versa, in
response to optical stimulations permit the temporal resolution of spatially
indistinguishable objects and the sequential reconstruction of subdiffraction images.
These strategies require viable mechanisms to switch fluorescence under optical control

to allow a transition from microscopy to nanoscopy.

In this contest, my work has been largely dedicated to the identification of operating

principles to switch the luminescence of semiconductor quantum dots under optical



control. This goal was achieved by developing multicomponent macromolecular
constructs designed to passivate the surface of preformed nanoparticles, imposing
biocompatibility on them, preserving their photophysical properties and, finally,
permitting the attachment of photoswitchable ligands. Because of their valuable physical
and chemical properties, quantum dots are most appealing candidates to play the role of
active components in new generations of nanoscale switching devices. Photoinduced
electron transfer has emerged as a versatile mechanism to implement light-induced
functionalities in multicomponent (supra)molecular assemblies. This research has led to
the construction of, e.g., molecule-based wires, switches, sensors, logic gates, and
mechanical machines. Why not to exploit this process to impose the switching character

to quantum dots?

The rational design of a photoswitchable molecular device based on electron transfer
indeed requires prior knowledge of the photophysical properties and redox potentials of
all the components: the fine tuning of these parameters, together with the structural and
geometric characteristic of the connection between the components, is essential to
achieve the desired function. The large amount of information available on the structural
and electronic properties of molecular species is invaluable for the development of
functional assemblies, but the same level of understanding on the interplay between the
structural and electronic properties of quantum dots has not yet been achieved
completely. Thus, I completed a systematic investigation on all the structural factors
(diameter of their luminescent core, thickness of their protecting shell, and nature of the
passivating ligands) that regulate the redox and the optical properties of quantum dots,

thanks to the combination of spectroscopic and electrochemical measurements on



nanoparticles of different structure. In addition, a detailed comparative analysis of the
data, together with the results of luminescence quenching experiments, allowed me to
identify the influence of surface defects on the properties of the various quantum dots.
My observations, which are reported in Chapter 2, provided valuable insights on the
factors dictating the behavior of quantum dots and certainly have facilitated the design of

nanoparticles with switchable luminescence.

Chapter 3 is, in fact, describing the realization, from the design to the synthesis to the
application in imaging, of biocompatible quantum dots which luminescence can be
switched on in response to an optical stimulus. Photocleavable 2-nitrobenzyl groups were
attached to CdSe—ZnS core—shell quantum dots coated with hydrophilic polymer ligands.
The emission intensity of the resulting nanostructured constructs increases by more than
60% with the photolysis of the 2-nitrobenzyl appendages. The photoinduced separation
of the organic chromophores from the inorganic nanoparticles suppresses an electron-
transfer pathway from the latter to the former and is mostly responsible for the
luminescence enhancement. The thiol groups anchoring the polymeric envelope to the
ZnS shell also contribute to the photoinduced emission increase; presumably, their photo-
oxidation eliminates defects on the nanoparticle surface and promotes the radiative
deactivation of the excited quantum dots. This effect is fully reversible but its magnitude
is only a fraction of the change caused by the photocleavage of the 2-nitrobenzyl groups.
In addition, these particular quantum dots can cross the membrane of model cells and
their luminescence increases by ca. 80% after the intracellular photocleavage of the 2-
nitrobenzyl quenchers. Thus, photoswitchable luminescent constructs with biocompatible

character can be assembled combining the photochemistry of the 2-nitrobenzyl photocage



with the outstanding photophysical properties of semiconductor quantum dots and the

hydrophilic character of appropriate polymeric ligands.

While conducting these investigations, my graduate research work developed a new
branch, the realization of fluorescent switches for nanoscale imaging of drug delivery
systems. The accumulation of drug carriers exclusively in malignant or inflamed tissues
is of primary importance. Tracking both the carrier and the drug and following their fate
during the internalization and the distribution into cells is critical to avoid the risk of
mistaking the localization of the released drug. To date, only limited information is
available on the interaction of drug containers and cells. This is severely due to the
limitations of the techniques employed, like fluorescence microscopy; again, diffraction
limits the resolution of any lens-based technique currently used to visualize biological

samples.

Photochromic compounds switch reversibly between states with distinct absorption
spectra in the visible region. In some instances, their photoinduced changes in absorption
are also accompanied by changes in emission. Under these conditions, the photoinduced
interconversion of the two states translates into fluorescence switching. Alternatively, the
pronounced structural and electronic modifications associated with a photochromic
transformation can be engineered to switch the emission of a complementary fluorophore.
In particular, fluorescent and photochromic components can be integrated in the same
hydrophilic supramolecular assembly (such as polymeric micelles, which have been
extensively employed in the field of drug delivery) and the emission of the former can be
switched with the photoinduced interconversion of the latter. The transformation of one

state of the photochromic component into the other can either activate or prevent an



intercomponent quenching pathway. Under these conditions, the interconversion of the
two states of the photochromic component controls the excitation dynamics of the
fluorescent partner and modulates its emission intensity. In most fluorophore-
photochrome constructs, either electron or energy transfer is responsible for quenching.
In one instance, an electron is transferred either to or from the excited fluorophore from
or to, respectively, only one of the two states of the photochrome. This mechanism
requires either the oxidation or the reduction potential, respectively, of the photochrome
to change significantly with the photochromic transformation. In the other instance,
energy is transferred from the excited fluorophore to only one of the two states of the
photochrome. This strategy demands the overlap between the emission band of the
former and the absorption band of the latter to change significantly with the
photochromic conversion. When at least one of these conditions is satisfied, the

photochromic transformation translates into fluorescence switching.

In Chapter 4, I will describe the realization of a polymeric drug carrier that can capture
hydrophobic fluorophores and hydrophobic photochromes and transfers mixtures of both
components in aqueous environments. Within the resulting hydrophilic supramolecular
assemblies, the photochromic spiropyran components retain their photochemical
properties and switch reversibly to the corresponding merocyanine isomers upon
ultraviolet illumination. Their photoinduced transformations activate intermolecular
electron and energy transfer pathways, which culminate in the quenching of the
fluorescence of a boron dipyrromethene. As a result, the emission intensity of these
supramolecular constructs can be modulated in aqueous environments under optical

control. Furthermore, the macromolecular envelope around the fluorescent and



photochromic components can cross the membrane of cells and transport its cargo
unaffected into the cytosol. Indeed, the fluorescence of these supramolecular constructs
can be modulated also intracellularly by operating the photochromic component with
optical inputs. In addition, cytotoxicity tests demonstrate that these supramolecular
assemblies and the illumination conditions required for their operation have essentially
no influence on cell viability. Thus, supramolecular events can be invoked to construct
fluorescent and photoswitchable systems from separate components, while imposing
aqueous solubility and biocompatibility on the resulting assemblies. In principle, this
simple protocol can evolve into a general strategy to deliver and operate intracellularly

functional molecular components under optical control.

The synthetic procedures that were used for the preparation and the purification of the
nanoparticles and the molecular systems that are discussed in this manuscript are
described in Chapter 5, while Chapter 6 contains the experimental approaches
employed in the study of the switching devices presented throughout the thesis; the
techniques and conditions adopted in the various experiments are also described in

details.

Finally, Chapter 7 reports some additional experimental data which further support the

observations discussed in the previous chapters.



Chapter 1.

Molecular Strategies to Read and Write at the Nanoscale with Far-field Optics

1.1 Diffraction, Focusing and Resolution

Organic molecules absorb radiations across the ultraviolet and visible regions of the
electromagnetic spectrum with concomitant transitions from ground to excited electronic
states. Excited chromophores can then release the absorbed energy in the form of
fluorescence or by undergoing chemical reactions. In turn, these photophysical and
photochemical processes can be exploited to “‘read’’ and ‘‘write’’ information optically
from fluorescent specimens and into photosensitive materials respectively. Indeed,
fluorescence microscopy” and optical lithography” are extensively used to visualize (read)
biological samples and pattern (write) inorganic substrates on the basis of the
photophysical and photochemical properties of certain organic chromophores. However,
diffraction* prevents the focusing of ultraviolet and visible radiations into volumes of
nanoscaled dimensions and, as a result, limits the resolution of these powerful techniques

to the submicron domain.

The encounter of a propagating light wave with an object causes a spatial
redistribution of the radiation intensity.* The phenomenon is termed diffraction and can
be explained by assuming that each point on the front of a propagating primary wave is
the source of a secondary spherical wavelet. The superimposition of the many wavelets
beyond the wavefront ensures propagation and defines the intensity of the propagating

radiation. When light reaches the edge of an object, however, only the unobstructed



points on the wavefront become wavelet sources. The interference of the resulting

wavelets controls the intensity distribution of the light transmitted beyond the object.

Diffraction defines the intensity distribution of light on the focal plane of a lens and
prevents the focusing of radiations into a single point.* Indeed, the diffraction pattern
(Airy pattern) of a point source of light (Figure 1.1) on the focal plane of a lens consists
of a circular spot (Airy disk) surrounded by concentric rings (Airy rings). Approximately
84% of the intensity of the focused light is in the Airy disk, while the rest is distributed in
the Airy rings. The radius () of the Airy disk is related to the radiation wavelength (1),
the refractive index (n) of the medium interposed between the point source and the lens
and the semiaperture angle (€) of the lens, according to eqn (1). The very same
parameters control also the thickness (z) of the Airy disk, according to eqn (2). In fact,
constructive interference above and below the focal plane results in significant intensity
distribution also along the optical axis. Thus, a conventional lens (€~ 70 °) operating in
air (n = 1) cannot focus radiations with A longer than 200 nm into a disk with » and z
smaller than 130 and 220 nm respectively. These dimensions are, at least, two orders of
magnitude greater than those of most organic molecules. As a consequence, the
illumination of a fluorescent specimen or a photosensitive material through a lens
generally results in the simultaneous excitation of large collections of chromophores and
cannot be used to confine fluorescence or a photochemical transformation respectively

within a nanoscaled volume.
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Fig. 1.1 The light propagating from a point source through a lens is diffracted on the
focal plane in the form of an Airy pattern with a central disk of high intensity surrounded

by concentric rings of low intensity.
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The implications of diffraction on focusing dictate the resolving power of lens-based
optics. In fact, the Airy patterns of two independent point sources of light can be
distinguished (spatially resolved) on the focal plane of a lens only if their center-to-center

distance is greater than » (Figure 1.2a) or, at least, equal to it. Instead, a distance smaller
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than r results in the overlap of the Airy disks (Figure 1.2b) with the formation of two
unresolved diffraction patterns on the focal plane. Thus, the horizontal resolution of a
lens-based instrument is ultimately dictated by the dependence of » on A, according to
eqn (1), and cannot be shrunk down to the nanometer level, if ultraviolet and visible
radiations are employed in conjunction with conventional chromophores and illumination

protocols.

Fig. 1.2 Two Airy patterns are spatially resolved (a) if their center-to-center distance is
greater than », and spatially unresolved (b) if their center-to-center distance is smaller
than r.
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1.2 Near-field Optics, Far-field Optics and Chromophores

The restrictions associated with the lateral resolution of lens-based optics can be
overcome by avoiding focusing altogether and relying instead on the evanescent nature of
electromagnetic radiations at short distances from their source.” Indeed, the behavior of
the electric and magnetic fields of a radiation at distances shorter than A (near-field
region) from the source is significantly different from that at distances longer than 24
(far-field region). In the near-field region, an electromagnetic radiation exiting an
aperture of subdiffraction dimensions can be confined within a subdiffraction area. In
fact, the scanning of a tip with a small aperture over a fluorescent or photosensitive
sample can be exploited to read or write information respectively at the nanometer level.
Nonetheless, the stringent distance constraints of the near-field region demand a sub-
wavelength separation between aperture and sample. As a result, near-field illumination
can only access exposed surfaces and cannot be extended to the interior of three

dimensional objects (e.g., cells).

Far-field illumination is essential to overcome the distance limitations of near-field
optics. The diffraction of propagating waves in the far-field region, however, and its
implications on the intensity distribution of focused light cannot be avoided. Fortunately,
the photochemical and photophysical properties of organic chromophores can be
engineered to circumvent diffraction and permit the reading and writing of information at

6-13 . .. . .
Indeed, the electronic transitions occurring in

the nanoscale with far-field optics.
molecules with the absorption and emission of electromagnetic radiations permit the

confinement of the spatial distribution of either fluorescent species or reactive
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intermediates within subdiffraction volumes. Similarly, chemical reactions occurring in
the excited state of certain molecules can be exploited to resolve temporally
chromophoric systems co-localized within the same subdiffraction volume. In fact, the
subtle manipulation of the excited-state dynamics of chromophoric systems offers the
opportunity to implement molecular strategies for nanoscaled reading and writing with

focused light.

1.3 Subdiffraction Confinement of Excited Chromophores

The focusing of light on a sample with a high density of chromophores results in the
concomitant excitation of multiple molecules contained within the same Airy pattern. The
many excited chromophores within a single focal spot can emit light or undergo chemical
reactions on the same timescale and cannot be resolved spatially or temporally.
Specifically, the excited-state population on the focal plane parallels the spatial
distribution of the excitation intensity. In one dimension (x in Figure 1), the intensity
profile across the Airy pattern can be approximated to a Gaussian function with a width
that increases with ».* Thus, the spatial distribution of the excited chromophores on the

focal plane is ultimately controlled by the dependence of » on A, according to eqn (1).

In order to narrow the relatively wide spatial distribution of excited chromophores
imposed by diffraction, part of the excited molecules can be ‘‘forced’’ back to the ground
state within the focal spot on the basis of stimulated emission.’ Indeed, a molecule can

absorb an exciting photon of appropriate wavelength (Agx in Figure 1.3) to undergo a
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transition from the ground state (Sy) to one of the vibrational levels of the first singlet
excited state (S;). After thermal relaxation to the lowest vibrational level of S, the
excited molecule can interact with a depleting photon of slightly longer wavelength (Ap.)
to decay into a high vibrational level of Sy. Thus, the concomitant illumination of a
collection of chromophores with focused light at Agx and patterned light at Ap. can be
exploited to engineer the spatial distribution of the excited chromophores. For example,
the superimposition of the maximum of a Gaussian profile at Agx with one of the minima
of a standing wave at Ap. (Figure 1.4) results in the depletion of the excited molecules at
the periphery of the former and in the confinement of excited species at its center.
Specifically, the full width (Ax) at half maximum of the excited state distribution is
controlled by the ratio between the depleting intensity (/pe) at the maximum of the
standing wave and the saturation intensity (/s), according to eqn (3). In turn, /s is the
intensity required to deactivate 50% of the excited molecules and is a constant
characteristic of the chromophore. It follows that Ax shorter than 10 nm can be achieved
with a conventional lens (6~ 70 °) operating in air (n = 1) at Agx longer than 200 nm,

only if Ip. 1s, at least, one order of magnitude greater than Is.

Apx

" 2msin0y1 + (Ipo/15)

Ax

(3)
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Fig. 1.3 Excitation of a molecule from the ground state (Sy) to one of the vibrational
levels of the first singlet excited state (S;), upon absorption of a photon at one wavelength
(Aex), can be followed by thermal relaxation to the lowest vibrational level of S; and then
stimulated emission, upon interaction with a photon at another wavelength (Ap.), with
concomitant depletion of S;.
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Fig. 1.4 The superimposition of an Airy disk and doughnut-shaped pattern at the
excitation (Agx) and depletion (Ape) wavelengths respectively of a chromophore confines
the excited-state distribution within the doughnut hole.
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The stimulated-emission depletion (STED) of excited chromophores can be extended
from one to two dimensions with the overlap of a doughnut-shaped pattern at Ap. on an
Airy disk at Agy (Figure 1.4).° This particular illumination protocol confines the excited
species within the doughnut hole and permits the ‘‘reading’’ of fluorescence from areas
of nanoscaled dimensions. In fact, scanning the overlapped circular spot and doughnut-
shaped pattern over a fluorescent sample offers the opportunity to construct point-by-
point fluorescence images with subdiffraction resolution. Furthermore, this nanoscopic
methodology can be applied to essentially any fluorescent molecule, since any excited
electronic state can, in principle at least, be depleted on the basis of stimulated emission.
Indeed, early demonstrations'* of STED imaging with selected organic dyes (Pyridine 2
and RH414) have eventually been extended to a diversity of synthetic'” and genetically

16,1
encoded'®!”

chromophores over the past decade. For example, a STED image (Figure
1.5a) of living neurons, immunolabeled with the commercial dye Atto 647N, can resolve
individual synaptic vesicles that cannot otherwise be distinguished with conventional
illumination (Figure 1.5b)."” This particular fluorophore can be excited at 647 nm (Aey)
and depleted at 750 nm (Ape) with an Is of 10-20 MW cm™. In particular, the STED
image in Figure 1.5 was recorded by illuminating the specimen with a pair of pulsed
lasers, operating at Ag, and Ap. with intensities of 3.5—5 and 400 MW cm respectively,
and isolating the spontaneous emission from the stimulated one, as well as from the
exciting and depleting radiations, with a combination of dichroic mirrors and bandpass
filters. These experimental conditions ensure the confinement of fluorescence in a

circular spot with a width of only 62 nm (Figure 1.5¢), while conventional illumination

translates into a width of 261 nm (Figure 1.5d). In fact, this ingenious protocol to
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overcome diffraction is becoming an invaluable analytical tool for the noninvasive
visualization of cellular structures and processes in real time with a resolving power
down to the nanometer level.”” " Furthermore, it can also be adapted to produce
spherical nanosized focal spots and achieved isotropic resolution in three dimensions

down to the nanometer level.'™

Nonetheless, the relatively high /s associated with the
stimulated emission of fluorescent dyes demands hundreds of megawatts per square
centimeter for Ipe in order to confine excitation within nanoscaled areas, according to eqn

(3). These harsh irradiation conditions can promote competitive photochemical pathways,

encourage sample degradation and complicate the experimental implementation of this

15b,d

subdiffraction imaging strategy.

Fig. 1.5 STED (a) and confocal (b) images (scale bar = 250 nm) of neurons
immunolabeled with Atto 647N and profiles of the emission intensities measured across
the focal spots with STED (c) and confocal (d) illuminations (reproduced from ref. 15j
with permission).
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Fig. 1.6 After two-photon excitation of the ground state (Sy), stimulated emission can be
exploited to deplete the first singlet excited state (S;) and prevent intersystem crossing to
the first triplet excited state (T}).

In principle, stimulated emission can also be exploited to confine photochemical
transformations within subdiffraction volumes.'® Indeed, the illumination of a
photosensitive material with a pair of offset beams at Agx and Ape results in a spatial
distribution of excited chromophores and, eventually photochemical products, which is
controlled by the overlap between the two focal spots. For example, the irradiation of
malachite green carbinol base, embedded in an acrylic resin, with a laser pulse of 200 fs
and 7 mW at 800 nm (Agx) results in the simultaneous absorption of two photons with a
transition from Sy to S; (Figure 1.6). Excitation is then followed by intersystem crossing
to the first triplet excited state (T,), which promotes the radical polymerization of acrylate
monomers after electron transfer. However, the concomitant illumination of the sample
with another laser pulse of 50 ps and 70 mW at 800 nm (Ape) stimulates emission and
promotes the transition from S; to Sy, preventing intersystem crossing. It follows that the
radical polymerization can be controlled spatially by regulating the position of the two

focal spots at Apx and Ap.. In fact, the lateral translation of the two spots across the
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photosensitive specimen results in the ‘“writing’” of polymer lines with subdiffraction
width across the sample (Figure 1.7a). Furthermore, the modulation of the depleting
beam with a shutter wheel can be exploited to turn on and off depletion and generate
periodic patterns along the scanning direction (Figure 1.7b), demonstrating that depletion
is indeed controlling the photochemical transformation. It is important to notice,
however, that the depleting pulse must be delayed by few picoseconds, relative to the
exciting one, to permit the vibrational relaxation of S; before stimulated emission.
Nonetheless, a delay of the depleting pulse of up to 13 ns did not translate into any
significant change in the photochemical patterning. Thus, stimulated emission, after all,
might not be the actual mechanism responsible for depletion in this particular system.
Presumably, the participation of long-lived intermediates is responsible for preventing

intersystem crossing.
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Fig. 1.7 (a) The translation of an acrylic resin, doped with malachite green carbinol base,
under overlapped exciting and depleting focal spots results in the patterning of a polymer
line with a width defined by the degree of overlap of the two spots. (b) A scanning
electron micrograph (scale bar = 400 nm) of a sample patterned while turning on and off
the depleting beam shows that the width of the written polymer lines changes with the
modulation of the depleting spot (reproduced from ref. 18a with permission).
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1.4 Subdiffraction Confinement of Chromophores in the Ground State

Illumination protocols for the acquisition of STED images can be adapted to deplete the
S, of a chromophore, rather than its S;.° In particular, exciting and depleting beams of
identical wavelength (Agx = Ape) can be employed to ensure the population of S; in the
doughnut hole (Figure 1.4) and intersystem crossing to T; within the actual doughnut.
Indeed, the intensity of the depleting beam can be increased sufficiently, relative to that
of the exciting beam, to ensure a high probability of populating T, only in the doughnut.
However, the lifetime of S; is significantly shorter than that of T, for the vast majority of
organic chromophores. As a result, molecules in the doughnut hole decay rapidly back to
So, while those within the actual doughnut remain in T;. It follows that Sy is confined
within a subdiffraction area and depleted in the surrounding region during the lifetime of

T;.

In the case of chromophores able to decay from S; to Sy radiatively, ground-state
depletion (GSD) permits the transient subdiffraction confinement of fluorescence.’®
Furthermore, the /s associated with depletion, in this instance, can be up to six orders of
magnitude smaller than that necessary for stimulated emission. In fact, GSD protocols
offer the opportunity to lower dramatically the depletion intensities, relative to STED,
required to achieve nanoscaled resolution. Indeed, subdiffraction images of a diversity of
specimens have successfully been acquired with depletion intensities of only few
kilowatts per square centimeter.”™' For example, a GSD image (Figure 1.8a) of the
microtubular network of a human embryonic kidney cell, immunolabeled with the

commercial dye Atto 532, shows structural details that cannot be appreciated in a
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conventional confocal image (Figure 1.8b). This GSD image was recorded by
illuminating the specimen with a continuous-wave laser configured to generate a
depleting beam at 532 nm with an intensity of 85 kW ¢cm™ and then an exciting beam at
the same wavelength with an intensity of only 7 kW cm™ Under these conditions,
fluorescence is confined within a nanoscaled region and the scanning of the illuminating
beams permits the image reconstruction. Nonetheless, the T; of most chromophores is
relatively reactive and, despite the relatively low irradiation intensities associated with

GSD, significant photobleaching generally accompanies image acquisition.

Fig. 1.8 GSD (a) and confocal (b) images (scale bar = 500 nm) of microtubules
immunolabeled with Atto 532 (reproduced from ref. 19b with permission).

The subdiffraction confinement of chromophores in Sy can also be achieved by
illuminating the specimen with a pattern of parallel lines.”**' Specifically, a sinusoidal
standing wave with high peak intensity can excite all chromophores from Sy to S;
anywhere in the illuminated area with the exception of the region around the wave

minima. When the excited chromophores can then decay emissively back to Sy, a wide
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field-image of the sample reveals parallel fluorescent lines separated by nonfluorescent
gaps of subdiffraction width. The scanning of the exciting pattern orthogonally to the line
direction and, eventually, the gradual rotation and translation of the pattern across the
specimen can be exploited to probe the overall sample. The experimental implementation
of this illumination protocol is somewhat simpler than those associated with STED and
GSD. However, the subdiffraction confinement of a nonfluorescent state, in this instance,
results in the generation of a ‘‘negative’” image, which requires post-acquisition
computation to be converted into a conventional ‘‘positive’’ image. In addition to
extensive computation, this methodology for nanoscale reading can also suffer from
significant photobleaching of the chromophores, because of the relatively high peak

intensities required to saturate the Sy — S, transition in the illuminated areas.

1.5 Subdiffraction Confinement through Opposing Chemical Reactions

The illumination scheme required for STED and GSD can be adapted to control the
spatial distribution of the two interconvertible states of a photochromic compound.®
Indeed, photochromic molecules switch from one state to another (Figure 1.9a and b)
under irradiation at an appropriate wavelength (A;), as a result of chemical
transformations.”> The product of the photochemical reaction can then revert back to the
original species thermally and/or upon illumination at a different wavelength (A;). Thus,
the irradiation of a collection of photochromic compounds with a circular spot at A; and
an overlapped doughnut-shaped pattern at A, results in the confinement of only one of the

two interconvertible states in the doughnut hole (Figure 1.9¢).
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Fig. 1.9 Photochromic compounds switch reversibly between two states (a and b) under
irradiation at appropriate wavelengths (A; and A,). One of their two interconvertible states
can be confined within a subdiffraction area (c) by focusing overlapped circular and
doughnut-shaped spots at A; and A, respectively on the sample.

Generally, the two interconvertible states of a photochromic system differ
significantly in their stereoelectronic properties and, as a result, in their ability to absorb
ultraviolet and visible radiations.” Furthermore, the structural and electronic changes
associated with photochromic transformations can be exploited to switch the emission of
complementary fluorophores under the influence of A, and 2,2 In fact, the
photochemical and photophysical properties of the resulting fluorophore—photochrome
assemblies, in combination with patterned illumination (Figure 1.9¢), can be exploited to
confine fluorescence in a subdiffraction area and record images with nanoscaled
resolution.”* For example, the covalent connection of a diarylethene photochrome to a

rhodamine fluorophore results in the assembly of the photoswitchable fluorescent dyad 1
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(Figure 1.10).** The irradiation of this compound at 375 nm () closes the central ring
of the diarylethene photochrome to form 2 (Figure 1.10) and the illumination of the
resulting species at 671 nm (\,) regenerates the original isomer. The excitation of the
rhodamine fluorophore at 543 nm, however, is accompanied by intense fluorescence only
when the diarylethene photochrome is in the open form (1). Within the other isomer (2),
energy transfer from the S; of the fluorophore to the Sy of the photochrome quenches the
emission of the former. Thus, the confinement of the emissive isomer 1 in the doughnut-
hole (Figure 1.9¢) ensures the localization of fluorescence within a subdiffraction area. In
fact, the covalent attachment of this fluorophore—photochrome dyad to silica
nanoparticles, through its pendant amide bond, can eventually be exploited to image the

resulting constructs with subdiffraction resolution.
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Fig. 1.10 Irradiation at 375 (A;) and 671 nm (A;,) closes and opens respectively the central
ring of the diarylethene component and switches reversibly the fluorophore—photochrome
dyad between emissive (1) and nonemissive (2) states.
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Fig. 1.11 Profile of the emission intensity of silica nanoparticles coated with 1 recorded
by illuminating the sample with a circular spot at 375 nm, overlapped with a doughnut-
shaped one at 671 nm and concomitant irradiation at 543 nm (a) or in conventional
confocal mode (b) (reproduced from ref. 24d with permission).
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Indeed, the profile of the emission intensity acquired with patterned illumination
offers the opportunity to resolve neighboring nanoparticles (Figure 1.11a), which cannot
otherwise be distinguished in conventional confocal mode (Figure 1.11b). Specifically,
the sample was illuminated with three independent lasers operating at 375, 671 and 543
nm to ensure the subdiffraction confinement of the emissive isomer 1 and the excitation
of the rhodamine fluorophore. The main advantage offered by these switchable probes is
that irradiation intensities significantly lower than those necessary for STED and GSD
are sufficient to achieve nanoscaled resolution. Nonetheless, these molecules tolerate
only a relatively small number of switching cycles, limiting the number of scans possible

for image acquisition.

The photoinduced interconversion of the two states of a photochromic compound can
also be exploited to generate a nanostructured pattern on a photoresist.”” In fact, the
distinct absorption properties of the two states offer the opportunity to control the spatial
distribution of the transmittance across a photochromic mask. Specifically, the
illumination of a photochromic film with two offset standing waves at A; and A, (Figure
1.12a) results in the spatial segregation of the two states. If the maxima of the wave at A,
are positioned on the minima of that at A,, then only one state (Figure 1.9b) can be
localized in the regions around the nodes of the second wave. If this particular species
does not absorb significantly at A;, then radiations at this wavelength can propagate
through the photochromic material, once again, in the regions around the nodes of the
second wave (Figure 1.12a). Furthermore, the width of the transmitted beam can be
regulated by adjusting the relative intensity of the two waves and, eventually, can be

reduced down to the nanoscale, if the wave at A, is significantly more intense of that at
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Ai1. Thus, the overlaying of a photochromic mask on a photoresist, in combination with

these illumination conditions, permits the excitation of nanoscaled regions on the

underlying substrate.

Spacer — — Photochromic Mask
| — Photoresist

|
Transmitted
Radiation

photoresist

Fig. 1.12 (a) The illumination of a photoresist through a photochromic mask and an
ultrathin spacer, consisting of a poly(methyl methacrylate) film doped with 3 and a
poly(vinyl alcohol) layer respectively, with two standing waves at 325 (A;) and 633 nm
(A;) results in the patterning of lines with nanoscaled width and separation. (b) The
scanning electron micrograph (scale bar = 350 nm) recorded after developing the exposed
substrate reveals lines with a width of 80 nm and a period of 350 nm (reproduced from
ref. 25e with permission).
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Fig. 1.13 Irradiation at 325 (A;) and 633 nm (,) closes and opens respectively the central
ring of these photochromic systems and switches it reversibly between two states (3 and
4).

For example, a poly(methyl methacrylate) film, doped with the diarylethene 3 (Figure
1.13), was spin coated on an ultrathin poly(vinyl alcohol) layer deposited on a
photoresist.”>® The illumination of the resulting material with a pair of offset standing
waves at 325 (A;) and 633 (A;) nm ensured the transmission of radiations at the short
wavelength only at the nodes of the wave at the long one. In turn, the transmitted
radiation reached the photoresist and imprinted a pattern of parallel lines with nanosized
width and a separation corresponding to the period of the standing wave at A,. Indeed, a
scanning electron micrograph (Figure 1.12b), recorded after developing the pattern on the

resulting substrate, reveals lines with a width of 80 nm and a separation of 350 nm.
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The illumination protocol required for STED and GSD (Figure 1.4) can be adapted to
confine radical polymerizations within subdiffraction areas.”® Specifically, the beam at
Aex can be designed to excite selectively a photoinitiator and promote the radical
polymerization of an appropriate monomer. That at Ap. can instead be exploited to excite
a photoinhibitor able to trap radicals and prevent polymerization. Under these conditions,
the monomer polymerization can only occur within the doughnut hole, offering the
opportunity to pattern polymer lines of nanoscaled dimensions simply by translating the
overlapped spots across the sample. These operating principles were implemented
experimentally with formulations containing triethylene glycol dimethacrylate
monomers, camphorquinone  photoinitiators and tetraethylthiuram  disulfide
photoinhibitors. Illumination of the resulting mixture with a pair of lasers configured to
generate a circular spot at 473 nm and a doughnut-shaped one at 364 nm resulted in the
polymerization confinement within the doughnut hole. Furthermore, the intensity of the
ultraviolet beam could be regulated, relative to that of the visible one, to shrink the
polymerizing area to nanoscaled dimensions and the lateral scanning of both could be
exploited to write nanostructured polymer lines. Consistently, the scanning electron
micrograph (Figure 1.14) of the patterned substrate reveals the ‘‘written’” nanoscaled

features resulting from the spatially controlled radical polymerization.
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Fig. 1.14 Scanning electron micrograph (scale bar = 200 nm) of a polymer line fabricated
by illuminating a mixture of acrylate monomers, radical photoinitiators and radical
photoinhibitors with the configuration in Fig. 1.4 (reproduced from ref. 26 with
permission).

1.6 Temporal Resolution of Fluorophores Co-localized in Subdiffraction Areas

The illumination of a collection of chromophores with focused light results in the
concomitant excitation of multiple molecules residing within the same focal spot. If the
excited chromophores decay radiatively back to Sy, their collective emission can be
recorded with far-field optics. However, the concomitant emission of multiple species co-
localized within the same exciting spot prevents the spatial resolution of distinct
fluorescence sources with a single far-field measurement. Nonetheless, sequential
recordings can be exploited to distinguish adjacent fluorophores, if their photochemical
and photophysical properties are engineered to permit their resolution in time.
Specifically, this strategy requires a single fluorophore within a subdiffraction area to
emit at a given time, while the others remain in a nonemissive state. Once localized, the
emissive species must switch to a nonemissive state, while one of the other fluorophores
must switch from a nonemissive to an emissive state. Under these conditions, reiterative

fluorescence acquisition steps offer the opportunity to map the spatial coordinates of
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multiple emission sources within the same subdiffraction area and, eventually,

reconstruct a complete image of the sample after appropriate data computation.

Early demonstrations of these clever operating principles were based on the ability of
certain genetically encoded proteins to switch from a nonemissive to an emissive state

under illumination at an appropriate wavelength.?’>*

Later, this protocol, termed
photoactivation localization microscopy (PALM), was extended to synthetic dyes
designed to switch from nonfluorescent to fluorescent states.””™* For example,
compound 5 (Figure 1.15) is not fluorescent in its native form.**¢ Upon irradiation at an
activation wavelength (Aac) of 375 nm, however, the [C—N] bond at the spirocenter
cleaves to generate the fluorescent isomer 6 (Figure 1.15). Specifically, the illumination
of 6 at an excitation wavelength (Agx) of 532 nm is accompanied by intense fluorescence
in the visible region. Thus, a specimen of interest (e.g., a cell) can be labeled with the
nonemissive isomer 5 through amide-bond formation at its pendant carbonyl group.
[llumination at A, (a — b in Figure 1.16) with low intensity switches a subfraction of
probes to their fluorescent isomer. The low activation intensity is necessary to ensure a
sparse population of fluorescent species at a given time, in order to maintain them at a
distance greater than the diffraction barrier. The activated probes can then be excited at
Aex (b — c in Figure 1.16) a sufficient number of times to permit the collection of enough
emitted photons for the localization of each fluorescent probe with nanoscaled precision.
The coordinates of the localized species can then be stored and the active probes can be
bleached (¢ — d in Figure 1.16). The entire sequence of events can be reiterated multiple

times until a sufficient number of coordinates becomes available for the reconstruction of

a complete image of the sample.
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Fig. 1.15 The activation of the nonfluorescent species 5 at 375 nm (Aa.) opens the five-
membered ring at its core to generate the fluorescent isomer 6.
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Fig. 1.16 PALM relies on the illumination of a labeled sample (a) at one wavelength
(Aac) with a beam of low intensity to switch a small fraction of probes from a
nonemissive to a fluorescent state (b). The activated fluorophores are excited at another
wavelength (Agx), individually localized (c) and bleached (d). This sequence of steps is
repeated multiple times until the coordinates of a sufficiently large number of probes are
registered to compile a complete image of the sample.
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According to this method, the lateral resolution (Ax) of the reconstructed image is
governed by eqn (4),>® where pixel size (a), the standard deviation (s) of the point-spread
function, the number (N) of collected photons per probe and the background noise (b)
dictate the magnitude of Ax. Thus, large N and small b values are required to confine Ax
in the nanoscale. It follows that the active state of the switchable probes must be as bright
as possible and the ratio between the emission intensities of the active and inactive states
must be as high as possible. In fact, switchable molecules with large brightness and

contrast ratios are essential for this nanoscopic technique.

Ax = |[—+ + 4)

A similar strategy for the reconstruction of images with nanoscaled resolution, called
stochastic optical reconstruction microscopy (STORM), can be adopted with molecules
able to switch from a fluorescent to a nonfluorescent state upon illumination at a

deactivating wavelength (Ap.).”””*

In particular, the cyanine dyes CyS5, Cy5.5 and Cy7
switch from emissive to nonemissive states upon illumination with a red laser (kDe),37
presumably as a result of the photoinduced addition of primary thiols, present in

biological media, to the polymethine bridge of these dyes.”” This photochemical

transformation is reversible and irradiation of the adduct with a green laser (Aac) restores
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the state and activates fluorescence. In fact, these compounds can be switched back and
forth between emissive and nonemissive states for multiple cycles by alternating red and
green irradiation. Thus, a sample labeled with one of these dyes can initially be
illuminated at Ap. with a relatively high intensity to switch essentially all molecules to
their nonfluorescent state (a — b in Figure 1.17). Subsequent irradiation at A, with
relatively low intensity can switch a subfraction of probes back to the emissive state (b —
c in Figure 1.17). The low intensity is necessary to ensure the activation of only a sparse
number of probes in order to maintain them at distances longer than the diffraction
barrier. The activated probes can be excited again at Ap. with low intensity (¢ — d in
Figure 1.17). Under these conditions, they emit light in the form of fluorescence until
they switch back to the nonfluorescent state. As a result, they can be localized with
nanoscaled precision and their coordinates can be stored. This sequence of steps can be
reiterated multiple times until a sufficient number of coordinates is available for the

reconstruction of a complete image of the sample.
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Fig. 1.17 STORM relies on the illumination of a labeled sample (a) at a deactivating
wavelength (Ape) with a beam of high intensity to switch all probes from an emissive to a
nonemissive state (b). The deactivated fluorophores are irradiated at an activating
wavelength (Aac) with a beam of low intensity to switch a small fraction of probes back
to the fluorescent state (c). The illumination of the sample again at Ape with a beam of
low intensity excites the activated probes, which then emit light until they switch back to
the nonemissive state. The emitted photons can be collected to localize individually the
active probes (d). The activation and excitation steps can then be reiterated multiple times
until the coordinates of a sufficiently large number of probes are registered to compile a
complete image of the sample.

The reiterative nature of PALM and STORM translates into long times for image
acquisition, relative to those required for STED and GSD strategies. However, the
experimental implementation of the former methods is significantly simpler than that of
the latter, which demands the alignment and simultaneous scanning with nanometer
precision of up to three lasers. Nonetheless, PALM and STORM still require substantial
modifications to commercial microscopes, mostly because of the need of activation or
deactivation steps, in conjunction with actual fluorophore excitation. Specifically, at least
a pair of lasers operating at As. and Apx for PALM (Figure 1.16) and at Ap. and A, for
STORM (Figure 1.17) are necessary. A significant simplification to the illumination

40-43

configuration of these strategies is possible with certain organic fluorophores and

44,45

inorganic nanoparticles able to emit, but also switch to a nonemissive state, when

excited at a single wavelength. In particular, these systems display luminescence
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intermittence upon excitation, as a result of chemical and/or physical processes occurring
in the excited state, but generally require relatively high excitation intensities and
auxiliary reagents. Indeed, the high irradiation intensities ensure the effective population
of T, upon excitation and the presence of electron acceptors or donors promotes the
oxidation or reduction respectively of the excited chromophore with the reversible
formation of a relatively long-lived and nonfluorescent product. For example, the
commercial dye Alexa 647 can be excited from Sy to S; by illuminating the sample at 647

41
nm."

The excited molecules can either emit light and revert to Sy or intersystem cross to
T,. In the absence of molecular oxygen and in the presence of ascorbic acid, a compound
in Ty can accept an electron to form a nonfluorescent radical anion. This species lives for
about 50 ms, before regenerating the original molecule in Syp. At an appropriate
illumination intensity and ascorbic-acid concentration, most of the dyes can be
maintained in the nonfluorescent state for tens of milliseconds, offering the opportunity
to localize individually the few molecules left in the emissive state. The stochastic
evolution of the excited-state population, however, results in fluorescence switching at
different spatial coordinates. Thus, the sequential acquisition of snapshots permits the
gradual localization of a sufficient number of dyes to compile, eventually, a complete
image of the sample. Indeed, a reconstructed image (Figure 1.18a) of microtubules in
fixed 3T3 fibroblast, immunolabeled with Alexa 647 and recorded after the enzymatic
removal of oxygen and the addition of ascorbic acid, reveals fine structural details that
cannot be appreciated in the equivalent image recorded with conventional wide-field

illumination (Figure 1.18b). This clever protocol eliminates the need of an

activating/deactivating irradiation source in addition to the exciting one. However, it
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requires the presence of appropriate reagents capable of exchanging electrons with dyes
in T, as well as the careful regulation of the experimental conditions to optimize the
lifetime of the nonfluorescent state and permit localization of individual fluorophores

with nanoscaled precision.

Fig. 1.18 Image of microtubules immunolabeled with Alexa 647 reconstructed after
reiterative irradiation in the presence of ascorbic acid (a) or recorded with conventional
wide-field illumination (b) (reproduced from ref. 41a with permission).

1.7 Conclusions

The relatively large dimensions imposed on focused light by diffraction prevent the
reading and writing of information at the nanoscale with conventional far-field
illumination. The photochemical and photophysical properties of organic chromophores,
however, can be engineered to overcome diffraction, in combination with patterned or

reiterative illumination schemes. Specifically, the patterned illumination of a collection of
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chromophores can be exploited to segregate spatially molecules in distinct electronic or
isomeric states on the basis of stimulated emission, intersystem crossing or opposing
photochemical reactions. These protocols permit the localization of fluorescence or the
generation of photochemical products within nanoscaled volumes and, therefore, offer the
opportunity for imaging or patterning respectively at the nanoscale. Alternatively,
molecules at subdiffraction separations can be resolved temporally and localized
individually in reiterative sequences of excitation and detection steps, if their
fluorescence is designed to switch on and off in response to illumination. These methods
permit the reconstruction of images with nanoscaled resolution with relatively simple

experimental setups and data computations.

Indeed, the emergence of valuable strategies for nanoscopic visualization with far-
field optics is already providing invaluable information on the subtle factors regulating
cellular processes and functions at the molecular level. Similarly, the ability to
nanofabricate features with focused light offers the opportunity to produce
ultraminiaturized objects with relatively inexpensive experimental setups. Thus, the
advent of molecular strategies to overcome diffraction will ultimately have profound
implications in biomedical research and information technology, in addition to
contributing to the further understanding of the photochemistry and photophysics of

organic compounds.



Chapter 2.

Structural Implications on the Electrochemical and Spectroscopic Signature of
CdSe-ZnS Core-Shell Quantum Dots

2.1 Introductory Remarks

Semiconductor quantum dots are inorganic nanoparticles with unique photophysical

31 In particular, the huge absorption cross sections, tunable emission bands,

properties.
long luminescence lifetimes, and outstanding photobleaching resistances associated with
these nanostructured constructs offer the opportunity to develop luminescent probes with
unprecedented performance. Indeed, quantum dots are gradually replacing conventional
organic dyes in a diversity of biomedical applications.”*”” The subtle stereoelectronic
factors regulating the photophysical properties of organic dyes, however, have been the
subject of intense investigations for decades. These studies have eventually led to
valuable strategies to transduce recognition events into significant changes in
fluorescence intensity and, as a result, convenient chemosensors for the detection of a
diversity of analytes.sg'63 Specifically, photoinduced electron transfer has emerged as a
versatile mechanism to signal supramolecular association with a luminescent

enhancement.®*%

In these systems, a receptor unit is generally designed to accept or
donate an electron from or to a fluorescent unit, quenching its emission. Nonetheless, the
binding of a complementary substrate is engineered to alter the redox potentials of the
receptor in order to suppress the electron transfer process and, hence, turn the emission of

the fluorescent unit on. Under these conditions, the presence of a target analyte is

transduced into a luminescence signal. In principle, the very same operating mechanisms

39
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can be extended from organic dyes to quantum dots and, in fact, representative examples
of chemosensors based on these nanoparticles and photoinduced electron transfer have

already been realized.®*®®

The rational design of chemosensors based on photoinduced electron transfer requires
prior knowledge of the redox potentials and spectroscopic signature of the receptor and
fluorescent components.**®> The fine-tuning of these parameters, together with the
physical separation of the functional components, then offers the opportunity to optimize
the response of the chemosensing assembly. In this context, the vast amount of
information available on the structural and electronic properties of organic compounds is
invaluable in the assembly of these functional constructs. The same level of
understanding on the interplay between the structural and electronic properties of
semiconductor quantum dots, however, has not yet been achieved. In particular, the
influence of the diameter of their luminescent core, thickness of their protective shell, and
nature of their passivating ligands on their redox potentials and electron transfer kinetics
is still rather unclear,”” and systematic investigations on the structural factors regulating
the redox properties of quantum dots are rare.”’”’> On the basis of such considerations, I
examined the electrochemical response of a series of CdSe-ZnS core-shell quantum dots
differing in their core diameter and shell thickness as well as their ability to exchange

electrons with complementary acceptors and donors upon excitation.
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2.2 Results and Discussion

2.2.1 Absorption and Emission Spectroscopy

I prepared three sets of quantum dots with a CdSe core of different diameter (2.1, 2.3, and
2.5 nm)” coated with tri-n-octylphosphine oxide (TOPO), adapting a literature
procedure.”* Then, I exchanged the native TOPO ligands with n-decanethiol and assessed
the spectroscopic signature of the resulting nanoparticles in aerated tetrahydrofuran
(THF) at ambient temperature, once again, adapting a literature procedure.”” The
corresponding spectra (Figure 2.1) reveal band gap absorptions at 467, 491, and 514 nm
(Aap in Table 2.1) and emission bands at 493, 511, and 521 nm (Agy, in Table 2.1),
respectively. Thus, the absorption and emission wavelengths of these quantum dots
increase monotonically with the core diameter, in agreement with literature data.”® The
tail of the emission bands (d-f in Figure 2.1) is indicative of surface traps and suggests

the incomplete passivation of the nanoparticle surface by the n-decanethiol ligands.”””®

TABLE 2.1 Spectroscopic parameters of n-decanethiol-coated CdSe
quantum dots with different core diameters in THF at 20 °C.

d,, (nm)* 2.1 2.3 2.5
A,, (nm)” 467 491 514
AE, (eV)* 2.66 2.53 241
Ay, (nm) 493 511 521
o <0.05 <0.05 <0.05

“ Diameter of the CdSe core (ref 73). * Wavelength of the band gap
absorption.  Band gap energy calculated from Asp. ¢ Wavelength of the
emission band. ¢ Luminescence quantum yield.
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Fig 2.1 Absorption and emission spectra (1.5 pM, THF, 20 °C, Agx = 420 nm) of n-
decanethiol-coated CdSe quantum dots with core diameter of 2.1 (a and d), 2.3 (b and e),
and 2.5 nm (c and f).

I also prepared three sets of TOPO-coated CdSe-ZnS core-shell quantum dots with
identical core diameter (2.2 nm),73 but different shell thicknesses (1.4, 2.2, and 5.0 nm),79
adapting, once again, a literature procedure.”® Then, I exchanged their ligands with n-
decanethiol and recorded the absorption and emission spectra (Figure 2.2) of the resulting
nanoparticles. Their band gap absorptions are at 485, 487, and 491 nm (Aap in Table 2.2)
and their emission bands are at 518, 521, and 526 nm (Agn in Table 2.2), respectively.
Thus, the absorption and emission wavelengths of these quantum dots increase
monotonically with the shell thickness, in agreement with literature data.”® The
luminescence quantum yield (¢ in Table 2.1) of the n-decanethiol-coated CdSe quantum

dots is only 0.05 and does not change significantly with the core diameter. The
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introduction of a protective ZnS shell with a thickness of 1.4 nm around the emissive
CdSe core results in a pronounced enhancement in quantum yield up to 0.52 (¢ in Table
2.2).”"" Furthermore, the flat baseline on the red side of the emission band (d in Figure
2.2) is indicative of the effective passivation of the CdSe surface by the ZnS layer.
Nonetheless, an increase in shell thickness to 2.2 and 5.0 nm translates into a further

decrease in quantum yield to 0.43 and 0.23, respectively, in agreement with literature

data.”®

TABLE 2.2 Spectroscopic parameters of n-decanethiol-coated CdSe-ZnS
core-shell quantum dots with core diameter of 2.2 nm and different shell

thickness in THF at 20 °C.
d, (nm)‘ 1.4 2.2 5.0
A,, (nm)” 485 487 491
AE, (eV)© 2.56 2.55 2.53
Ay, (am)‘ 518 521 526
o° 0.52 0.43 0.23

“ Thickness of the ZnS shell (ref 79). * Wavelength of the band-gap

absorption. © Band-gap energy calculated from Aap. d Wavelength of the
emission band. ¢ Luminescence quantum yield.
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Fig 2.2 Absorption and emission spectra (1.5 uM, THF, 20 °C, Agx = 420 nm) of n-
decanethiol-coated CdSe-ZnS core-shell quantum dots with core diameter of 2.2 nm and
shell thicknesses of 1.4 (a and d), 2.2 (b and ¢), and 5.0 nm (c and f).

I also synthesized three additional sets of CdSe-ZnS core-shell quantum dots with
identical core diameter (2.3 nm)” and shell thickness (2.5 nm),” but differing in the
length of the alkanethiol ligands. Specifically, I coated these nanoparticles with n-
butanethiol, n-decanethiol, and n-octadecanethiol and assessed, once again, their
spectroscopic signature. The corresponding spectra revealed band gap absorptions at 497
nm and emission bands at 523 nm with quantum yields of 0.45 in all instances (Aab, Aem,
and ¢ in Table 2.3). Thus, the length of the oligomethylene tail of the organic ligands has

no influence on the absorption and emission spectra of these nanostructured assemblies.
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TABLE 2.3 Spectroscopic parameters of CdSe-ZnS core-shell quantum dots with
core diameter of 2.3 nm, shell thickness of 2.5 nm, and different ligands on their
surface in THF at 20°C.

Ligand n-buthanethiol n-decanethiol n-octadecanethiol
A,, (m)‘ 497 497 497
AE, (eV) b 2.49 2.49 2.49
A, (nm)© 523 523 523
o 0.45 0.45 0.46

“ Wavelength of the band gap absorption. ” Band gap energy calculated from Ap.
¢ Wavelength of the emission band. ¢ Luminescence quantum yield.

2.2.2 Voltammetry

The determination of the redox potentials could provide an indication about the absolute
energy values of the valence and conduction bands of semiconductor nanoparticles. In
practice, the measurement and interpretation of electrochemical data on most types of
quantum dots in solution are complicated by two issues.” The first one relates to the very
low solubility and the small diffusion coefficients of quantum dots, making current
intensities hard to measure against the background in voltammetric experiments. The
second issue stems from the chemical irreversibility of the redox processes, indicating
that the injection and removal of electrons to/from the particle is followed by
decomposition reactions (e.g., detachment of Cd and Se atoms in the case of CdSe).

Nevertheless, one can measure the redox potentials by carefully executed voltammetric
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experiments, and attempt an analysis of the data with regard to size dependence and

0-72
771n

correlation with the optical data, at least for homogeneous series of nanoparticles.
this study I employed differential pulse voltammetry (DPV) for the identification of the

redox processes and the determination of the corresponding potential values, while

relying on cyclic voltammetry (CV) to assess reversibility.

TABLE 2.4 Electrochemical parameters of n-decanethiol-coated CdSe quantum
dots with different core diameters in THF at 20 °C.

d,, (nm)* 2.1 2.3 2.5

E, (V)" +1.16 +0.82 +0.68
E, (V)¢ -1.07 -1.20 ~1.26
AE_ (eV) ! 2.24 2.03 1.94

“ Diameter of the CdSe core (ref 73). ” Potential for oxidation [V vs Ag/AgCl (3M
KCI), BuyNPFs (0.1 M)]. © Potential for reduction [V vs Ag/AgCl (3M KCl),
BusNPF¢ (0.1 M)]. 4 Band gap energy calculated from Eox and Egeq.

The differential pulse voltammograms (Figure 2.3) of the three sets of n-decanethiol-
coated CdSe quantum dots with core diameters of 2.1, 2.3, and 2.5 nm show an
irreversible oxidation at +1.16, +0.82, and +0.68 V and an irreversible reduction at -1.07,
-1.20, and -1.26 V vs Ag/AgCl (3M KCl), respectively.®*™ Thus, the potentials for the
oxidation and reduction of the quantum dots (Eox and Egreg in Table 2.4) shift in the
negative direction with an increase in core diameter. The chemical irreversibility of these

processes can be explained considering that the addition or removal of electrons to/from
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the nanoparticle may be followed by decomposition reactions (e.g., detachment of Cd or
Se atoms). The band gap energy (AEg in Table 2.4) calculated from the redox potentials
decreases with an increase in core diameter, in agreement with previous experimental

70,83

observations and theoretical calculations.* This trend parallels that of the optical

band gap energy (AEo, in Table 2.1) determined from the absorption spectra.
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Fig 2.3 Differential pulse voltammograms [1.5 uM, BusNPF¢ (0.1 M), THF, 20 °C, 20
mV s™) of n-decanethiol-coated CdSe quantum dots with core diameter of 2.1 (a and d),
2.3 (band e), and 2.5 nm (c and f).
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It should be noted, however, that these two energy values correspond to different
processes. AEg; is equivalent to the energy required to remove an electron from the
highest occupied electronic level of a neutral nanoparticle and place this electron in the
lowest unoccupied electronic level of an independent identical nanoparticle, whereas
AEq, is the minimum energy needed to excite optically an interacting electron-hole pair
in the quantum dot. The electrochemical band gap energy AEg is related to the optical

band gap energy AEq, by the following equation:

AEOp = AEg; — Jeon (5)

in which J., is the total Coulomb energy of the electron-hole pair. Hence, for any given
quantum dot size, AEg is expected to be larger than AEOP.83’84 Our data show, however,
that the electrochemical band gap energy is 0.4-0.5 eV smaller than the optical
counterpart in all instances. A reason for this discrepancy may be the fact that, because
electrochemical experiments probe surface levels, AEg is affected by the presence of
local trap states for electrons and holes. Such an interpretation is, in fact, supported by the
observation of a tail in the emission bands of this set of CdSe quantum dots (d-f in Figure
2.1). Another possibility is that the band gap energy determined electrochemically is

underestimated because of the chemical reactions following the redox processes.®’

The differential pulse voltammograms (Figure 2.4) of the three sets of n-decanethiol-
coated CdSe-ZnS core-shell quantum dots with identical core diameter and shell
thicknesses of 1.4, 2.2, and 5.0 nm also show an irreversible oxidation at +1.56, +1.45,
and +1.25 and an irreversible reduction at -0.98, -1.00, and -1.12 V vs Ag/AgCl (3M

KCl), respectively (Eox and Egeq in Table 2.5).80’85 The presence of a ZnS shell around the
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CdSe core shifts both redox potentials in the positive direction. Specifically, the
potentials for oxidation and reduction of CdSe quantum dots with a core diameter of 2.2-
2.3 nm change from +0.82 and -1.20 V to +1.45 and -1.00 V, respectively, after the
deposition of a ZnS shell with a thickness of 2.2 nm. Thus, the ZnS shell significantly
discourages oxidation but slightly facilitates reduction, while having negligible influence

on AEqy.
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Fig 2.4 Differential pulse voltammograms [1.5 pM, BusNPF¢ (0.1 M), THF, 20 °C, 20
mV s”, Ag/AgCl (3M KCI)] of n-decanethiol coated CdSe-ZnS core-shell quantum dots
with core diameter of 2.2 nm and shell thicknesses of 1.4 (a and d), 2.2 (b and ¢), and 5.0
nm (¢ and ).
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TABLE 2.5 Electrochemical parameters of n-decanethiol-coated CdSe-ZnS core-
shell quantum dots with core diameter of 2.2 nm and different shell thickness in
THF at 20 °C.

d,, (nm)‘ 1.4 2.2 5.0

E, (V)" +1.56 +1.45 +1.25
E, (V)¢ —0.98 ~1.00 ~1.12
AE_ (eV) 2.53 2.45 237

“ Thickness of the ZnS shell (ref 79). * Potential for oxidation [V vs Ag/AgCl (3M
KCI), BuyNPF¢ (0.1 M)]. ¢ Potential for reduction [V vs Ag/AgCl (3M KCl),
BwNPF¢ (0.1 M)]. 9Band gap energy calculated from Epy and Egeq.

The positive potential shift of the oxidative process is in qualitative agreement with the
change in the valence band energy on going from CdSe to ZnS,”™ suggesting that the
oxidation of the CdSe-ZnS nanoparticles may involve the removal of electrons from the
inorganic shell. However, the significant increase of the luminescence quantum yield
upon deposition of the ZnS layer indicates that the electrochemical response of the
nanoparticles is most likely dominated by surface states.*® Presumably, dangling
electrons on the CdSe surface are responsible for oxidation in the absence of a ZnS shell
and their passivation results in the observed potential shift with a concomitant
enhancement in luminescence quantum yield. Furthermore, an increase in shell thickness
translates into a shift of both potentials in the negative direction. This trend is
qualitatively similar to that observed upon increasing the CdSe core diameter (Table 2.4).
Similarly, the band gap energy (AEg in Table 2.5) calculated from the redox potentials
decreases with an increase in shell thickness. By contrast, the shell thickness has a

negligible influence on the band gap energy (AEq, in Table 2.2) determined from the
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absorption wavelength. Hence, the ZnS shell seems to dominate the electrochemical
response of these nanoparticles, while having a modest effect on their visible absorption

spectrum.

The introduction of n-butanethiol and n-octadecanethiol in place of n-decanethiol on
the surface of CdSe-ZnS core-shell quantum dots also has a significant influence on the
electrochemical response.”” The potential values for oxidation and reduction (see Figure
7.1 in Chapter 7, Additional Information) shift in the positive and negative directions
respectively with the elongation of the oligomethylene chains of their ligands (Eox and
Ereq in Table 2.6). As a result, the electrochemical band gap energy increases
concomitantly, while the optical band gap energy remains constant (AEg; and AEg, in
Table 2.3). Possibly, the electrically insulating oligomethylene layer slows down the
heterogeneous electron transfer to and from the electrode, thereby imposing an
overpotential for the injection of charge into the nanocrystals. Thus, the thickness of the
passivating organic layer can be exploited to protect the nanoparticles from oxidation and

reduction, while leaving their spectroscopic signature essentially unaffected.

TABLE 2.6 Electrochemical parameters of CdSe-ZnS core-shell quantum dots
with core diameter of 2.3 nm, shell thickness of 2.5 nm, and different ligands on
their surface in THF at 20°C.

Ligand n-buthanethiol n-decanethiol n-octadecanethiol
E, V)° +1.18 +1.26 +1.37
b
Epa™ —0.97 -1.13 -1.17
AE_ (eV)° 2.15 2.40 2.55

“ Potential for oxidation [V vs Ag/AgCl (3M KCI), BusNPF (0.1 M)].  Potential
for reduction [V vs Ag/AgCl (3M KCl), BusNPFg (0.1 M)]. © Band gap energy
calculated from Eox and Egreg.
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2.2.3 Photoinduced Electron Transfer

The potential values for methyl viologen reduction and ferrocene oxidation are -0.42 and
+0.53 V vs Ag/AgCl (3M KCl), respectively.*”® These values suggest that the transfer of
one electron from excited CdSe-ZnS core-shell quantum dots to methyl viologen or from
ferrocene to these nanoparticles is exoergonic with an estimated free energy change of at
least -0.6 eV.*” Thus, both species should be able to quench the luminescence of these
particular quantum dots. On the basis of these considerations, I prepared four additional
sets of TOPO-coated quantum dots with identical diameter (2.7 nm)” for their CdSe core
and different thicknesses (0, 1.2, 3.1, and 5.0 nm)79 for their ZnS shell and tested the

influence of methyl viologen and ferrocene on their spectroscopic response.

The addition of increasing amounts of the hexafluorophosphate salt of methyl viologen
to dispersions of the quantum dots in THF has negligible influence on their visible
absorption spectrum and on the position of their emission band (Figure 7.2 in Chapter 7).
Instead, the emission intensity decreases significantly in all instances (a-d in Figure 2.5)
in agreement with the expected photoinduced electron transfer from the nanoparticles to
the quencher. However, the average luminescence lifetime of the quantum dots does not
change with the quencher concentration (e-h in Figure 2.5). This behavior is consistent
with static quenching® and demonstrates that the quenchers adsorb on the surface of the
nanoparticles prior to excitation.”’ Indeed, the analysis of the corresponding Stern-
Volmer plots indicates association constants of ca. 10° M' (K in Table 2.7) with
quenching rate constants of ca. 10° s (k in Table 2.7).”" Interestingly, both constants

drop dramatically with the addition of the ZnS shell around the CdSe core and then
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decrease monotonically with an increase in shell thickness. Thus, the protective ZnS layer
depresses the stability of the nanoparticle-quencher complexes and delays the

photoinduced electron transfer process.
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Fig 2.5 Dependence of the emission intensity and average luminescence lifetime of
TOPO-coated CdSe-ZnS core-shell quantum dots (0.4 uM, THF, 20 °C, Agx = 420 nm)
with identical core diameter and shell thicknesses of 0 (a and ¢), 1.2 (b and f), 3.1 (c and
g), and 5.0 nm (d and h) on the concentration of the hexafluorophosphate salt of methyl
viologen.

TABLE 2.7 Association constants and quenching rate constants for the
hexafluorophosphate salt of methyl viologen and TOPO-coated quantum dots with
a diameter of 2.7 nm for their CdSe core and different thicknesses for their ZnS
shell in THF at 20 °C.

d. (nm)° K10 M )? k(10 s )° = ()
0 2 28 8.8
1.2 7.1 7.4 142
3.1 6.4 72 18.9
5.0 48 42 2.4

“ Thickness of the ZnS shell (ref 79). ® Association constant. © Quenching rate
constant. ¢ Average luminescence lifetime.



54

The addition of increasing amounts of ferrocene to dispersions of the quantum dots in
THF has, once again, negligible influence on their visible absorption spectrum and on the
position of their emission band (Figure 7.3 in Chapter 7). However, the presence of this
compound has only a minor influence on the emission intensity of the nanoparticles.
Thus, ferrocene cannot significantly quench the luminescence of CdSe and CdSe-ZnS
quantum dots, even if the redox potentials of these species suggest the photoinduced
transfer of one electron from ferrocene to the nanoparticles to be exoergonic. The lack of
quenching is most probably related to the inability of ferrocene to associate with the
quantum dots. In fact, the occurrence of collisional quenching is very unlikely, even if it
is diffusion controlled, because of the short luminescence lifetime of these nanoparticles
(9-22 ns) and the relatively low quencher concentrations (<6 pM) used in my

experiments.

I also assessed the influence of the nature of the organic ligands passivating the surface
of CdSe-ZnS core-shell quantum dots on the quenching ability of methyl viologen. In
particular, I added increasing amounts of the hexafluorophosphate salt of methyl viologen
to three sets of CdSe-ZnS core-shell quantum dots with identical core diameter (2.3 nm)”
and shell thickness (2.5 nm),” but coated with n-butanethiol, n-decanethiol, or n-
octadecanethiol. In all instances, the emission intensity decreased with the concentration
of the quencher (Figure 7.4 in Chapter 7). The analysis of the corresponding Stern-
Volmer plots revealed association constants of ca. 10° M' (K in Table 2.8).”
Interestingly, the constant decreases monotonically with the elongation of the
oligomethylene tails of the alkanethiol ligands. Thus, an increase in the thickness of the

organic layer passivating the surface of the quantum dots suppresses the stability of the
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nanoparticle-quencher complexes and slows the associated photoinduced electron transfer

process.

TABLE 2.8 Association constants for the hexafluorophosphate salt of methyl
viologen and CdSe-ZnS core-shell quantum dots with core diameter of 2.3 nm,
shell thickness of 2.5 nm, and different ligands on their surface in THF at 20°C.

Ligand n-buthanethiol n-decanethiol n-octadecanethiol

5 -1
K10 M ) 75 6.9 5.5

2.2.4 Preliminary Observations

My investigations demonstrate that the absorption and emission wavelengths of CdSe
quantum dots, coated with alkanethiols, increase monotonically with the nanoparticle
diameter. The addition of a ZnS shell around the CdSe core has negligible influence on
both wavelengths, but leads to a significant enhancement in luminescence quantum yield.
These observations are in full agreement with literature data.”® In addition, my studies
reveal also that the length of the oligomethylene chains of the organic ligands has

essentially no influence on the spectroscopic signature of the quantum dots.

The core diameter defines also the potentials for the oxidation and reduction of the
nanoparticles. Both redox potentials shift in the negative direction with an increase in
diameter. The electrochemical band gap energy, however, is significantly smaller than the
optical counterpart, presumably, because of the participation of surface defects in the

redox processes. The addition of a ZnS shell around the CdSe core shifts both potentials
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in the positive direction. Furthermore, the shell thickness has a significant influence on
the electrochemical band gap energy, but essentially no effect on the optical counterpart,
suggesting, once again, that surface defects participate in the redox processes. The
elongation of the oligomethylene chains of the organic ligands also affects the
electrochemical band gap energy. In fact, this parameter increases with the chain length.
Thus, the ZnS shell as well as the passivating organic ligands have a significant influence

on the oxidation and reduction of the nanoparticles.

Methyl viologen quenches the luminescence of the quantum dots on the basis of
photoinduced electron transfer. However, the ZnS shell delays the quenching process
and, consistently, the quenching rate constant decreases with an increase in shell
thickness. The quenchers adsorb on the surface of the nanoparticles prior to their
excitation, forming a complex in the ground state. Nonetheless, the corresponding
association constant decreases with the length of the oligomethylene chains of the organic
ligands. Thus, the ZnS shell and passivating ligands protect in part the luminescent CdSe

core from the quenchers.

The combination of spectroscopic and electrochemical measurements on quantum dots
of different structure and size revealed to be particularly appropriate, because photometry
and fluorimetry enable the study of the exciton formation and recombination inside the
nanocrystal, while electrochemical techniques are particularly suited to probe the
quantum dots surface. The knowledge of the redox potentials is of particular importance
for the de novo design of nanodevices based on quantum dots and operating via electron-

transfer processes. For these reasons, I thought of further extending my investigations to
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a different level, intrigued by the effect that the presence of surface defects may have on

the redox behavior of the nanoparticles.

Surface traps are suspected to be strongly related to the overall size of the nanoparticle.
For cores of the same size range (below 2.5 nm are considered small-sized, mid-sized
from 2.6 to 4 nm, and large-sized above 4 nm), it can be assumed that the effect of
surface defects will be the same. Therefore, I initially chose to probe quantum dots that
were only slightly different in core size (2.1, 2.3 and 2.5 nm, see Table 2.1 and 2.4), in

order to establish a consistent behavior within the same range (small size particles).

In the next section, I will describe the spectroscopic and electrochemical properties of
two series of CdSe nanocrystals. Each series has been prepared according to a commonly
used protocol derived from the same synthetic procedure, and consists of particles of
three and four different diameters, respectively. All the measurements were performed
during a period of four months I spent at the Department of Chemistry “G. Ciamician”,
Universita di Bologna (Italy), with the precious collaboration and assistance of the
research group of Prof. Alberto Credi. For each sample we have measured the UV-visible
absorption and emission properties, and the potentials for the first reduction and
oxidation processes in chloroform solution. A detailed comparative analysis of the
spectroscopic and voltammetric data, together with the results of luminescence quenching
experiments, allowed us to identify the influence of surface defects on the properties of
the various quantum dots. An interpretation for the size-dependent evolution of the
surface defects in these nanocrystals, based on their mechanism of growth, is also

proposed.
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2.3 Role of Defect States

The main purpose of this stage of work was to investigate the correlation between the
spectroscopic and redox properties of CdSe quantum dots as a function of their size;
hence, one should ideally compare the behavior of particles of several different diameters
that have been synthesized under identical conditions. The best way to prepare such a
series of quantum dots is to use a hot injection procedure and collect aliquots of the
reaction mixture at different times during the growth phase of the synthesis. In the frame
of the chosen procedure, a given synthetic batch yields highly monodisperse nanocrystals
with sizes comprised in a relatively narrow interval.”” An optimal range of sizes depends
on parameters such as the solution volume, initial concentrations, nucleation and growth
temperatures.””* For this reason it was not possible to obtain more than a few
nanocrystal samples exhibiting well distinct optical properties in a synthetic batch.
Indeed, a larger choice of sizes would have been desirable to improve the reliability of
our studies. However, such a series of quantum dots could only be obtained from
synthetic batches optimized for different size ranges, or by enabling a further growth of
the nanocrystals in a given batch upon addition of new reactants. In either case, the
various samples of a series would not be homogeneous with one another in terms of
reaction conditions, thereby compromising the accuracy of the correlation between size
and properties. Our choice was therefore to prepare representative samples of the crucial
steps involved in the nanocrystal growth, namely early stages (focusing regime), focused

size, and defocusing.
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To compensate for the above discussed limitation in the available range of sizes, we
employed two different protocols of the same popular synthetic methodology, and
accordingly prepared two homogeneous series of quantum dots. The first series (ODE)
was prepared using 1-n-octadecene (ODE) as a non-coordinating solvent, and consists of
four samples: ODE1, ODE2, ODE3, and ODEA4, collected after 10 s, 40 s, 2 min and 15
min of growth, respectively. The second series (TOPO) was prepared using tri-n-
octylphosphine oxide (TOPO) as a coordinating solvent, and consists of three samples:
TOPO1, TOPO2 and TOPO3, collected after 10 s, 9 min and 11 min of growth,

respectively.

The diameter of the nanocrystals (Table 2.9) was again determined from the position of
their low-energy absorption peak.”” TEM images (Figure 7.5 in Chapter 7) revealed that
the particles are spherical and exhibit a narrow size distribution. The diameter values
estimated by electron microscopy differ from those determined from the absorption
spectrum by less than 5%, indicating that optical measurements afford an accurate

estimate of the size of these nanocrystals.
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2.3.1 Absorption and Emission Spectroscopy

The UV-visible absorption and emission spectra for quantum dots of the ODE and
TOPO series are shown in Figure 2.6a and 2.6b, respectively; the corresponding
spectroscopic data are reported in Table 2.9. For all samples, the excitonic absorption and
luminescence bands move to lower energies on increasing the size of the particle, in line
with the results discussed previously and with many other literature reports on similar
systems.”” The absorption spectra of ODE quantum dots (Figure 2.6a) are more
structured and exhibit an excitonic peak with higher symmetry compared with the
samples of the TOPO series (Figure 2.6b). Moreover, the samples of the ODE series
exhibit narrower photoluminescence bands with respect to the TOPO series. All these
observations indicate that the ODE quantum dots are less polydisperse than the TOPO
ones, thereby reflecting a different ability of size control for the two corresponding

synthetic protocols.

TABLE 2.9 Spectroscopic data of the investigated CdSe
quantum dots in CHCl; at 20 °C.

Sample d (nm)“ Aab’ AEm Oem?  AEop(eV)©
ODE1 2.6 522 540 0.020 2.30
ODE2 3.1 552 570 0.028 2.18
ODE3 3.8 579 595 0.057 2.09
ODEA4 4.3 591 608 0.023 2.04
TOPO1 2.3 498 516 0.005 2.41
TOPO2 4.1 589 607 0.019 2.04
TOPO3 4.6 601 617 0.018 2.01

“ Diameter of the CdSe core (ref 73). © Wavelength of the band gap
absorption. ¢ Wavelength of the emission band. ¢ Luminescence
quantum yield. © Band gap energy calculated from Aap.
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Fig 2.6 Absorption (grey lines) and emission (black lines) spectra (CHCl3, 20 °C, Agx =
480 nm except for TOPO1, which was excited at 440 nm) of the investigated CdSe
quantum dots, synthesized using either (a) 1-n-octadecene (ODE) or (b) tri-n-
octylphosphine oxide (TOPO) as solvent. The spectra are vertically offset for clarity.

The photoluminescence quantum efficiencies are on the order of a few percent, as

and in perfect agreement with the
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measurements performed on n-decanethiol-coated nanoparticles (Table 2.1). The
nanocrystals of the ODE series possess substantially higher emission quantum
efficiencies than TOPO quantum dots. It is known that the values of luminescence
quantum efficiencies are related to the presence of defect or “trap” states in the
nanocrystals.”” Defect states are originated from vacancies, impurities or surface
reactions. They are mainly located at the surface, and are sensitive to the attack of
external agents (e.g., molecular oxygen and water). The presence of defects prevents the
radiative recombination of the charge carriers by enabling non radiative decay pathways
that involve the trapping of the electron and/or the hole in the defects. Hence, for a given
type of quantum dots, the value of the photoluminescence quantum efficiency is inversely
proportional to the amount of defects in the nanocrystals, and increases by improving
surface passivation.”’ Because of the small size of quantum dots, the ratio between the
surface defect states and the overall number of atoms in the nanocrystal can be very high.
Clearly, in order to understand — and possibly predict — the properties of quantum dots, an

evaluation of the amount of defects is of crucial importance.

The exchange of TOPO ligands with alkylamines (e.g., HDA) results in an increase of
the emission quantum yield of the quantum dots”’, presumably because the sterically less
hindered amine molecules improve the surface capping compared with the more
hindering TOPO ligands. In our case, the generally higher quantum yields of the ODE
quantum dots compared to the TOPO family can be rationalized by considering that in
the non-coordinating ODE solvent the insertion of the HDA capping ligands together
with TOPO ligands is facilitated with respect to the situation in which TOPO is the

solvent.
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It can be noticed that for both ODE and TOPO series the luminescence quantum yields
become larger on increasing the quantum dots size until diameters reach around 4 nm;
larger particles exhibit lower quantum yields compared to mid-sized particles. This
observation suggests that the smallest and the largest nanocrystals obtained with the
above described synthetic procedure are more defective than quantum dots of
intermediate diameters. Indeed, the presence of a low-energy tail in the emission band of
the smallest nanocrystals of both families (TOPO1 and ODEIl, Figure 2.6, and n-
decanethiol-coated CdSe quantum dots, Figure 2.1) is a symptom of the presence of

surface defects.”’

Although the synthesis of quantum dots is a very complex process under a mechanistic
viewpoint,” we can attempt an interpretation of our observations on the basis of the
general mechanism of nucleation and growth of the nanocrystals in synthetic approaches
based on homogeneous reactions.”””**>'% In order to afford monodisperse colloids an
essential requirement is a clear temporal separation of nucleation and growth of the
particles. In hot injection methods this separation is achieved by the rapid mixing of the
reagents in a solvent at high temperature. The injection leads to a sudden supersaturation
of the solution and subsequent formation of nanocrystal seeds; such a nucleation is
quickly quenched by the fast cooling of the reaction mixture when the room-temperature
reactants are added to the hot solvent, and by the decrease of saturation caused by the
nucleation burst. Ideally, all the crystals nuclei should be formed at the same time and
undergo an identical growth. The nanocrystals growth implies the diffusion of the
reactants to the particle and their successive reaction with the surface. Usually, the latter

process controls the growth kinetics only at very high concentration of reactants, e.g. in
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the very first stage of the synthesis. Later, when the reservoir of reactants is partially
depleted, the rate determining step is the diffusion of the reactants. The growth rate
depends also on the nanocrystal size because of the Gibbs-Thompson effect: smaller
crystals, because of their higher surface energy, dissolve faster than larger ones. A critical
value of diameter d* exists such that particles with this size are in equilibrium with the
solution and thus exhibit zero growth. This critical size depends on multiple parameters
(concentration and nature of the reactants, temperature, solvent) and, because of the
decrease of the reactants concentration, it shifts progressively to higher values during the
synthesis. Because of the combination of diffusion and Gibbs-Thompson effects, if the
size of the particles is larger than 2d* larger crystals grow at a lower rate than smaller
ones.””* In this regime, called size focusing, the number of particles remain essentially
unchanged, the mean diameter increases, and size distribution narrows. However,
nanocrystals in solution can grow also as a consequence of Ostwald ripening, e.g.,
smaller particles are easily dissolved and the resulting material is redeposited onto larger
ones. This process occurs when the critical size becomes larger than the actual size of the
nanocrystals, i.e., at a later stage of the reaction. Ostwald ripening causes a decrease of
the total number of nanocrystals and an increase of their mean diameter, together with an

. . . . 101
increase of the size dispersion.

102

It is known = that small nanocrystals carry a large amount of defects, most likely

because the relatively short reaction time does not allow thermal annealing.'®” Tt should
also be considered that the fraction of surface atoms on the total number of atoms is

93,94

higher for small particles. When the growth occurs in the focusing regime, " as for mid-

sized particles, it can be hypothesized that some correction of surface defects takes place
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besides the narrowing of the size distribution. The growth of larger particles can occur, at
least in part, by Ostwald ripening, e.g., by disassembly of small crystals and
incorporation of the resulting material into larger ones. The low kinetic energy in the
ripening regime and the fact that the building blocks reacting on the surface derive from
small, more defective quantum dots may be the reasons why larger particles carry a

substantial amount of defects.

2.3.2 Voltammetry

As previously discussed, we relied on differential pulse voltammetry for the identification
of the redox processes and the determination of the corresponding potential values, while
we employed cyclic voltammetry to assess their reversibility. The electrochemical data
are gathered in Table 2.10. The CV patterns of the quantum dots of both ODE and
TOPO series in chloroform exhibit irreversible oxidation and reduction processes. The
differential pulse voltammograms of ODE and TOPO families are shown in Figures 2.7.
Specifically, the potentials for the oxidation of the ODE set are +1.10, +1.79, +1.77 and
+1.02 V vs Ag/AgCl in order of increasing diameter. The potentials for the reduction of
the same set are —0.99, —1.21, —1.25 and —0.89 V vs Ag/AgCl. Hence, it appears that the
smallest and the largest particles of the series are easier both to oxidize and to reduce
compared to quantum dots of intermediate size (Figure 2.8). A similar trend of the
potentials for oxidation and reduction on the particle diameter was found for the quantum

dots of the TOPO family. Such a non-monotonous size dependence of the redox
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potentials indicates that, for the investigated nanocrystals, these values are not solely

determined by quantum confinement.

TABLE 2.10 Electrochemical parameters of CdSe quantum dots in CHCls at 20 °C.

Sample
ODE1
ODE2
ODE3
ODE4

TOPO1

TOPO2

TOPO3

d (nm) “

2.6
3.1
3.8
4.3
23
4.1

4.6

E, (V)
+1.10
+1.79
+1.77
+1.02
+1.14
+1.32

+1.24

E,, (V)¢ AE_(eV)? Jen® AE —Jen’

Red

-0.99
-1.21
-1.25
-0.89
-0.86
-1.18

-0.82

2.09
3.00
3.02
1.91
2.00
2.50

2.06

0.11
0.09
0.08
0.07
0.13
0.07
0.06

1.98
291
2.94
1.84
1.87
2.43

2.00

“ Diameter of the CdSe core (ref 73). * Potential for oxidation [V vs Ag/AgCl (3M
KCI), BuyNPF¢ (0.1 M)].  Potential for reduction [V vs Ag/AgCl (3M KCIl), BuyNPFg
(0.1 M)]. 4 Band gap energy calculated from Eoy and Egeq. © Coulomb energy for the
electron-hole pair (eqn 9 in ref 104). / Calculated optical band gap.
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Fig 2.7 Differential pulse voltammograms (3 uM, 0.1 M BusNPF¢, CHCls, 20 °C, 20 mV
s ') for reduction (left) and oxidation (right) of the nanocrystals of the ODE and TOPO
family. The potentials are referred to the aqueous Ag/AgCl (3M KCl) standard electrode.
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Fig 2.8 Size dependence of the DPV peak potentials for reduction (empty symbols) and
oxidation (filled symbols) of quantum dots of the ODE (diamonds) and TOPO (circles)
series in CHCIls. The electrochemical band gap (AE.) for each particle corresponds to the
vertical distance between its two redox potential values. The filled bars represent the
optical band gap measured from the UV-visible spectra (AE,,), while the empty bars
represent the band gap calculated from the electrochemical data (AE¢ — Je ). For each
particle type, the bars are positioned centrally with respect to the electrochemical band

gap.

It can be noticed that, for each family, the smallest and the largest particles exhibit
calculated optical band gap values (AE¢ — J.) smaller than or comparable with the
experimental ones (AE,p), while for mid-sized particle the calculated values exceed
substantially those determined from the optical spectra. In other words, the smallest and
the largest nanocrystals of the series appear to be easier to oxidize and/or to reduce than

what expected on the basis of their optical spectra. Conversely, for particles of
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intermediate size the optical and electrochemical band gaps are inconsistent with one
another because of the very high potential values of the DPV oxidation and reduction

peaks.

The behavior of the smallest and largest quantum dots can be accounted for by the
presence of surface defects that act as local trap states for electron and holes, thereby
allowing oxidation and reduction at milder potential values. Obviously, in this case the
redox potentials do not reflect the position of the valence and conduction band edges. The
fact that mid-sized nanocrystals do not undergo oxidation and reduction processes at
potential values lower than those expected from their optical band gap indicates that
surface defects do not play a major role in determining their electrochemical behavior.
All these observations are in agreement with the size dependence of photoluminescence
quantum efficiencies, and support our picture of defect evolution during the synthesis of

the nanocrystals.'®’

It is also interesting to compare the current intensities associated with the DPV peaks
for the various samples. First of all, it should be recalled that the meaning of such a
comparison is jeopardized by the chemical irreversibility of the processes; one can
assume that any effect of an irreversible chemical reaction on the redox potential values
would be similar for all samples because the investigated quantum dots possess the same
chemical composition. It can be noticed that the smallest and the largest particles (ODE1
and ODE4, TOPO1 and TOPO3 in Figure 2.7) show much lower peak current
intensities than mid-sized ones. This is again in agreement with the observation that small

and large quantum dots have more defects than those with intermediate sizes. Even for
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the smallest particles of our series, there are less surface atoms than internal ones, and
only a fraction of the former will host defects. Hence, it may be expected that redox
processes associated with surface traps exhibit smaller current intensities than those
corresponding to electron transfer from or to the nanocrystal bulk. Moreover, it is known
that surface vacancies often react with oxygen and/or water;’’ in this case, the defects
may become electrochemically silent in the explored potential window. ODE1, ODE4,
TOPO1 and TOPO3 do not show other DPV peaks after those due to surface oxidation
and reduction, presumably because successive electron transfer processes from or to the
nanocrystal in the already oxidized or reduced particle would take place outside the

potential window accessible in our experiments.

Finally, it is important to discuss the reasons why mid-sized particles of each series (in
particular, the ODE series) show considerably higher potentials for reduction and
oxidation than the other particles of the same family, and exhibit an electrochemical gap
much larger than that expected on the basis of their optical band gap (Figure 2.8). It
should be noted that the DPV peaks for samples ODE2, ODE3 and TOPO2 (Figure 2.7)
are quite broad; for example, the onset of current intensity for reduction of ODE3 starts
at ca. —0.8 V while the peak potential is —1.25 V. This observation would be easily
accounted for in the presence of a broad size distribution; however, this is not the case for
the present samples. Reasonable possibilities are that (i) the DPV peak is in fact the result
of several electron-transfer processes occurring at slightly different potentials, and (ii) the
electron exchange between the electrode and the nanocrystals exhibits slow kinetics. The
first interpretation is in line with earlier observations that quantum dots can undergo

6

multielectron redox processes,'® and is consistent with the relatively high current
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intensities associated with the DPV peaks. Regarding the second possibility, nanocrystals
with low surface defect rates could indeed undergo sluggish electron-transfer reactions
because their surface is more effectively coated'”” by the electrically insulating organic

197 and the redox

molecules (defected sites may not act as binding sites for the ligands),
processes could involve atoms located in the nanocrystal interior. The fact that mid-sized

quantum dotss of the less defected ODE family exhibit larger redox potential deviations

compared with TOPO2 (Figure 2.8) supports this interpretation.

In summary, our observations indicate that DPV peak potentials are unlikely to provide
an accurate estimate of the position of band edges in the investigated nanocrystals, for

different reasons depending on the size of the quantum dots.
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2.4 Conclusions

We have synthesized two series of CdSe nanocrystals of various diameters, and studied
their spectroscopic and voltammetric properties in chloroform solution. The series were
prepared from single synthetic batches under slightly different experimental conditions,

according to commonly used protocols derived from the same synthetic procedure.

While the optical band gap energies exhibit the size dependence expected on the basis
of quantum confinement effects, the electrochemical band gap values are not
monotonously related to the size of the nanocrystals, and are not consistent with the
corresponding optical band gap energies. A detailed comparative analysis of the
spectroscopic and voltammetric data suggest that the smallest and largest quantum dots of

each series have more surface defects than the quantum dots of intermediate size.

A possible explanation for this behaviour is that small particles have more defects
because of the relatively short reaction time which does not allow thermal annealing.
Mid-sized particles, growing in the focusing regime, most likely experience a correction
of surface defects besides the narrowing of the size distribution. The growth of larger
particles can occur, at least in part, by Ostwald ripening (disassembly of small crystals
and incorporation of the resulting material into larger ones). Therefore the building
blocks reacting on the surface in this regime derives from small quantum dots, which

carry a substantial amount of defects.

Indeed, our investigation would have been more meaningful if a larger number of

differently sized quantum dots could be investigated and compared; unfortunately, this
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was not possible for nanocrystals that are fully homogeneous in terms of synthetic
history. However, we believe that the qualitative agreement between the behaviour of the

ODE and TOPO series strengthens the validity of the above discussion.

In summary, semiconductor nanoparticles are very promising building blocks to make
multicomponent systems that perform functions taking advantage of electron-transfer
processes (e.g., luminescence sensing and switching). Our results show that the redox
potential values may not reflect the position of the valence and conduction band edges of
CdSe nanocrystals, even for samples of high quality in terms of chemical composition,
size and shape dispersion, and surface passivation. Moreover, electron-transfer reactions
involving redox sites located in the interior of the quantum dots appear to be both
thermodynamically less favored and kinetically slower than those involving surface traps,
but are statistically more likely to occur because internal redox sites (atoms) are far more
abundant than surface defects. The ill-defined electrochemical behavior of the
nanocrystals and the difficulty to probe their redox levels complicates substantially the
design of quantum dots-based devices and materials exhibiting predetermined
functionalities. Indeed, further fundamental investigations are needed to see if and how
the vast amount of knowledge accumulated in the modular construction of molecular

devices can be transferred to semiconductor nanocrystals.



Chapter 3.

Photoinduced Enhancement in the Luminescence of Hydrophilic Quantum Dots
Coated with Photocleavable Ligands

3.1 Motivation

108-115 10,12b,116,117

Photocaged fluorophores and photoactivatable fluorescent proteins switch
from a nonemissive to an emissive state upon illumination at an appropriate wavelength
and are valuable analytical tools for the investigation of biological samples. Indeed, their
introduction into a specimen of interest permits the local activation of fluorescence under
optical control. In turn, fluorescence photoactivation offers the opportunity to monitor
the diffusion of a labeled target as well as to resolve in time spatially-indistinguishable
labels. As a result, these photoresponsive probes in combination with fluorescence

imaging can be exploited to assess the dynamics of biological processes and visualize the

subtleties of biological structures.

Photocaged fluorophores generally rely on the photoinduced cleavage of appropriate
functional groups to activate the fluorescence of organic chromophores.'®"'"* Similarly,
their ~genetically-encoded counterparts activate the fluorescence of organic
chromophores, embedded within polypeptidic frameworks, on the basis of
photoisomerizations and proton transfer in the excited state. '*'**!'*!!7 The photophysical
properties of organic chromophores, however, are inferior to those of certain inorganic
nanoparticles. Specifically, semiconductor quantum dots**>! have huge one- and two-
photon absorption cross sections, long luminescence lifetimes and excellent

photobleaching resistances. In addition, their narrow and symmetric emission bands can
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be tuned across the visible region with careful adjustments in elemental composition and
physical dimensions. Thus, the identification of mechanisms to photoactivate the
luminescence of quantum dots can translate into the development of photocaged probes

with improved performance.

Recently, we developed biocompatible CdSe—ZnS core—shell quantum dots coated with
amphiphilic polymer ligands''®.  The organic envelope around the inorganic core of
these nanostructured constructs preserves their photophysical properties, while ensuring
aqueous solubility and biocompatibility. In addition, the polymeric ligands permit the
covalent attachment of organic dyes via amide-bond formation. On the basis of these
considerations, I envisaged the possibility of attaching photocleavable groups to
hydrophilic quantum dots in order to activate their luminescence under optical control in
aqueous environments. Indeed, a recent report''’ demonstrates that the photocleavage of
2-nitrobenzyl groups, adsorbed on the surface of CdTe—CdS core—shell quantum dots,
leads to a significant luminescence enhancement. Nonetheless, these particular
nanoparticles were coated with mercaptopropionic acid to ensure hydrophilic character.
Unfortunately, such monodentate organic ligand tends to desorb gradually from the
inorganic surface, leading eventually to aggregation and precipitation. Instead, our
polydentate ligands can impose long-term stability on the coated quantum dots in
aqueous environments, while permitting the covalent attachment of 2-nitrobenzyl
photocages. I designed a protocol to couple 2-nitrobenzyl photocages to polymer-coated
quantum dots (Figure 3.1). In this Chapter, I will report the synthesis of these
photoresponsive nanostructured assemblies and of appropriate model systems together

with their photochemical and photophysical properties.
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Fig. 3.1 Design of the polymer-coated quantum dots coupled with 2-nitrobenzyl
photocages.

3.2 Design and Synthesis of the Ligands

The co-polymer 3a (Figure 3.2) incorporates anchoring thiol groups, hydrophilic
poly(ethylene glycol) chains and connecting carboxylic acids along a common
macromolecular backbone. When combined with preformed CdSe-ZnS core—shell
quantum dots, coated with tri-n-octylphosphine oxide (TOPO), this polymer adsorbs on
the surface of the inorganic nanoparticles, displacing the TOPO ligands, to generate

water-soluble quantum dots.''*"

The carboxylic acids appended to the polymeric
envelope around these nanostructured constructs can then be coupled to chromophores
with pendant primary amines, under the assistance of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and the sodium salt of 3-sulfo-N-

hydroxysuccinimide (sulfo-NHS).'"®®  Thus, these hydrophilic quantum dots can be
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reacted with 2-nitrobenzylamine on the basis of this experimental protocol to generate
nanoparticles with photocleavable 2-nitrobenzyl groups on their surface. The
investigation of the photochemical and photophysical properties of the resulting
conjugates, however, requires also the preparation of appropriate model compounds. In
particular, the dithiolane 3b, bisthiol 3¢ and amide 3f incorporate a 2-nitrobenzyl
appendage and permit the investigation of the photolysis of this particular group in
solution, its spectroscopic response after adsorption on the surface of model quantum
dots and the characterization of its redox behavior respectively. Instead, the bisthiol 3e
lacks the nitro group necessary to promote photolysis and, after adsorption on the surface
of model quantum dots, permits the investigation of the influence of the anchoring thiol

groups on the nanoparticles under irradiation.
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Fig. 3.2 Structures of the co-polymer 3a and model compounds 3b-3f.
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I synthesized the dithiolanes 3b and 3d in one step from the corresponding benzylamine
and thioctic acid under the assistance of N,N'-dicyclohexylcarbodiimide (DCC). I then
reduced their disulfide linkage with sodium borohydride to generate the bisthiols 3¢ and
3e respectively. Similarly, I prepared the amide 3f in one step from 2-nitrobenzylamine
and acetic anhydride. The synthetic procedures are described in details in Chapter 5,

Materials and Methods.

3.3 Synthesis and Spectroscopy of the Models

The anchoring thiol groups of 3¢ and 3e encourage the adsorption of both compounds on
the surface of preformed CdSe—ZnS core—shell quantum dots coated with TOPO. Indeed,
both compounds displace the native TOPO ligands of the nanoparticles, when stirred with
the latter in ethanol for 12 hours. In both instances, the modified quantum dots can then
be isolated after reiterative centrifugation and filtration steps and the presence of the
organic ligands on their surface can be confirmed by 'H nuclear magnetic resonance
(NMR) spectroscopy. Specifically, the '"H NMR spectra of the quantum dots, recorded
before and after treatment with the bisthiols, reveal the appearance of resonances for the

aromatic rings of the two ligands.

The absorption spectrum (a in Figure 3.3) of the model compound 3b, recorded in
tetrahydrofuran (THF), shows a band for the 2-nitrobenzyl chromophore at 261 nm.
Upon ultraviolet illumination, this particular band decays with the concomitant growth of

the characteristic absorption of 2-nitrosobenzaldehyde at 286 nm (b in Figure 3.3). These



79

spectral changes are consistent with the expected photoinduced cleavage of the 2-

nitrobenzyl group.'"!
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Fig. 3.3 Absorption spectra of 3b (0.2 mM, THF, 25 °C) before (a) and after (b)
ultraviolet irradiation (365 nm, 0.4 mW cm 2, 3-35 min). Absorption spectra of CdSe—
ZnS core—shell quantum dots (5 uM, THF, 25 °C) coated with 3¢ before (c¢) and after (d)
ultraviolet irradiation (365 nm, 0.4 mW cm 2, 5-45 min).
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I observed a similar behavior for the ligand 3¢, after its adsorption on the surface of
preformed CdSe—ZnS core—shell quantum dots. Specifically, the absorption spectrum (c
in Figure 3.3) of the modified quantum dots reveals a band for the 2-nitrobenzyl
chromophore at 256 nm and the band-gap absorption of the CdSe core at 440 nm. The
small difference in wavelength between the 2-nitrobenzyl absorption of 3b in solution
and that of 3¢ adsorbed on the quantum dots is indicative of environmental differences
around the photocleavable groups in the two instances and confirms the attachment of the
latter to the nanoparticles. The intensities of the two bands indicate the average number
of 2-nitrobenzyl groups per quantum dot to be ca. 18. Upon ultraviolet irradiation, the
absorbance at 256 nm decreases and a band for the photogenerated 2-
nitrosobenzaldehyde grows at 288 nm (d in Figure 3.3). Thus, the 2-nitrobenzyl ligands

can be photocleaved even when they are adsorbed on the inorganic nanoparticles.

The emission spectra of CdSe—ZnS core—shell quantum dots recorded before and after
(a and c in Figure 3.4) the adsorption of 3¢ on their surface reveal a negligible change in
emission wavelength, but a significant decrease in emission intensity. Indeed, the
emission band of the quantum dots is centered at ca. 480 nm in both instances, but the
luminescence quantum yield drops from 0.32 to 0.09 after the adsorption of 3c. The
pronounced decrease in quantum efficiency is, presumably, a result of photoinduced
electron transfer from the luminescent inorganic core to the organic ligands. In fact, the
oxidation potential of the quantum dots and the reduction potential of the 2-nitrobenzyl

group suggest this process to be exergonic with a free energy change of ca. —0.4 eV.'*°
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Upon ultraviolet irradiation, the emission intensity of the quantum dots coated with 3¢
increases (d in Figure 3.4) and, eventually, approaches that recorded before ligand
adsorption (a in Figure 3.4). These observations suggest that the photolysis of the
organic ligands removes the quenchers from the surface of the quantum dots and restores
their luminescence in full. However, the photoinduced conversion of the 2-nitrobenzyl
groups into 2-nitrosobenzaldehyde is irreversible, while the change in luminescence
appears to be reversible. Specifically, the emission intensity of the irradiated quantum
dots fades over the course of 24 hours upon storage in the dark. This apparent
contradiction indicates that the photolysis of the 2-nitrobenzyl groups cannot be the sole

process responsible for the changes in luminescence.
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Fig. 3.4 Emission spectra of CdSe—ZnS core—shell quantum dots (1.5 uM, THF, 25 °C,
Aex = 380 nm) coated with TOPO before (@) and after (b) ultraviolet irradiation (365 nm,
0.4 mW cm %, 5-30 min). Emission spectra of CdSe—ZnS core—shell quantum dots (5
uM, THF, 25 °C, Agx = 400 nm) coated with 3¢ before (c) and after (d) ultraviolet
irradiation (365 nm, 0.4 mW cm ?).
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Fig. 3.5 Emission spectra of CdSe—ZnS core—shell quantum dots (56 nM, THF, 25 °C,
Aex = 380 nm) coated with 3e before (a) and after (b) ultraviolet irradiation (365 nm, 0.4
mW cm 2, 5-20 min). Change in the relative emission intensity (¢) of CdSe—ZnS core—
shell quantum dots (56 nM, THF, 25 °C, Agx = 380 nm, Agy, = 476 nm) coated with 3e
upon ultraviolet irradiation (365 nm, 0.4 mW cm 2, 10 min) and storage in the dark (24
hours).

In order to gain further understanding on these effects, I examined the influence of
ultraviolet irradiation on the very same batch of CdSe—ZnS core—shell quantum dots

before and after adsorption of the model compound 3e. The benzyl terminus of this
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particular ligand lacks the nitro group of 3¢ and cannot be photocleaved. Consistently,
the absorption spectra of both sets of quantum dots do not change upon ultraviolet
illumination. However, their emission spectra vary significantly with irradiation.
Specifically, the luminescence of the native quantum dots decreases irreversibly by 44%
(a and b in Figure 3.4), while that of the nanoparticles coated with 3e increases by 43% (a
and b in Figure 3.5) under otherwise identical irradiation conditions. Furthermore, the
photoinduced luminescence increase observed in the case of 3e is reversible. In fact, the
emission intensity decreases upon storage in the dark and can be switched for multiple
cycles simply by alternating ultraviolet irradiation and storage steps (¢ in Figure 3.5).
Nonetheless, the magnitude of the luminescence change observed for the quantum dots
coated with 3e is only a fraction of that detected for those coated with the photocleavable
ligand 3c¢. Indeed, the emission intensity of the nanoparticles coated with 3¢ increases by

70% upon ultraviolet irradiation.

The behavior of the quantum dots coated with 3e prompted me to assess the response of
identical nanoparticles coated with n-decanethiol to ultraviolet irradiation. Once again,
the absorption spectrum does not change upon illumination, while the emission spectrum
reveals an increase in luminescence of 32% (a and b in Figure 3.6). As observed for 3e,
the photoinduced process is reversible and the luminescence returns to the original value
after storing the irradiated nanoparticles in the dark (¢ in Figure 3.6). These observations
suggest that the thiol anchoring groups of 3¢, 3e and n-decanethiol are responsible for the

121-124
also

photoinduced increase in emission intensity. Indeed, literature precedents
indicate that thiol ligands lead to significant luminescence enhancements upon prolonged

illumination of CdSe quantum dots with and without protective inorganic shells. These
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noticeable changes are, presumably, a result of the photoinduced oxidation of the thiol
groups.'”' In fact, the differential pulse voltammogram of 3e shows that the bisthiol
appendage can be oxidized to the corresponding disulfide at +0.45 V vs. Ag/AgCl
(Figure 7.6 in Chapter 7). This value in combination with the reduction potential of
similar CdSe—ZnS core—shell quantum dots suggests that the photooxidation of the thiol
ligands is exergonic with a free energy change of ca. —1.5 eV."* Presumably, this process
eliminates a fraction of the defects on the surface of the nanoparticles and leads to an
enhancement in luminescence. The thermal back reduction of the ligands can then
restore gradually the surface defects and lower the emission intensity back to the original

value, leading to the observed luminescence fading upon storage in the dark of an

irradiated sample.
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Fig. 3.6 Emission spectra of CdSe—ZnS core—shell quantum dots (1.5 uM, THF, 25 °C,
Aex = 380 nm) coated with n-decanethiol before (a) and after (b) ultraviolet irradiation
(365 nm, 0.4 mW cm 2, 5-30 min) and subsequent storage in the dark for 48 hours (c).
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3.4 Synthesis and Spectroscopy of the Hydrophilic Quantum Dots

The CdSe—ZnS core—shell quantum dots coated with the co-polymer 3a can be dispersed
in organic solvents as well as in aqueous environments.''*® The corresponding absorption
spectra (a in Figures 3.7 and 3.8) show the band-gap absorption of the nanoparticles to be
centered at 450 nm in both THF and neutral phosphate buffer saline (PBS). Furthermore,
the spectra do not change upon ultraviolet irradiation in both instances. Instead, the
emission band of the quantum dots shifts from 466 nm in THF to 487 nm in PBS with a
concomitant decrease in quantum yield from 0.46 to 0.30. In both instances, the emission
intensity increases significantly with ultraviolet irradiation up to a stationary value (b and
c in Figures 3.7 and 3.8) and then decreases after storage in the dark (d in Figures 3.7 and
3.8). These changes in luminescence parallel those observed for quantum dots coated
with the model ligands 3¢, 3e or n-decanethiol and, thus, appear to the related to the
presence of anchoring thiol groups in the polymeric envelope around the inorganic core.
Furthermore, essentially the same behavior can be reproduced in degassed solutions
under an atmosphere of argon, indicating that molecular oxygen does not participate in
these processes. By contrast, illumination of the very same samples with visible light,

rather ultraviolet radiations, does not cause any change in their emission intensity.
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Fig. 3.7 Absorption spectra of CdSe—ZnS core—shell quantum dots (1 uM, THF, 25 °C)
coated with 3a (a). Emission spectra of CdSe—ZnS core—shell quantum dots (1 uM, THF,
25 °C, Agx = 380 nm) coated with 3a before (b) and after (c) ultraviolet irradiation (365

nm, 0.4 mW cm 2, 10-30 min) and subsequent storage in the dark for 12 hours (d).
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Fig. 3.8 Absorption spectra of CdSe—ZnS core—shell quantum dots (4 uM, PBS, pH =
7.4, 25 °C) coated with 3a (a@). Emission spectra of CdSe—ZnS core—shell quantum dots
(4 uM, PBS, pH = 7.4, 25 °C, Agx = 380 nm) coated with 3a before (b) and after (c)
ultraviolet irradiation (365 nm, 0.4 mW cm 2, 10-35 min) and subsequent storage in the
dark for 12 hours (d).

In order to explore the influence of photocleavable 2-nitrobenzyl groups on the
luminescence of the hydrophilic nanoparticles, I prepared two batches of CdSe—ZnS

core—shell quantum dots with sufficiently different core diameters to resolve their
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emission bands across the visible region. Then, I coated each set with the co-polymer 3a
and illuminated the resulting constructs with ultraviolet radiations for 30 min. This
treatment results in an increase in luminescence up to a photostationary value (c in Figure
3.8), because of the photooxidation of the thiol anchoring groups in the polymeric
envelope. At this point, I reacted a portion of each set of illuminated quantum dots with
2-nitrobenzylamine in PBS, under the assistance of EDC and sulfo-NHS, purified the
final conjugates by size-exclusion chromatography and confirmed the presence of 2-
nitrobenzyl groups on the nanoparticle surface by 'H NMR spectroscopy. Finally, I
combined irradiated and conjugated quantum dots of one dimension with irradiated, but
unconjugated, nanoparticles of the other and vice versa. The emission spectra (a and ¢ in
Figure 3.9) of the resulting dispersions reveal bands centered at 485 and 531 nm for the
two sets of quantum dots present in each mixture. However, the 2-nitrobenzyl groups are
conjugated to the nanoparticles emitting at long wavelengths in one instance (a in Figure
3.9) and to those emitting at short wavelengths in the other (c in Figure 3.9). The time
(<5 hours) required to perform all these experimental steps is relatively short compared to
that (>24 hours) necessary to revert in full the luminescence enhancement caused by the
thiol groups upon ultraviolet illumination. As a result, the further irradiation of the
nanoparticles reveals almost exclusively changes in emission intensity caused by the 2-
nitrobenzyl groups. In fact, the luminescence of the conjugated quantum dots increases
significantly in both mixtures upon illumination (b and d in Figure 3.9), as a result of the
photoinduced cleavage of their 2-nitrobenzyl groups. Instead, the emission intensity of
the unconjugated nanoparticles remains essentially unaffected. Thus, these results

demonstrate unequivocally that the photolysis of 2-nitrobenzyl quenchers adsorbed on the
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surface of hydrophilic CdSe—ZnS core—shell quantum dots can indeed be exploited to
switch the nanoparticle luminescence under optical control in aqueous environments.
Once again, these changes are most likely a consequence of the ability of the 2-
nitrobenzyl group to quench the luminescence of the CdSe core on the basis of electron
transfer, in agreement with the behavior of analogous quantum dots coated with the
model ligand 3¢. However, the poly(ethylene glycol) spacers of the polymeric ligand 3a,
connecting the quenchers to the inorganic nanoparticles, are significantly longer than the
aliphatic chain of the model ligand 3¢. Presumably, the relatively flexible polymer
chains fold back to bring the 2-nitrobenzyl groups in close proximity to the ZnS shell and

permit the transfer of electrons upon excitation.
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Fig. 3.9 Emission spectra of mixtures (PBS, pH = 7.4, 25 °C, Agx = 420 nm) of two sets
of CdSe-ZnS core—shell quantum dots, both coated with 3a but differing in core
diameter, recorded after ultraviolet irradiation for 30 min (365 nm, 0.4 mW cm ) and
conjugation of 2-nitrobenzylamine to the set emitting at long (@) or short (c) wavelengths
and after further ultraviolet irradiation for 5—15 min (b and d). The concentrations of the
quantum dots emitting at short wavelengths are 0.1 (a and b) and 1.8 uM (¢ and d) and
those of the ones at emitting long wavelengths are 0.8 (a and b) and 5.6 uM (c and d).
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3.5 Intracellular Luminescence Photoactivation

The photoinduced luminescence enhancement observed in aqueous environment (Figure
3.9), coupled to the established ability of this polymer coating to promote cellular
internalization,'"™®™ encouraged me to investigate the intracellular behavior of
nanoparticles bearing the photocleavable quenchers on their surface. Specifically,
Chinese Hamster Ovarian (CHO) cells were incubated with CdSe—ZnS core—shell
quantum dots, passivated with 3a and conjugated to 2-nitrobenzyl amine, for 3 h. The
resulting specimen was imaged with a two-photon fluorescence microscope, operating at
an excitation wavelength of 800 nm. The corresponding phase-contrast image (a in
Figure 3.10) clearly reveals the contour of individual cells, which, however, cannot be
observed in the luminescence-only counterpart (b in Figure 3.10). After ultraviolet
illumination, the emission intensity of the internalized quantum dots increases
significantly and the stained cells become visible in both phase-contrast and
luminescence-only images (¢ and d in Figure 3.10). Thus, the photoinduced cleavage of
the 2-nitrobenzyl quenchers, with the concomitant enhancement in the nanoparticle
luminescence observed in organic and aqueous solutions, occurs also within the
intracellular environment. In order to quantify such luminescent enhancement, we
measured the emission intensity at intervals of 0.3 um along lines drawn across
individual cells before and after ultraviolet illumination. The resulting averaged
intensities (Figure 3.11) indicate a photoinduced luminescence increase of 77%. The
magnitude of the luminescence change is comparable to that reported for photoswitchable

proteins specifically developed for super-resolution imaging applications.**®
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Fig. 3.10 Phase-contrast (@ and c¢) and luminescence (b and d) images (Agx = 800 nm,
scale bar = 50 um), recorded before (a and b) and after (¢ and d) irradiation (365 nm, 0.4
mW cm 2, 30 min), of CHO cells incubated with CdSe—Zn$S core—shell quantum dots (30
nM), coated with 3a and conjugated to 2-nitrobenzylamine, for 3 h.
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Fig. 3.11 Averaged emission intensities (Agx = 800 nm) measured at intervals of 0.3 pm
along lines drawn across individual CHO cells, incubated with CdSe—ZnS core—shell
quantum dots (30 nM), coated with 3a and conjugated to 2-nitrobenzylamine for 3 h,
before and after ultraviolet illumination (365 nm, 0.4 mW cm_z, 30 min).
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3.6 Conclusions

Photocleavable 2-nitrobenzyl groups can be attached covalently to the polymer coating of
hydrophilic CdSe-ZnS core—shell quantum dots via amide-bond formation. Ultraviolet
illumination of the resulting constructs in neutral buffer cleaves the 2-nitrobenzyl
appendages from the surface of the nanoparticles and leads to a significant luminescence
enhancement. Control experiments with model systems suggest that the 2-nitrobenzyl
chromophores can accept an electron from the excited quantum dots and quench their
luminescence. Therefore, the photoinduced removal of the 2-nitrobenzyl quenchers
suppresses this particular electron-transfer pathway and enhances the nanoparticle
luminescence. However, the behavior of the model systems also reveals that, in addition
to the 2-nitrobenzyl chromophores, the thiol groups responsible for the adsorption of the
polymer coating on the ZnS shell of the quantum dots affect the excitation dynamics of
these nanostructured constructs. Even in the absence of the photocleavable 2-nitrobenzyl
quenchers, ultraviolet illumination of the nanoparticles results in a noticeable
luminescence increase. Nonetheless, the magnitude of the emission change caused by the
thiol groups is only a fraction of that associated with the cleavage of the 2-nitrobenzyl
chromophores. Furthermore, the luminescence enhancement caused by the thiol groups
is reversible and is not affected by the presence of molecular oxygen as well as by the
nature of the solvent. Electrochemical data suggest that the photooxidation of these
particular groups and their thermal back reduction are, presumably, responsible for the
reversible change in emission intensity. In addition, the polymeric coating around the
inorganic core encourages the internalization of these photoswitchable constructs in
model cells. Ultraviolet illumination of stained cells results in the intracellular cleavage
of the 2-nitrobenzyl quenchers with a luminescent enhancement approaching 80%. In
summary, my results demonstrate that the photolysis of 2-nitrobenzyl groups can be

exploited to enhance the luminescence of CdSe—ZnS core—shell quantum dots in organic
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solvents, aqueous solutions and even inside living cells. However, they also indicate that
the thiol groups responsible for ligand adsorption contribute to the photoinduced

luminescence enhancement.



Chapter 4.

Supramolecular Strategies to Construct Biocompatible and Reversibly
Photoswitchable Fluorescent Assemblies

4.1 Background

Photochromic molecules interconvert reversibly between states with a distinct absorption
signature across the ultraviolet and visible regions of the electromagnetic spectrum.'**"'%’
In most instances, the interconvertible states also differ significantly in their
stereoelectronic properties. In fact, the structural and electronic changes, accompanying
their photoinduced and reversible transformations, can be engineered to control the

23,129,130 .
e Specifically, fluorescent and

emission of complementary fluorophores.
photochromic components can be integrated within a common covalent skeleton, and the
emission of the former can be modulated by interconverting the latter under optical
control. Accordingly, numerous examples of fluorophore-photochrome dyads have
already been developed,''"'** and their operating principles for fluorescence modulation

136140 and  extensively

have recently been extended to nanostructured constructs
reviewed.” In most instances, electron and energy transfer processes dominate the
excited-state dynamics of these multicomponent assemblies and dictate their emission
signature. In particular, the transfer of one electron from/to the excited state of the
fluorophore to/from only one of the two states of the photochrome or the transfer of
energy from the excited fluorophore to only one of the two states of the photochrome is

generally responsible for fluorescence modulation. The assembly of these fluorophore-

photochrome constructs, however, often requires tedious multistep procedures, which

%4
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considerably limit their synthetic accessibility. In addition, most of these functional
compounds are rather hydrophobic and can only be operated in organic solvents. In fact,
it is not entirely clear whether their photochemical and photophysical properties would at
all survive the transition from organic to aqueous environments necessary for the
application of these fluorescent photoswitches in biomedical research. Indeed, it is
becoming apparent that the ability of a photochromic element to switch fluorescence, in
combination with appropriate illumination protocols, can offer the opportunity to
overcome diffraction and permit the visualization of biological samples with resolution at

the nanometer level 24!

In fact, fluorophore-photochrome constructs can become, in
principle at least, invaluable analytical tools for the super-resolution imaging of cells and
tissues (see Chapter 1 and refs 6-12, 114,116d and 142-146). However, it is first
necessary to identify viable strategies to impose biocompatibility on them, without

complicating their synthesis even further, and to operate effectively these functional

assemblies in water.

Recently, a photoswitchable fluorescent dyad consisting of a boron dipyrromethene
(BODIPY) fluorophore covalently connected to a spiropyran photochrome was designed
and investigated."”> In acetonitrile, the ultraviolet illumination of this compound
promotes the conversion of the spiropyran component into the corresponding
merocyanine. This photoinduced transformation facilitates the transfer of one electron or
energy from the BODIPY to the merocyanine component upon visible excitation of the
former with concomitant fluorescence quenching. The photogenerated and
nonfluorescent state reverts thermally to the original fluorescent species and restores the

initial emission intensity. As a result, the fluorescence of this fluorophore-photochrome
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dyad can be switched off and on for multiple cycles simply by turning on and off,
respectively, an ultraviolet source, while illuminating the sample with visible radiations.
To impose hydrophilic character on this hydrophobic construct, we appended covalently
multiple copies of this dyad to a common hydrophilic polymer backbone. The
fluorescence of the resulting macromolecular system could be modulated in water under
optical control, but only with slow switching speeds and poor fatigue resistance. In
addition, this hydrophilic assembly of fluorescent and photochromic components required
multiple and tedious synthetic steps for its preparation. In search of strategies to
overcome these limitations, I envisaged the possibility of invoking supramolecular events
to assemble biocompatible fluorescent switches with good photochemical performance in
water. Specifically, I relied on the established ability of amphiphilic building blocks to
form hydrophilic micellar aggregates capable of encapsulating hydrophobic guests'*’"*!

to construct functional supramolecular assemblies of simple and separate fluorescent and

photochromic components.

Polymeric micelles have been successfully used as carriers and vehicles for the
solubilization of water-insoluble guest molecules in hydrophilic environment'*”"*'. This
is due to the simplicity of micelle formation by spontaneous self-organization of
amphiphilic copolymers (A-B diblock structured polymers with A and B as the
hydrophilic shell and the hydrophobic core blocks of the micelle, respectively — Figure
4.1). Their small size (usually < 100 nm), high stability both in vitro and in vivo, simple
sterilization process (often by filtration), good biocompatibility and guest

loading/encapsulation by physical incorporation rather than chemical conjugation are
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extremely attractive features for controlled applications. In addition, a large diversity of

molecules can be accommodated.

. hydrophobic core
hydrophobic molecules

amphiphilic block copolymer

M“"’\ \ spontaneous _rr"ﬂ

N

’
.Afv-""\ ¢ in aqueous medi’a
/ AN

hydrophilic block hydrophobic block \

hydrophilic shell

Fig 4.1 The self-assembly of amphiphilic block copolymers and the loading of the
micelle with hydrophobic molecules is spontaneous in aqueous media.

The shell is responsible for the stabilization of the micelle in water and overcomes the
inconvenience of poor solubility of a guest molecule. In addition, the hydrophilic blocks
protect the hydrophobic domain containing the molecules within against aggregation,
hydrolysis and precipitation by minimizing contact between encapsulated compounds and
the aqueous phase. Many properties, such as morphology, size and loading capacity can
be easily controlled by varying micelle composition, chemical nature and length and
mass ratio of hydrophobic and hydrophilic blocks. Moreover, the presence of reactive
groups can make the micelle suitable for further derivatization, such as the attachment of

targeting ligands.
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4.2 Design, Synthesis, and Spectroscopy

The spiropyran 4a (Figure 4.2) switches to the merocyanine 4b upon ultraviolet
illumination in acetonitrile.'"® This photoinduced transformation shifts the reduction
potential in the negative direction by 0.3 V and turns the transfer of one electron from the
excited BODIPY 4e (Figure 4.3) to the photochromic compound from endergonic to
exergonic with an estimated free energy change of ca. -0.2 eV.'*> In addition, the
formation of 4b results in the appearance of an intense absorption band in the same
region of wavelengths where 4e emits.'*>* The significant overlap between the absorption
of one and the emission of the other can promote the transfer of energy from the excited
fluorophore to the photogenerated state of the photochrome. Thus, both electron and
energy transfer processes can contribute to quench the emission of the fluorophore with
the photochromic transformation. Fluorescent and photochromic components, however,
must be in close proximity for the electron or energy transfer process to occur. In
addition, the modulation of fluorescence in biological media requires aqueous

compatibility, and 4a is not soluble in water.
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Fig 4.2 Photoinduced and reversible transformation of the spiropyrans 4a and 4¢ into the
merocyanines 4b and 4d.
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Fig 4.3 Structures of the BODIPY derivatives 4e and 4f.

On the basis of these considerations, I designed an amphiphilic polymer expected to
encapsulate both the fluorescent and photochromic components in its interior and enforce
a close separation between them, while ensuring aqueous solubility of the overall
supramolecular assembly. In particular, I synthesized the methacrylate monomers 4g and
4h (Figure 4.4) with hydrophobic decyl and hydrophilic poly-(ethylene glycol) chains,
respectively. Poly-(ethylene glycol) was chosen as the hydrophilic block because of its
low toxicity and immunogenicity, high flexibility and high solubility in water and its
relatively inexpensive cost. The monomers were reacted under the assistance of
azobisisobutyronitrile (AIBN), to generate the amphiphilic copolymer 4i.'> The 'H

nuclear magnetic resonance (NMR) spectrum of the resulting macromolecular construct
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reveals the ratio between the hydrophobic and hydrophilic chains appended to the main
polymer backbone to be ca. 2.3. Gel permeation chromatography (GPC) indicates this
particular copolymer to have a number average molecular weight (M,) of 46800 with a
polydispersity index (PDI) of 1.73. Its hydrophilic poly(ethylene glycol) chains ensure
solubility in water, and its hydrophobic decyl chains encourage the formation of
supramolecular aggregates with an average hydrodynamic diameter of 18 nm, according
to dynamic light scattering (DLS) measurements. The comparison of this value to the
hydrodynamic diameters of polystyrene standards of known molecular weight'** suggests
that an average of four amphiphilic copolymer units assemble into a single micellar
construct. Similarly, transmission electron microscopy (TEM) images (Figure 7.7,
Chapter 7) of the resulting assemblies show globular particles with an average diameter

of 17 nm.

THF
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Fig 4.4 Polymerization of the monomers 4g and 4h to generate the copolymer 4i.
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The spiropyran 4a is essentially insoluble in water at ambient temperature, but
dissolves in phosphate-buffered saline (PBS) with a pH of 7.4 in the presence of 4i.
Indeed, the corresponding absorption spectrum (curve a in Figure 4.5) reveals the
characteristic band of 4a at 340 nm. The low absorbance of this band, however, indicates
that 4i can transfer only micromolar amounts of 4a in aqueous environments.
Nonetheless, the photochromic components entrapped within the polymer micelles retain
their photochemical character, and the band of 4b appears at 538 nm upon ultraviolet
irradiation (curve b in Figure 4.5). The BODIPY 4e is also sparingly soluble in water, but
readily dissolves in PBS in the presence of 4i. Consistently, the absorption spectrum
(curve a in Figure 4.6) of a PBS dispersion of 4e and 4i shows the characteristic band of
the BODIPY fluorophore at 522 nm. Upon ultraviolet irradiation under conditions
normally required to operate spiropyrans, however, the absorbance of 4e decreases
significantly (curve b in Figure 4.6). This trend is indicative of the photoinduced
degradation of the fluorophore and suggests that, despite interactions with the

amphiphilic polymer, 4e is exposed to water.
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Fig 4.5 Absorption spectra of PBS dispersions (pH = 7.4, 20 °C) of polymer micelles
containing 4a (curves a and b) or 4¢ (curves ¢ and d) recorded after equilibration in the
dark for 12 h before (curves a and c) and after (curves b and d) irradiation (365 nm, 0.4
mW cm™, 5 min). Emission spectrum (curve e, Agx = 434 nm) of a PBS dispersion of
polymer micelles containing 4¢ after equilibration and irradiation.
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Fig 4.6 Absorption spectra of PBS dispersions (pH = 7.4, 20 °C) of polymer micelles
containing 4e before (curve a) and after (curve b) irradiation (365 nm, 0.4 mW cm™, 5
min) or 4f before (curve c) and after (curve d) irradiation. Emission spectrum (curve e,
Aex = 434 nm) of a PBS dispersion of polymer micelles containing 4f.

To facilitate the entrapment of guests within 4i and prevent their exposure to water, |
designed and synthesized the spiropyran 4c¢ (Figures 4.2 and Figure 7.8 in Chapter 7) and
the BODIPY 4f (Figure 4.3). Both compounds bear a hydrophobic decyl chain, which is
expected to bury the photochromic and fluorescent components further into the

hydrophobic interior of the supramolecular construct. Indeed, the absorption spectrum



104

(curve c in Figure 4.5) of a PBS dispersion of 4¢ and 4i reveals an intense absorption at
340 nm for the spiropyran guests trapped within the micellar hosts. In addition, a band for
4d appears at 544 nm after ultraviolet irradiation (curve d in Figure 4.5), while that of 4b
is positioned at 538 nm under otherwise identical conditions. The elongation in
wavelength demonstrates that the environment around 4d is more hydrophobic than that
surrounding 4b. In fact, the absorption wavelength of merocyanines is known to increase
with a decrease in solvent polarity.'> Furthermore, the spectroscopic signature of 4¢ and
4d within the polymer micelles resembles that recorded in acetonitrile (curves a and b in
Figure 7.9, Chapter 7). In both instances, the ratio between the two isomers is ca. 70:30 at
the photostationary state, albeit the absorption band of the photogenerated species is

positioned at 562 nm in acetonitrile.

The merocyanine 4d reverts spontaneously back to 4¢ within the polymer micelles, and
concomitantly, the absorbance at 544 nm (curve a in Figure 4.7) decays over the course
of several minutes. Curve fitting of the corresponding absorbance profile indicates the
reisomerization rate constant to be 4x10* s, This value is approximately one order of
magnitude smaller than that (cf. 2x107 s™) measured in acetonitrile (curve ¢ in Figure
7.9, Chapter 7) and comparable to that determined for similar merocyanines in
dimethylformamide,'> suggesting, once again, the presence of a relatively hydrophobic
environment around the photochromic switch within the polymer micelles. Similarly, 4d
also reverts back to 4¢ upon visible illumination, and in fact, the photochromic
compounds entrapped within the polymeric assembly can be switched back and forth
between their two states by alternating ultraviolet and visible irradiation steps (curve b in

Figure 4.7).
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Fig 4.7 Absorbance evolution at 545 nm of a PBS dispersion (pH = 7.4, 20 °C) of
polymer micelles containing 4¢ recorded after equilibration in the dark for 12 h and either
with ultraviolet irradiation (curve a, 365 nm, 0.4 mW cm™, 5 min) or with alternating
irradiation steps (curve b) at ultraviolet and visible (562 nm, 0.3 mW cm? 5 min)
wavelengths.

In analogy to the photochrome 4¢, the fluorophore 4f also tends to localize within the
hydrophobic interior of the polymeric assembly. The corresponding absorption spectrum
(curve ¢ in Figure 4.6) shows the BODIPY absorption at 528 nm and does not change
after ultraviolet illumination (curve d in Figure 4.6), indicating that the macromolecular

envelope protects the fluorophore from the aqueous environment. Indeed, control
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experiments in the absence of the polymer host demonstrate that the exposure of 4f to
water encourages photobleaching. Specifically, the absorption spectrum of 4f in
acetonitrile shows the BODIPY absorption at 523 nm and, once again, does not change
with ultraviolet irradiation (curves a and b in Figure 7.10, Chapter 7). Instead, the
BODIPY absorbance decreases significantly in a mixture of acetonitrile and water (2:1,
v/v) under identical irradiation conditions (curves ¢ and d in Figure 7.10). Thus, the
amphiphilic copolymer 4i is particularly effective in maintaining either 4c or 4f within a
relatively hydrophobic environment and limiting their exposure to water. On the contrary,
conventional phospholipid micelles cannot ensure the same level of protection to their
hydrophobic guests, at least in the case of 4f. Indeed, the absorption spectra (Figure 7.11,
Chapter 7) of 4f, entrapped within micelles prepared from the ammonium salt of 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine ~ N-(methoxy(polyethylene  glycol)-
2000),"*° reveal a significant decrease in absorbance with ultraviolet irradiation.
Nonetheless, the behavior of 4¢ under these conditions (Figure 7.12, Chapter 7) is similar
to that observed in the presence of 4i. In both instances, 4¢ switches to 4d under
ultraviolet irradiation with the appearance of a band essentially at the same wavelength

and the photogenerated isomer reverts back to the original one with similar kinetics.

The emission spectrum (curve e in Figure 4.6) of a PBS dispersion of 4f and 4i shows
the characteristic BODIPY fluorescence at 544 nm with a quantum yield of 0.44. In
acetonitrile, the emission of 4f is centered at a similar wavelength (cf. 539 nm), but the
quantum yield is 0.81. The depressive effect of the polymer micelles on the fluorescence
quantum yield is, presumably, a result of their ability to bring multiple dyes in close

proximity within their hydrophobic interior and encourage self-quenching. In any case,



107

the emission band of 4f within the supramolecular constructs is in the same region of
wavelengths where 4d absorbs under the same experimental conditions. Thus, the
entrapment of 4f and 4d within the same macromolecular host is expected to result in the
transfer of energy from the former to the latter upon excitation. In addition, electron
transfer from the excited BODIPY to the photogenerated isomer of the photochromic

: - 135
system is exergonic ~>*

and, if the two components are sufficiently close within their
supramolecular container, can also occur as an alternative to energy transfer. It follows
that the photoinduced and reversible interconversion of 4¢ and 4d within a polymer
micelle also containing 4f is expected to modulate the emission intensity of the BODIPY
fluorophores. Indeed, the absorption and emission spectra (curves a and c in Figure 4.8)
of a PBS dispersion of 4c, 4f, and 4i show the typical absorbance and fluorescence of the
BODIPY components at 528 and 542 nm, respectively. Upon ultraviolet irradiation, 4¢
switches to 4d, and the absorption band of the merocyanine isomer appears in the
corresponding spectrum (curve b in Figure 4.8). The absorbance of this band indicates the
ratio between 4c¢ and 4d to be, once again, ca. 70:30 at the photostationary state. This
transformation activates the expected electron and energy transfer pathways and causes a
significant decrease in the emission intensity at 542 nm (curve d in Figure 4.8) with a
quenching efficiency of 0.8. Concomitantly, the characteristic fluorescence of the
photogenerated merocyanines'*”> develops at 638 nm. Indeed, this additional band
resembles that observed for 4d (curve e in Figure 4.5) within the polymer micelles in the
absence of 4f, under otherwise identical conditions. Nonetheless, the presence of 4f

translates into a significant enhancement in the fluorescence of 4d. In fact, a comparison

of the integrated emission intensities, recorded with and without 4f, suggests that the
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fractional contribution of direct excitation to the total emission intensity of 4d is only 0.3
and that the expected transfer of energy from the excited BODIPY components to the
photogenerated isomers of the photochromic switches is predominantly responsible for

the detected merocyanine fluorescence.
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Fig 4.8 Absorption spectra of a PBS dispersion (pH = 7.4, 20 °C) of polymer micelles
containing 4¢ and 4f recorded after equilibration in the dark for 12 h before (curve a) and
after (curve b) irradiation (365 nm, 0.4 mW cm™, 5 min). Emission spectra (Apx = 434
nm) of the same dispersion after equilibration and before (curve c) and after (curve d)
irradiation. Evolution of the emission intensity at 545 nm of the same dispersion after
equilibration and with alternating irradiation steps (curve e) at ultraviolet and visible (562
nm, 0.3 mW cm'z, 5 min) wavelengths.
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These observations demonstrate that the copolymer 4i is able to wrap around the
fluorescent and photochromic components and maintain them in sufficiently close
proximity to permit fluorescent modulation. Interestingly, DLS measurements reveal that
the hydrodynamic diameter of the polymer micelles grows from 18 to 37 nm in the
presence of 4¢ and 4f with an increase of the average number of polymer chains per
micelle from 4 to 19. Consistently, TEM images (Figure 7.7b, Chapter 7) also show an
increase in the average diameter of the polymer micelles from 17 to 35 nm in the
presence 4c¢ and 4f. Thus, the hydrophobic guests affect the ability of the macromolecular
host to assemble into supramolecular constructs and control the physical dimensions of

the resulting aggregates.

As observed in the absence of 4f, 4d spontaneously reverts back to 4¢ with first-order
kinetics on a time scale of minutes. As a result, its absorbance in the visible region decays
(Figure 7.13, Chapter 7) and the initial emission intensity of 4f is restored. Similarly, the
photogenerated species 4d switches back to 4¢ also under visible irradiation, and in fact,
the emission intensity of its fluorescent partner 4f can be modulated for multiple
switching cycles by alternating ultraviolet and visible irradiation steps (curve e in Figure
4.8). Interestingly, a plot of the absorbance of 4d against the number of switching steps is
essentially identical to that recorded in the absence of the BODIPY component (curve b
in Figure 4.7) and shows a decrease of ca. 8% after four switching cycles. Instead, the
emission intensity of the BODIPY component drops by ca. 40% after the same number of
switching cycles. This behavior suggests that the fluorescent component is more
susceptible to photodegradation than the photochromic one under these experimental

conditions.
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4.3 Intracellular Fluorescence Modulation and Cytotoxicity Assays

The ability of the amphiphilic copolymer 4i to transport 4¢ and 4f across cell membranes
was assessed by confocal microscopy using Chinese hamster ovarian (CHO) cells.
Indeed, polymers with pendant poly(ethylene glycol) chains are known to enter cells and
transport intracellularly even relatively large inorganic nanoparticles."””'*® Although the
exact mechanism responsible for intracellular accumulation is not clear at this stage,
endocytosis has previously been shown to result in the localization of similarly sized
nanostructured assemblies in endosomes.'”’ In these experiments, CHO cells were
imaged before and after (parts a and b, respectively, of Figure 4.9) incubation with a PBS
dispersion of 4c¢, 4f, and 4i for 24 h. The resulting images reveal fluorescence within the
cells only after their incubation with the polymer micelles. In particular, the fluorescent
supramolecular assemblies cross the cell membrane and accumulate preferentially in the
cytosol with limited localization in the nucleus. Furthermore, the punctuate intracellular
distribution of the fluorescent constructs suggests their accumulation in restricted
cytosolic compartments, such as endosomes/vesicles. In addition, a stack of images
(Figure 7.14, Chapter 7), recorded along the optic axis, reveals consistent fluorescence
evolution in the vertical direction, indicating that the fluorophores remain trapped inside

the polymer micelles, rather than associating with the cell membrane.

The profile of the emission intensity measured along lines drawn across cells (curves a-
f in Figure 7.15, Chapter 7) incubated with a PBS dispersion of 4¢, 4f, and 4i for 24 h
shows the predominant localization of the fluorescent constructs at the periphery of the

cells, rather than in their central region. Upon ultraviolet illumination, 4¢ switches to 4d
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and the fluorescence of 4f decreases (curves g-l in Figure 7.15). A similar analysis for
cells incubated only with 4f and 4i, under otherwise identical conditions, shows instead
negligible changes in fluorescence with ultraviolet irradiation (Figure 7.16, Chapter 7). In
fact, a comparison of the average emission intensity, integrated along the drawn lines,
shows a decrease of ca. 33% upon ultraviolet irradiation only in the presence of 2a within
the polymer micelles (Figure 7.17, Chapter 7). Thus, the ability of the photochromic
component to switch the emission of its fluorescent partner under optical control,
observed in aqueous solutions, can be reproduced even within living cells. These
observations indicate that the copolymer 4i can transport the fluorescent and
photochromic components 4¢ and 4f inside cells and maintain them in close proximity

within the intracellular environment to permit fluorescence modulation.

To further support the ability of the photochromic component to modulate the emission
of its fluorescent partner intracellularly, the fluorescence of CHO cells (Figure 4.10),
incubated with a PBS dispersion of 4¢, 4f, and 4i in a well plate for 24 h, was measured
with a plate reader relative to that of identical cells incubated without 4¢, under otherwise
identical conditions. After ultraviolet irradiation for only 30 s, the detected emission
intensity decreases to ca. 40% of the original value (Figure 4.10), in agreement with the
expected photoinduced interconversion of 4¢ into 4d with concomitant suppression of the
fluorescence of 4f. Upon storage of the sample in ambient light, the photogenerated state
4d of the photochromic system gradually reverts back to the original isomer 4¢, and the
fluorescence of 4f is restored over the course of several minutes. On the contrary, the
fluorescence of cells incubated with a PBS dispersion of only 4f and 4i, under otherwise

identical conditions, does not change significantly with ultraviolet illumination. Thus, the
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presence of the photochromic component within the cells is essential to switch

fluorescence with optical inputs.

Fig 4.9 Confocal fluorescence images (Agx = 514 nm, Ag, = 535-635 nm, scale bar = 50
um) of CHO cells recorded before (a) and after (b) incubation with a PBS dispersion
(10%, v/v) of 4¢, 4f, and 4i for 24 h.
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Fig 4.10 Emission intensity of CHO cells measured with a plate reader (Agx = 434 nm,
Aem = 550 nm) after incubation with a PBS dispersion (10%, v/v) of 4c, 4f, and 4i for 24
h before irradiation, immediately after irradiation (365 nm, 0.4 chm’z, 1 min), and 10,
20, and 30 min after irradiation, reported relative to that determined for identical cells
incubated without 4¢ under otherwise identical conditions.

The cytotoxicity of the polymer micelles, containing 4c¢ and 4f, as well as of the
irradiation conditions required to switch intracellularly the photochromic component was

assessed with the Trypan Blue assay.'™

This particular organic dye stains exclusively
dead/dying cells and offers the opportunity to determine the fraction of living cells
(viability). Specifically, the viability was determined for cells either incubated with
increasing amounts (0-25%, v/v) of a PBS dispersion of 4c¢, 4f, and 4i (Figure 7.18a,
Chapter 7) or illuminated for increasing irradiation times (0-1200 s) at ultraviolet
wavelengths (Figure 7.18b). In both instances, the cell viability remains essentially

unchanged. Thus, both the polymer micelles and the illumination conditions required for

their operations do not have any significant toxicity on the CHO cells.
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4.4 Conclusions

An amphiphilic copolymer with hydrophobic decyl chains and hydrophilic poly(ethylene
glycol) tails along a common poly-(methacrylate) backbone captures mixtures of
BODIPY fluorophores and spiropyran photochromes and transfers them in aqueous
phase. Hydrophobic decyl tails, however, must be attached to the fluorescent and
photochromic guests to bury them within the hydrophobic interior of the macromolecular
envelope to prevent their exposure to water and preserve their photochemical and
photophysical properties. Within the resulting supramolecular constructs, the
photoinduced and reversible transformation of the spiropyrans into the corresponding
merocyanines activates electron and energy transfer pathways and quenches the BODIPY
fluorescence. As a result, the emission intensity of these systems can be modulated under
optical control by switching the photochromic components between their two states.
Furthermore, the amphiphilic supramolecular container can cross cell membranes,
transport its cargo into the cytosol, and permit the intracellular modulation of
fluorescence. In addition, both the supramolecular systems and the irradiation conditions
required for their operation are not cytotoxic. Thus, this simple supramolecular strategy
to assemble photoswitchable fluorescent constructs from separate fluorophores and
photochromes and impose biocompatibility on them can evolve into a valuable protocol
for the intracellular delivery and operation of functional molecular components. In
particular, the cellular internalization of photoswitchable fluorophores can offer the
opportunity to visualize subcellular components with subdiffraction resolution under the
influence of patterned or sequential multiphoton illumination. Hence, this protocol for the

assembly of biocompatible fluorescent probes with photoswitchable character can have
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profound implications in super-resolution imaging and, ultimately, facilitate the
experimental implementation of this collection of promising analytical techniques for the

investigation of biological specimens at the nanoscale.



Chapter 5.

Materials and Methods

CH,ClI, and MeCN were distilled over CaH,. THF was distilled over Na/benzophenone.
CHCIl; was distilled over CaCl,. H,O (18.2 MQ cm) was purified with a Barnstead
International NANOpure DIamond Analytical system. Methacrylic acid was vacuum
distilled. AIBN was crystallized twice from methanol. All other chemicals were used as
received from commercial sources. All reactions were monitored by thin-layer

chromatography, using aluminum sheets coated with silica (60, F2s4).

5.1 Synthetic Procedures

Quantum Dots. The nucleation of the CdSe core nanocrystals was obtained by reacting a
cadmium(Il) precursor with elemental selenium coordinated by tri-n-butylphosphine at
270°C in a solvent with high boiling point. The solvent was 1-n-octadecene (ODE) for
the ODE series, and tri-n-octylphosphine oxide (TOPO) for the TOPO series. TOPO, n-
hexadecylamine (HDA) and thiols (n-Butanethiol, n-decanethiol and n-octadecanethiol)
were employed as the surface ligands. In the growth phase the temperature was decreased
to 250°C; to obtain nanocrystals of different sizes, aliquots of the reaction mixture at

different times were collected, cooled down to room temperature, and purified.

CdSe Quantum Dots: A mixture of CdO (51 mg, 0.4 mmol), tetra-n-decylphosphonic
acid (223 mg, 0.8 mmol), and TOPO (3.776 g, 9.8 mmol) was heated at 120-140 °C for

1-2 h under vacuum. After flushing with Ar, the temperature was raised to 310-320 °C

116
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and maintained under these conditions until a clear and colorless solution was obtained.
After lowering the temperature to 220 °C, a solution of Se (41 mg, 0.5 mmol) in tri-n-
octylphosphine (TOP, 2.4 mL) was added. The temperature was raised again to 250 °C
and three aliquots (2 mL) of the reaction mixture were collected at different intervals of
time over the course of 10 min to ensure the formation of CdSe nanoparticles with three
distinct diameters. After the addition of CHCI; (0.5 mL) and cooling to ambient
temperature, each fraction was diluted with MeOH (28 mL) and subjected to
centrifugation. The resulting precipitate was separated from the supernatant and washed
again with a mixture of MeOH (28 mL) and CHCl; (0.5 mL). This procedure was
repeated three additional times. The resulting solid was dissolved in CHCI3 (3 mL) and
filtered. The solvent was distilled off under reduced pressure to afford CdSe quantum

dots as a yellowish/reddish powder.

ODE and TOPO series: 0.40 mmol of CdO and 1.60 mmol of stearic acid were heated at

170°C in a three-neck flask connected to a Schlenk line under stirring and argon flow
until the reaction was completed. After cooling the mixture at room temperature, 1.0 g of
TOPO, 3.0 g of HDA and 4.0 g of ODE for the ODE series (4.0 g of TOPO and 4.0 g of
HDA were used for the synthesis of the TOPO series) were added into the flask. The
mixture was heated up again to 270 °C. At this temperature a swift injection of a room-
temperature Se stock solution (4.0 mmol Se, 0.95 g of TBP and 3.5 g of dioctylamine,
prepared in a glove box and transferred via syringe) was performed. The temperature was
set at 250 °C immediately after the injection in order to allow the nanocrystals to grow.
After cooling to room temperature the QDs were purified by 3 extraction cycles with a

1:1 MeOH/hexane mixture.
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CdSe-ZnS Core-Shell Quantum Dots: TOPO (5 g) was heated at 120-140 °C for 2-3 h
under vacuum. After flushing with Ar, the temperature was lowered to 70-80 °C and a
solution of CdSe quantum dots (0.1 mM) in CHCI; (2 mL) was added. The temperature
was raised to 120-140 °C and a solution of ZnEt, and stoichiometric amounts of
hexamethyldisilathiane in TOP (4 mL) was added dropwise. Three different
concentrations of ZnEt, (0.15-1.40 M) and hexamethyldisilathiane (0.03-0.25 M) were
used in three separate experiments to ensure the overcoating of the CdSe core with a ZnS
shell of three different thicknesses. The temperature was lowered to 70-80 °C and
maintained under these conditions for 15 h. After the addition of CHCI; (0.5 mL) and
cooling to ambient temperature, each fraction was diluted with MeOH (28 mL) and
subjected to centrifugation. The resulting precipitate was separated from the supernatant
and washed again with a mixture of MeOH (28 mL) and CHCI; (0.5 mL). This procedure
was repeated three additional times. The resulting solid was dissolved in CHCI3 (3 mL)
and filtered. The solvent was distilled off under reduced pressure to afford CdSe-ZnS

core-shell quantum dots as a yellowish/reddish powder.

Thiol Exchange: n-Butanethiol, n-decanethiol, or n-octadecanethiol (6 mL) was added to
a solution of the quantum dots (0.06 mM) in CHCl; (2 mL) and the resulting mixture was
stirred for 48 h at ambient temperature in the dark. The solvent was distilled off under
reduced pressure and the residue was diluted with a mixture of MeOH (28 mL) and
CHCls (0.5 mL) and subjected to centrifugation. The resulting precipitate was separated
from the supernatant and washed again with a mixture of MeOH (28 mL) and CHCI; (0.5

mL). This procedure was repeated three additional times. The resulting solid was
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dissolved in CHCI; (3 mL) and filtered. The solvent was distilled off under reduced

pressure to afford quantum dots as a yellowish/reddish powder.

For the synthesis of the polymeric ligand 3a, multiple anchoring, hydrophilic and
connecting groups were appended to a common macromolecular backbone (Figure 5.2).
The anchors adsorb on the surface of preformed quantum dots, the hydrophilic tails
impose aqueous solubility on the resulting assemblies, and the connectors permit the
subsequent functionalization of the nanoparticles. In particular, we selected thiols,
poly(ethylene glycol) chains, and either carboxylic acids or primary amines as anchoring,
hydrophilic, and connecting groups, respectively, and synthesized the monomers A-J
(Figure 5.1) in several steps. The monomer J incorporates a dithiolane ring, which can be
reduced to the corresponding bisthiol after polymerization. The monomers C and H have
poly(ethyleneglycol) chains, which are terminated by a primary amine and carboxylic
acid in G and H, respectively. The reaction of appropriate combinations of these
monomers, under the assistance of azobis(isobutyronitrile) (AIBN) in tetrahydrofuran
(THF), gave the copolymer 3a after the reduction of the dithiolane rings with sodium

borohydride in a mixture of methanol and water.
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Synthesis of A. A solution of Et;N (2.27 mL, 16 mmol) in THF (20 mL) was added
dropwise over the course of 20 min to a solution of poly-(ethylene glycol) methyl ether
(M,=2000, 10 g, 5 mmol) and MeSO,Cl (1.16 mL, 15 mmol) in THF (80 mL) maintained
at 0°C under Ar. The mixture was allowed to warm up to ambient temperature and stirred
for 24 h under these conditions. Then, a solution of NaHCO; (420 mg, 5 mmol) and
NaN; (1.1 g, 17 mmol) in H,O (100 mL) was added, and the resulting mixture was
concentrated under heating to half of its original volume. After heating under reflux for

24 h and cooling down to ambient temperature, the mixture was diluted with H,O (50
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mL) and extracted with CHCI; (3 x 50 mL). The organic phase was dried over Na,SOy,
and the solvent was distilled off under reduced pressure to afford A (8 g, 80%) as a white
solid. "H NMR (300MHz, CDCl;): §=3.38 (3H, s), 3.39 (2H, t, 13 Hz), 3.53-3.87 (180H,

m).

Synthesis of B. PPh; (3.0 g, 11 mmol) was added to a solution of A (7.7 g, 4 mmol) in
THF (50 mL) maintained at ambient temperature under Ar for 7 h. After the addition of
H>O (3.0 mL, 167 mmol), the mixture was stirred for a further 24 h. Then, the solvent
was distilled off under reduced pressure, and the residue was dissolved in aqueous HCI
(0.5 M, 100 mL) and washed with EtOAc (3 x 50 mL). The aqueous layer was diluted
with aqueous solutions of NaOH (1 M, 100 mL) and NaCl (1M, 50 mL) and extracted
with CHCIl; (3 x 70 mL). The organic phase was dried over Na;SO4, and the solvent was
distilled off under reduced pressure to afford B (5 g, 65%) as a white solid. "H NMR (400

MHz, CDCl3): 5= 2.87 (2H, t, 13 Hz), 3.38 (3H, s), 3.49-3.88 (180H, m).

Synthesis of C. A solution of DCC (0.74 g, 3.6 mmol) in CH,Cl, (20 mL) was added
dropwise over the course of 20 min to a solution of B (4.00 g, 2 mmol), DMAP (44mg,
0.36 mmol), and methacrylic acid (258 mg, 3.6 mmol) in CH,ClI, (80 mL) maintained at
0°C under Ar. The mixture was allowed to warm up to ambient temperature and was
stirred for 24 h under these conditions. The resulting precipitate was filtered off, and the
solvent was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO,: CHCl3/MeOH (19:1, v/v)] to afford C (2.75 g, 68%) as a white
solid. "H NMR (400MHz, CDCls): 8=1.96 (3H, s), 3.37 (3H, s), 3.44-3.81 (180H, m),

5.31 (1H, s), 5.70 (1H, s), 6.44 (1H, bs).
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Synthesis of D. A solution of Et;N (7.67 mL, 55 mmol) in THF (30 mL) was added
dropwise over the course of 30 min to a solution of poly-(ethylene glycol) (M,=600, 10 g,
17 mmol) and MeSO,Cl (3.86 mL, 50 mmol) in THF (80 mL) maintained at 0°C under
Ar. The mixture was allowed to warm up to ambient temperature and stirred for 24 h
under these conditions. Then, a solution of NaHCO; (1.43 g, 15 mmol) and NaN; (3.9 g,
60 mmol) in H,O (100 mL) was added, and the resulting mixture was concentrated under
heating to half of its original volume. After heating under reflux for 24 h and cooling
down to ambient temperature, the mixture was diluted with H;O (50 mL) and extracted
with CHCl; (3 x 50 mL). The organic phase was dried over Na,SOy, the solvent was
distilled off under reduced pressure, and the residue was purified by column
chromatography [SiO,: CHCIl3/MeOH (19:1, v/v)] to afford D (8 g, 80%) as a colorless

oil. 'H NMR (400 MHz, CDCl3): 8= 3.39 (4H, t, 10 Hz), 3.53-3.81 (48H, m).

Synthesis of E. A solution of PPhs (3.57 g, 13.6 mmol) in EtOAc (125 mL) was added
dropwise over the course of 20 min to a solution of D (8 g, 12 mmol) in HCI (1 M, 25
mL) maintained at 0°C under Ar. The mixture was allowed to warm up to ambient
temperature and stirred for 15 h under these conditions. The aqueous phase was
separated, extracted with EtOAc (3 x 25 mL), diluted with aqueous NaOH (1M, 100 mL)
and NaCl (1 M, 50 mL), and extracted with CHCl; (3 x 60 mL). The organic phase was
dried over Na,SOs, and the solvent was distilled off under reduced pressure to afford D
(5.59 g, 70%) as colorless oil. "H NMR (400 MHz, CDCls): §=2.85 (2H, t, 10 Hz), 3.38

(2H, t, 10 Hz), 3.50 (2H, t, 10 Hz), 3.59-3.75 (48H, m).

Synthesis of F. A solution of DCC (1.17 g, 3.6 mmol) in CH,Cl, (20 mL) was added

dropwise over the course of 20 min to a solution of E (2.0 g, 3.33 mmol) and methacrylic
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acid (431 mg, 5 mmol) in CH,Cl, (80 mL) maintained at 0°C under Ar. The mixture was
allowed to warm up to ambient temperature and stirred for 24 h under these conditions.
The resulting precipitate was filtered off, and the solvent was distilled off under reduced
pressure. The residue was purified by column chromatography [SiO,: CHCl;/MeOH
(19:1, v/v)] to afford F (1.9 g, 95%) as a colorless oil. 'H NMR (400 MHz, CDCls):
0=1.96 (3H, s), 3.39 (2H, t, 10 Hz), 3.48-3.81 (48H, m), 5.32 (1H, s), 5.71 (1H, s), 6.48

(1H, bs).

Synthesis of G. PPh; (1.5 g, 5.7 mmol) was added to a solution of F (2 g, 2.9 mmol) in
THF (40 mL) maintained at ambient temperature under Ar for 2 h. After the addition of
H,O (3.0 mL, 167 mmol) and stirred 24 h, the solvent was distilled off under reduced
pressure. The residue was dissolved in aqueous HCI1 (1.0 M, 30 mL) and washed with
EtOAc (3 x 25 mL). The aqueous layer was diluted with aqueous NaOH (1 M, 50 mL)
and NaCl (1 M, 50 mL) and extracted with CHCI; (3 x 50 mL). The organic phase was
dried over Na;SOs, and the solvent was distilled off under reduced pressure to afford G
(1.6 g, 80%) as colorless oil. "H NMR (400 MHz, CDCls): & = 2.06 (3H, s), 2.87 (2H, t,

10 Hz), 3.49-3.69 (48H, m), 5.31 (1H, s), 5.75 (1H, s), 6.44 (1H, bs).

Synthesis of H. A solution of succinic anhydride (285 mg, 2.9 mmol) in CH,Cl, (10 mL)
was combined with a solution of G (1.0 g, 1.4 mmol) and Et;N (398 pL, 2.9 mmol) in
CH,Cl, (10 mL) maintained at ambient temperature under Ar for 15 h. The mixture was
diluted with aqueous HCI (1 M, 60 mL) and extracted with CHCl; (3 x 60 mL). The
organic phase was dried over Na,SOy, and the solvent was distilled off under reduced

pressure to afford H (0.7 g, 61%) as a colorless oil. "H NMR (300 MHz, CDCl;): 8=1.95
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(3H, s), 2.54 (2H, t, 8 Hz), 2.64 (2H, t, 7 Hz), 3.47-3.69 (48H, m) 5.32 (1H, s), 5.71 (1H,

s), 6.57 (1H, bs), 6.95 (1H, bs).

Synthesis of 1. A solution of DCC (1.2 g, 5.8 mmol) in CH,Cl, (10 mL) was added
dropwise over the course of 20 min to a solution of thioctic acid (1.0 g, 4.9 mmol) and
NHS (669 mg, 5.8 mmol) in CH,Cl, (75 mL) maintained at 0°C under Ar. The mixture
was allowed to warm up to ambient temperature and stirred for 15 h under these
conditions. The resulting precipitate was filtered off, and the filtrate was added dropwise
over the course of 20 min to a solution of 1,2-ethylenediamine (1.63 mL, 24.3 mmol) in
CH,ClI; (75 mL) maintained at 0°C under Ar. The mixture was allowed to warm up to
ambient temperature and stirred for 3 h under these conditions. The resulting precipitate
was filtered off, and the filtrate was washed with aqueous NaCl (0.1 M, 3 x 50 mL) and
HCI (0.5 M, 50 mL). The aqueous layer was diluted with aqueous NaOH (1 M, 50 mL)
and NaCl (1 M, 50 mL) and extracted with CH,Cl, (50 mL). The organic phase was dried
over Na,SQOy, and the solvent was distilled off under reduced pressure to afford I (0.80 g,
66%) as a yellow gel. 'H NMR (400 MHz, CDCls): & = 1.46-1.50 (2H, m), 1.65-1.73
(4H, m), 1.90-1.93 (1H, m), 2.20 (2H, t, 15 Hz), 2.45-2.47 (1H, m), 2.83 (2H, t, 12 Hz),
3.12-3.17 (2H, m), 3.30 (2H, t, 15 Hz), 3.55-3.59 (1H, m), 5.98 (1H, bs). *C NMR (400

MHz, CDCls): 6=25.8, 29.3, 34.9, 36.8, 40.6, 41.8, 42.4, 56.8, 173.5.

Synthesis of J. A solution of DCC (2.40 g, 12 mmol) in CH,Cl, (15 mL) was added
dropwise over the course of 20 min to a solution of methacrylic acid (0.84 g, 10 mmol)

and NHS (1.34 g, 12 mmol) in CH,Cl, (60 mL) maintained at 0°C under Ar. The mixture
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was allowed to warm up to ambient temperature and stirred for 15 h under these
conditions. The resulting precipitate was filtered off, and the filtrate was added to a
solution of I (0.8 g, 3.2 mmol) in CH,Cl, (40 mL) maintained at ambient temperature
under Ar. The mixture was stirred for 15 h under these conditions. The resulting
precipitate was filtered off, and the solvent was distilled off under reduced pressure. The
residue was purified by column chromatography [SiO,: CHCIl;/MeOH (19:1, v/v)] to
afford J (0.62 g, 62%) as a yellow solid. '"H NMR (400 MHz, CDCls): $=1.43-1.46 (2H,
m), 1.60-1.70 (4H, m), 1.86-1.90 (1H, m), 1.95 (3H, s), 2.20 (2H, t, 15 Hz), 2.43-2.45
(1H, m), 3.11-3.17 (2H, m), 3.43 (4H, s), 3.52-3.55 (1H, m), 5.34(1H, s), 5.75 (1H, s),
6.56 (1H, bs), 6.88 (1H, bs). °C NMR (400 MHz, CDCl;): $=18.9, 25.8, 29.2, 35, 36.7,

38.9,40.2,40.6, 41.3, 56.8, 120.64, 139.8, 169.7, 174.8.

Synthesis of K. A solution of C (1.2 g, 0.6 mmol), H (91 mg, 0.3 mmol), J (77 mg, 0.1
mmol), and AIBN (4 mg, 0.03 mmol) in degassed THF (8 mL) was heated at 75°C for 24
h in a sealed vial under Ar. After cooling down to ambient temperature, the mixture was
transferred to a centrifuge tube and diluted with THF (2 mL). Consecutive aliquots (1
mL) of hexane were added with vigorous shaking until the formation of a yellow
precipitate was observed. After centrifugation, the precipitate was separated from the
supernatant and dissolved in THF (10 mL). Once again, consecutive aliquots (1 mL) of
hexane were added with vigorous shaking until the formation of a yellow precipitate was
observed. After centrifugation, the solid residue was separated from the supernatant and
dried under reduced pressure to afford K (0.7 g) as a yellow solid. GPC: M;=46 232,

PDI=1.73. '"H NMR (400 MHz, CDCls): 8= 0.9-1.33 (4H, m), 1.37-1.47 (1H, bs), 1.60-
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1.67 (2H, m), 1.76-1.97 (4H, m), 2.17-2.70 (3H, m), 3.12-3.18 (1H, bs), 3.38 (2H, s),
3.51-3.80 (112H, m).

Synthesis of 3a. A mixture of K (0.5 g) and NaBHy4 (50 mg, 1.3 mmol) in MeOH/H,0
(2:1, v/v, 15 mL) was stirred at ambient temperature for 2 h, diluted with aqueous NaCl
(1 M, 85 mL), titrated with aqueous HCI (1 M) until the pH was 2-3, and extracted with
CHCI; (3 x 50 mL). The organic phase was dried over Na,SO4, and the solvent was
distilled off under reduced pressure to afford 3a (0.44 g) as a white solid. "H NMR (400
MHz, CDCls): 6= 0.85-1.31 (4H, m), 1.37-1.47 (1H, bs), 1.60-1.67 (1H, m), 1.76-1.97

(3H, m), 2.17-2.95 (4H, m), 3.12-3.18 (1H, bs), 3.38 (2H, s), 3.51-3.80 (116H, m).

Adsorption of 3a on the Quantum Dots. A dispersion of CdSe-ZnS core-shell quantum
dots in hexane (0.1 mM, 1 mL) was diluted with EtOH (20 mL) and subjected to
centrifugation. The supernatant was discarded, and the solid residue was dispersed in
CHCI; (20 mL) and diluted with a solution of 3a (450 mg) in CHCI; (40 mL). The
resulting mixture was concentrated under heating to an oily slurry. The residue was
dispersed in EtOH (3 mL) and heated at 70 °C for 3 h in a sealed vial under Ar. After
cooling down to ambient temperature, the mixture was diluted with EtOH (5 mL) and
transferred to a centrifuge tube. Consecutive aliquots (1 mL) of hexane were added with
vigorous shaking until the formation of a precipitate was observed. After centrifugation,
the precipitate was separated from the supernatant, dispersed in H,O (10 mL), and
filtered through syringe filters (0.2 and 0.1 um, Pall Corp.) and four times through
centrifuge filters (100 kDa, Millipore) to produce the modified quantum dots, which were

dispersed in PBS (3 mL, pH = 7.4) and stored under these conditions.
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Conjugation of 2-Nitrobenzylamine to the Quantum Dots. A dispersion of CdSe—ZnS
core—shell quantum dots coated with 3a in PBS (3.4 uM, 400 pL, pH = 7.4) was
combined with solutions of 2-nitrobenzylamine in DMSO (0.66 mM, 10.3 uL), EDC in
PBS (10.4 mM, 25.9 uL, pH=7.4) and sulfo-NHS in PBS (9.2 mM, 146.8 uL, pH=7.4).
The mixture was stirred at ambient temperature for 4 hours and purified by size-exclusion
chromatography [GE Healthcare PD-10, PBS (pH=7.4)] to afford the modified quantum

dots.

Synthesis of 3b. A solution of DCC (0.32 g, 1.5 mmol) in CH,Cl, (9 mL) was added
dropwise over the course of 30 min to a solution of 2-nitrobenzylamine (0.22 g, 1.4
mmol) and thioctic acid (0.44 g, 2.1 mmol) in CH,Cl, (20 mL) maintained at 0° C under
Ar. The reaction mixture was allowed to warm up to ambient temperature and stirred for
24 hours under these conditions. The resulting precipitate was filtered off and the solvent
was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO,: CHCl3/MeOH (22:1, v/v)] to afford 3b (0.27 g, 56%) as a brown
oil. ESIMS: m/z = 340 [M]"; '"H NMR (CDCls): § = 1.37-1.39 (2H, m), 1.58—1.64 (4H,
m), 1.79-1.84 (1H, m), 2.15-2.19 (2H, t, 8 Hz), 2.39-2.40 (1H, m), 3.05-3.12 (2H, m),
3.49-3.51 (1H, m), 4.62-4.63 (2H, s), 7.40-7.44 (1H, m), 7.57-7.63 (2H, m), 7.99-8.02
(1H, d, 8 Hz); °C NMR (CDCls): & =25.3,27.5, 34.2, 36.3, 38.4, 39.0, 40.2, 56.3, 126.2,
129.7, 131.2, 132.5, 135.9, 146.9, 173.1.

Synthesis of 3¢. A mixture of 3b (240 mg, 0.7 mmol) and NaBH,4 (25 mg, 0.7 mmol) in
MeOH (15 mL) was stirred at ambient temperature for 3 hours, diluted with aqueous
NaCl (1M, 85 mL) and extracted with CHCl; (3 x 50 mL). The organic phase was dried
over Na;SO4 and the solvent distilled off under reduced pressure to afford 3¢ (200 mg,

89%) as a light yellow oil. ESIMS: m/z = 342 [M]"; '"H NMR (CDCl): & = 1.38-1.40
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(2H, m), 1.59-1.65 (6H, m), 1.84-1.87 (1H, m), 2.16-2.19 (2H, t), 2.39-2.41 (1H, m),
3.06-3.13 (2H, m), 3.50-3.52 (1H, m), 4.62-4.64 (2H, s), 7.43-7.45 (1H, m), 7.58-7.64
(2H, m), 8.00-8.03 (1H, m).

Synthesis of 3d. A solution of DCC (0.37 g, 1.8 mmol) in CH,Cl, (10 mL) was added
dropwise over the course of 30 min to a solution of benzylamine (175 pl, 1.6 mmol) and
thioctic acid (0.50 g, 2.4 mmol) in CH,Cl; (20 mL) maintained at 0° C under Ar. The
reaction mixture was allowed to warm up to ambient temperature and stirred for 24 hours
under these conditions. The resulting precipitate was filtered off and the solvent was
distilled off under reduced pressure. The residue was purified by column chromatography
[SiO,: CHCI3/MeOH (22:1, v/v)] to afford 3d (0.29 g, 62%) as a yellow oil. ESIMS: m/z
=295 [M]"; '"H NMR (CDCls): & = 1.41-1.43 (2H, m), 1.64—1.66 (4H, m), 1.85-1.87
(1H, m), 2.15-2.19 (2H, t, 8 Hz), 2.38-2.42 (1H, m), 3.07-3.14 (2H, m), 3.50-3.53 (1H,
m), 4.36-4.38 (2H, s), 7.26-7.28 (5H, m); °C NMR (CDCLs): § = 25.9, 29.4, 35.1, 36.8,
38.9,40.7,43.9, 56.9, 126.8, 127.9, 128.2, 128.8, 129.1, 138.9, 173.3.

Synthesis of 3e. A mixture of 3d (240 mg, 0.8 mmol) and NaBH,4 (25 mg, 0.8 mmol) in
MeOH (15 mL) was stirred at ambient temperature for 3 hours, diluted with aqueous
NaCl (1M, 85 mL) and extracted with CHCl; (3 x 50 mL). The organic phase was dried
over Na;SO4 and the solvent distilled off under reduced pressure to afford 3e (210 mg,
88%) as a colorless oil. ESIMS: m/z =296 [M]"; '"H NMR (CDCl;): & = 1.42-1.43 (2H,
m), 1.64-1.66 (6H, m), 1.89-1.94 (1H, m), 2.15-2.18 (2H, t, 8 Hz), 2.39-2.43 (1H, m),
3.07-3.15 (2H, m), 3.52-3.55 (1H, m), 4.36-4.39 (2H, s), 7.29-7.32 (5H, m).

Synthesis of 3f. A solution of 2-nitrobenzylamine (62 mg, 0.4 mmol) and acetic
anhydride (0.39 mL, 0.4 mmol) in CH,Cl, (5 mL) was stirred at ambient temperature for
2 hours. The solvent was distilled off under reduced pressure and the residue was

crystallized from EtOH to give 3f (48 mg, 61%) as a yellow solid. ESIMS: m/z = 194
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[M]"; '"H NMR (CDCL): & = 1.97 (3H, s), 4.62-4.64 (2H, s), 7.40-7.46 (1H, m), 7.61—
7.69 (2H, m), 8.01-8.04 (1H, d); °C NMR (CDCly): & = 23.5, 31.7, 113.2, 114.7, 116.1,
117.6, 119.9, 120.6, 165.4.

Adsorption of 3¢ and 3e on the Quantum Dots. A dispersion of CdSe-ZnS core—shell
quantum dots coated with TOPO in hexane (0.02 mM, 2 mL) was diluted with EtOH (20
mL) and subjected to centrifugation. The supernatant was discarded and the solid residue
was dispersed in CHCl; (10 mL) and diluted with a solution of either 3¢ or 3e (300 mg)
in CHCI; (10 mL). The solvent was distilled off under reduced pressure and the residue
was dispersed in EtOH (3 mL) and stirred at 70 °C for 12 hours in a sealed vial under Ar.
After cooling down to ambient temperature, the mixture was diluted with EtOH (5 mL)
and transferred to a centrifuge tube. Consecutive aliquots (1 mL) of hexane were added
with vigorous shaking until the formation of a precipitate was observed. After
centrifugation, the precipitate was separated from the supernatant and dispersed in THF

(3 mL) to afford the modified quantum dots.

Compounds 4a and 4e were prepared following literature procedures.'*>*!%*

Synthesis of 4j. A solution of 2,3 3-trimethylindolenine (1 g, 6 mmol) and 1-
bromodecane (4.2 g, 19 mmol) in MeCN (15 mL) was heated under reflux and Ar for 12
h. After the solution was cooled to ambient temperature, the solvent was distilled off
under reduced pressure. The residue was washed with Et,O (3 x 30 mL) and dried under
reduced pressure to afford 4j (1.2 g, 50%) as a red waxy solid. FABMS: m/z = 300 [M -
Br]". "H NMR (CDClLs): § = 0.82 (3H, t, 13 Hz), 1.19-1.32 (12H, m), 1.41 (2H, m), 1.61
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(6H, s), 1.89 (2H, t, 15 Hz), 2.87 (3H, s), 4.68 (2H, t, 15 Hz), 7.44-7.47 (1H, m), 7.51-
7.54 (2H, m), 7.63 (1H, m). °C NMR (CDCLy): & = 14.4, 15.1, 22.9, 23.1, 23.5, 27.2,
28.4,29.4,29.5,29.7,32.2, 50, 54.5, 115.7, 123.1, 129.6, 130.4, 141.3, 142.1, 196.3.

Synthesis of 4c. A solution of 2-hydroxy-5-nitrobenzaldehyde (0.38 g, 2 mmol), 4j (0.86
g, 2 mmol), and piperidine (0.19 g, 2.3 mmol) in EtOH (10 mL) was heated under reflux
for 3 h. The reaction mixture was allowed to cool to ambient temperature, and the solvent
was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO;: hexane/EtOAc (19:1, v/v)] to afford 4¢ (0.35 g, 35%) as a light-
orange solid. FABMS: m/z = 449 [M+H]". '"H NMR (CDCls): & = 0.89 (3H, t, 14 Hz),
1.14(3H, s), 1.19-1.34 (16H, m), 1.29 (3H, s), 3.14 (2H, m), 5.85 (1H, d, 8 Hz),6.58
(1H,d, 8 Hz), 6.75 (1H, d, 8 Hz), 6.89 (2H, m), 7.10 (1H, d, 8 Hz), 7.20 (1H, m), 8.01
(2H, m). °C NMR (CDCl): § = 14.5, 20.3, 23.1, 26.4, 27.7, 29.4, 29.7, 29.8, 29.9, 30,
32.3,44.2,53.1,107.2,115.9, 118.9, 119.6, 122, 122.5, 123.1, 126.3, 128.1, 128.3, 136.3,
141.3, 147.6, 160.1.

Synthesis of 4f. A solution of N,N’-dicyclohexylcarbodiimide (DCC; 58 mg, 0.3mmol)
in CH,Cl, (5 mL) was added dropwise over the course of 10 min to a solution of 4e (100
mg, 0.2 mmol), N-hydroxysuccinimide (33 mg, 0.3 mmol), and 4-(dimethylamino)
pyridine (DMAP; 3 mg, 0.02 mmol) in CH,Cl, (15 mL) maintained at 0 °C under Ar. The
reaction mixture was allowed to warm to ambient temperature and was stirred for 15 h
under these conditions. The precipitate was filtered off, and n-decylamine (45 mg, 0.3
mmol) was added dropwise to the filtrate over the course of 10 min. The resulting
solution was stirred at ambient temperature for 12 h. The precipitate was filtered off, and
the solvent was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO,: CHCI3;/MeOH (98:2, v/v)] to afford 4f (63 mg, 47%) as a red
solid. FABMS: m/z = 563 [M + H]". '"H NMR (CDCl;): § = 0.89 (3H, t, 13 Hz), 0.98
(6H, t, 15 Hz), 1.13-1.41 (14H, m), 1.25 (6H, s), 1.65-1.68 (2H, m), 2.27-2.32 (4H, m),
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2.54 (6H, s), 3.49 (2H, m), 6.41 (1H, br s), 7.37 (2H, d, 8 Hz), 7.90 (2H, d, 8 Hz). °C
NMR (CDCly): & = 12.3, 12.9, 14.5, 14.9, 17.5, 23.1, 27.5, 29.7, 29.8, 29.9, 30.1, 32.3,
40.7, 128, 129.1, 130.8, 133.4, 135.5, 138.6, 139.2, 139.5, 154.6, 167.

Synthesis of 4g. A solution of DCC (2.3 g, 11 mmol) in CH,Cl, (20 mL) was added
dropwise, over the course of 20 min, to a solution of 1-decanol (1.5 g, 10 mmol), DMAP
(232 mg, 2 mmol), and methacrylic acid (816 mg, 10 mmol) in CH,Cl, (60 mL)
maintained at 0 °C under Ar. The reaction mixture was allowed to warm to ambient
temperature and was stirred for 24 h under these conditions. The resulting precipitate was
filtered off, and the solvent was distilled off under reduced pressure. The residue was
purified by column chromatography [SiO,: hexane/EtOAc (2:1, v/v)] to afford 4g (1.5 g,
70%) as a colorless oil. FABMS: m/z=228 [M + H]". '"H NMR (CDCls): & = 0.90 (3H, t,
13 Hz), 1.20-1.36 (14H, m), 1.63-1.70 (2H, m), 1.95 (3H, s), 4.15 (2H, t, 13 Hz), 5.54
(1H, s), 6.09 (1H, s). °C NMR (CDCls): & = 14.5, 18.7, 23.1, 26.4, 29, 29.6, 29.7, 29.9,
32.3,65.2,125.5,136.9, 167.9.

Synthesis of 4h. A solution of DCC (1.2 g, 3.6 mmol) in CH,Cl, (20 mL) was added
dropwise, over the course of 20 min, to a solution of poly(ethylene glycol) monomethyl
ether (M, = 2000, 10 g, 5 mmol), DMAP (244 mg, 2 mmol), and methacrylic acid (860
mg, 10 mmol) in CH,Cl, (80 mL) maintained at 0 °C under Ar. The reaction mixture was
allowed to warm to ambient temperature and was stirred for 24 h under these conditions.
The resulting precipitate was filtered off, and the solvent was distilled off under reduced
pressure. The residue was purified by column chromatography [SiO,: CHCl;/MeOH
(19:1, v/v)] to afford 4h (6 g, 60%) as a white solid. '"H NMR (CDCls): & = 1.95 (3H, s),
3.38 (3H, s), 3.54-3.88 (180H, m), 4.30 (2H, t, 5.32, 10 Hz), 5.57 (1H, s), 6.13 (1H, s).

Synthesis of 4i. A solution of 4g (73 mg, 0.3 mmol), 4h (1 g, 0.5 mmol), and AIBN (3
mg, 0.03 mmol) in degassed THF (8 mL) was heated for 72 h at 75 °C under Ar in a
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sealed vial. After the solution was cooled to ambient temperature, the reaction mixture
was transferred to a centrifuge tube and diluted with THF to a total volume of 10 mL.
Hexane was added in portions of 1 mL, and the tube was shaken vigorously after each
addition until the formation of a precipitate was clearly observed. After centrifugation,
the oily layer at the bottom of the tube was separated from the supernatant and dissolved
in THF (10 mL). Hexane was added in portions of 1 mL, and the tube was shaken
vigorously after each addition until the formation of a precipitate was clearly observed.
After centrifugation, the oily residue was separated from the supernatant and dried under
reduced pressure to give 4i (0.8 g) as a white solid. GPC: M, = 46 800, PDI = 1.73. 'H
NMR (CDCI3): & = 0.70-0.89 (3H, br s), 1.14-1.28 (8H, br s), 1.61-1.68 (2H, m), 1.95-
2.07 (3H, br s), 3.38 (2H, s), 3.54-3.90 (135H, m), 4.25-4.30 (3H, br s).

Polymer Micelles. A solution of 4i (2.5 mg mL™, 100 uL) in CHCl; was added to a
solution of 4a (0.1 mg mL™, 100 pL), 4¢ (0.1 mg mL™', 40 pL), 4e (0.1 mg mL™", 12 uL),
or 4f (0.1 mg mL™', 30 pL) in CHCl;. Alternatively, a solution of 4i (2.5 mg mL™', 200
L) in CHCI; was mixed with solutions of 4¢ (0.1 mg mL™, 20 pL) and 4f (0.1 mg mL",
100 puL) in CHCIs. Each mixture was heated at 40 °C in an open vial. After the
evaporation of the solvent, the residue was purged with air and dispersed in PBS (1 mL,
pH 7.4). After vigorous shaking, the dispersion was filtered, and the filtrate was used for

the spectroscopic and imaging experiments without further purification.

Phospholipid Micelles. A solution of 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine N-(methoxy(polyethylene glycol)-2000) ammonium salt (20 mg
mL™, 100 pL) in CHCl; was added to a solution of 4¢ (1.2 mg mL", 33uL) or 4f (0.6 mg
mL"', 33 uL) in CHCl; maintained at ambient temperature in an open vial. After the
evaporation of the solvent, the residue was dried under reduced pressure, dispersed in

H,O (1.2 mL), heated to 80 °C for 30 s, and passed through a syringe filter (0.2 pm).



134

Aliquots of the filtrate (100 pL) were diluted with H,O (300 pL) and used for the

spectroscopic experiments without further purification.



Chapter 6.

Experimental Techniques

6.1 Electronic Absorption Spectra

Absorption spectra were recorded with a Varian Cary 100 Bio spectrophotometer, using
quartz cuvettes with a path length of 0.5 cm. For quantum dots of the ODE and TOPO
series, absorption spectra were recorded with a Perkin Elmer Lambda 45
spectrophotometer. All the experiments were carried out in air equilibrated solutions at

room temperature.

6.2 Luminescence Spectra, Quantum Yield Determination and Lifetime
Measurements

Luminescence spectra were recorded with a Varian Cary Eclipse spectrometer (excitation
and emission slits: 5 nm). For quantum dots of the ODE and TOPO series, luminescence
spectra were recorded with a Perkin Elmer LS50B spectrofluorimeter equipped with a
Hamamatsu R928 phototube. All the experiments were carried out in air equilibrated
solutions at room temperature. Luminescence quantum yields were determined by the
optically diluted method,” using fluorescein, rhodamine B and cresyl violet standards.
Luminescence lifetimes were measured with an Edinburgh FLS920 single-photon

counting apparatus in air equilibrated solutions.
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6.3 Electrochemical Measurements

Electrochemical measurements were performed with a CH Instruments 660
electrochemical analyzer under Ar, using a glassy carbon working electrode (3 mm), a
platinum counter electrode, and a Ag/AgCl (3M KCl) reference electrode. 0.1 M
tretrabutylammonium hexafluorophosphate (BusNPFs) was wused as supporting
electrolyte. For quantum dots of the ODE and TOPO series, electrochemical
measurements were performed with an Autolab 30 multipurpose instrument with the
same operating conditions. The use of ferrocene as an internal standard was prevented by
the fact that its oxidation process becomes irreversible in the presence of the quantum
dots. The Ag/AgCl reference electrode was separated from the bulk solution with a fine
glass frit filled with the supporting electrolyte solution; the potential remained stable
under our operating conditions. CV scans were obtained with sweep rates in the range of
50-500 mV s™. The increment, amplitude, pulse width, and pulse period of the DPV
experiments were 4 mV, 50 mV, 0.05 and 0.2 s, respectively. The North American
voltammogram convention (positive potentials are plotted to the left and cathodic
currents are positive) is used for thiol-coated quantum dots, while the [IUPAC convention
(positive potentials are plotted to the right and anodic currents are positive) is used for

quantum dots of the ODE and TOPO series.

6.4 Particle Size

Dynamic Light Scattering (DLS) experiments were performed in quartz cells (3x3 mm)

with a Coulter N4 Plus apparatus, operating at a wavelength of 632.8 nm (10 mW) with
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an orthogonal geometry. The samples were dissolved in H,O (3 mL), filtered through Pall
Corp. syringe filters (0.1 um) five times, and stored. The concentration was adjusted to
ensure scattering intensities in the range from 5x10* to 1x10° counts/s. The nanoparticle
size was calculated by averaging the values of five runs of 300 s in unimodal size mode.
TEM images were recorded with an FEI Tecnai 12 microscope on copper grids (200
mesh) using a uranyl acetate stain, and a Philips CM 100 transmission electron
microscope operating at 80 kV (400 mesh copper coated with formvar support grid). GPC
was performed with a Phenomenex Phenogel 5-um MXM column (7.8 x 300 mm)
operated with a Varian ProStar system, coupled to a ProStar 330 photodiode array
detector, in THF at a flow rate of 1.0 mL min"'. Monodisperse polystyrene standards
(2700-200000) were employed to determine the M, and PDI of the polymers from the

GPC traces.

6.5 Intracellular Luminescence Photoactivation

CHO cells were cultured in F-12 nutrient mixture and supplemented with fetal bovine
serum (10%, v/v), penicillin (200 U mL™), streptomycin (200 pg mL™") and glutamine (2
mM). After reaching confluency, the cells were harvested by trypsinization and seeded at
a density of 5 x 10* cells mL™" in a six-well plate containing one sterile cover slide (22
mm X% 22 mm) per well. The cells were incubated at 37 °C with O,/COy/air (20:5:75,
v/v/v) overnight and then in the presence of CdSe—ZnS core—shell quantum dots (30 nM),
coated with 3a and conjugated to 2-nitrobenzylamine, for a further 3 h. The coverslips

were removed, washed with PBS (pH = 7.2, 3 x 1 mL) and fixed onto a glass slide for



138

imaging. The images were recorded on an inverted Leica SP5 confocal/multiphoton
microscope, using a two-photon excitation wavelength of 800 nm and collecting the

emission between 416 and 540 nm.

6.6 Intracellular Fluorescence Modulation and Cytotoxicity Assays

CHO cells were cultured in Hams-F12 essential media, supplemented with fetal bovine
serum (10%, v/v), penicillin (200 U mL™), streptomycin (200 pg mL™), and glutamine (2
mM), and incubated overnight at 37 °C in O,/COy/air (20:5:75, v/v/v). The cultured cells
were incubated further with PBS dispersions (10%, v/v) of 4f and 4i with and without 4¢
for 24 h on glass coverslips. After being washed three times with PBS (1 mL), the
coverslips were imaged with an inverted Leica SP5 confocal/multiphoton microscope.
The samples were excited at 514 nm, and the emission was recorded from 535 to 635 nm.
Alternatively, the coverslips were transferred in well plates, and their fluorescence was
measured with a Flex station luminescent plate reader. The samples were excited at 434
nm, and the emission was measured at 550 nm from the bottom of the plate with the
automatic emission cut-off switched off. Ultraviolet irradiation was performed with a
UVP UVGL-58 lamp, operating at 365 nm (0.4 mW cm™). For cytotoxicity assays: CHO
cells were seeded in well plates at a density of 5x10* cells mL™, incubated overnight at
37 °C in Oy/COy/ air (20:5:75, v/v/v), and spiked with increasing volumes (0-25%, v/v)
of a stock PBS dispersion of 4¢ (0.02 mg mL™), 4f (0.01 mg mL™"), and 4i (0.25 mg
mL™). The cells were incubated for a further 24 h, harvested by trypsinization, and

resuspended in Hams-F12 media and Trypan Blue (0.4%, v/v). After incubation at
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ambient temperature for 1 min, the cells were counted with an Invitrogen Countess
hemocytometer, and their viability was determined. Ultraviolet irradiation was performed

with a UVP UVGL-58 lamp, operating at 365 nm (0.4 mW cm™).

6.7 Other Methods

NMR spectra were recorded with Bruker Avance 300 and 400 spectrometers. Fast atom
bombardment mass spectrometry (FABMS) spectra were recorded with a VG Mass Lab
Trio-2 spectrometer in a 3-nitrobenzyl alcohol matrix. Electrospray ionization mass
spectra (ESIMS) were recorded with a Bruker micrOTO-Q II spectrometer. The samples
were irradiated at 365 nm (0.4 mW c¢cm™) with a Mineralight UVGL-25 lamp and at 562
nm (0.3 mW cm™) with a Spectral Energy LH 150/1 light source. The output power at

both wavelengths was determined with a Newport 1815-C power meter.

6.8 Experimental Errors

Wavelength values, £1 nm; luminescence quantum yields and lifetimes, +10%; redox

potential values, £20 mV.



Chapter 7.

Additional Information

This Chapter contains additional experimental data in support and completion of the
observations discussed in the main body of the thesis. The reference to the corresponding

page of citation is reported in the caption for each figure.

7.1 Additional Information to Chapter 2
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Fig. 7.1 (ref page 51) Differential pulse voltammograms [1.5 puM, BusNPF¢ (0.1 M),
THF, 20 °C, 20 mV s™', Ag/AgCl (3M KCl)] of CdSe-ZnS core-shell quantum dots with
core diameter of 2.3 nm, shell thickness of 2.5 nm, and different ligands on their surface:
n-butanethiol (a and d), n-decanethiol (b and ¢) and n-octadecanethiol (¢ and f).
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Fig. 7.2 (ref page 52) Absorption and emission spectra (0.4 uM, THF, 20 °C, Agx = 420
nm) of n-decanethiol-coated CdSe quantum dots with identical core diameter and shell
thicknesses of 0 (a and e), 1.2 (b and f), 3.1 (c and g), and 5.0 nm (d and h) before (black
line) and after (red lines) the addition of increasing amounts of the hexafluorophosphate
salt of methyl viologen.
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Fig. 7.3 (ref page 54) Absorption and emission spectra (0.4 uM, THF, 20 °C, Agx = 420
nm) of n-decanethiol-coated CdSe quantum dots with identical core diameter and shell
thicknesses of 0 (a and e), 1.2 (b and f), 3.1 (c and g), and 5.0 nm (d and h) before (black
line) and after (red lines) the addition of increasing amounts of ferrocene.
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Fig. 7.4 (ref page 54) Emission spectra (0.4 uM, THF, 20 °C, Agx =420 nm) of CdSe-ZnS
core-shell quantum dots with core diameter of 2.3 nm, shell thickness of 2.5 nm, and
different ligands on their surface before (black line) and after (red lines) the addition of
increasing amounts of the hexafluorophosphate salt of methyl viologen. Ligands: n-
butanethiol (a), n-decanethiol (b) and n-octadecanethiol (c).
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200lnm .

Fig. 7.5 (ref page 59) TEM picture of sample ODE1 and ODE4 (scale bar = 200 nm).
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7.2 Additional Information to Chapter 3
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Fig. 7.6 (ref page 84) Differential pulse voltammogram [0.015 M, BusNPFs (0.1 M),
THF, 20 °C, 20 mV s™") of 3e.
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7.3 Additional Information to Chapter 4

Fig. 7.7 (ref page 100 and 109) TEM images (scale bar = 100 nm) of polymer micelles
without (a) and with (b) 4¢ and 4f in their interior.
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Fig. 7.8 (ref page 103) Synthesis of the spiropyran 4c.
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Fig. 7.9 (ref page 104) Absorption spectra of a MeCN solution (72 uM, 20 °C) of 4¢
before (a) and after (b) irradiation (365 nm, 0.4 mW cm 2, 5 min) and absorbance
evolution (c¢) at 562 nm after irradiation.
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Fig. 7.10 (ref page 106) Absorption spectra of solutions (10 uM, 20 °C) of 4f in MeCN (a
and b) and MeCN/H,O (2:1, v/v) (c and d) before (a and c) and after (b and d) irradiation
(365 nm, 0.4 mW cm 2, 5 min).
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Fig. 7.11 (ref page 106) Absorption spectra of an aqueous dispersion (20 °C) of
phospholipid micelles containing 4f before (a) and after (b) irradiation (365 nm, 0.4 mW
cm 2, 10 min).
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Fig. 7.12 (ref page 106) Absorption spectra of an aqueous dispersion (20 °C) of
phospholipid micelles containing 4c¢ recorded after equilibration in the dark for 12 h
before (a) and after (b) irradiation (365 nm, 0.4 mW cm 2, 5 min). Absorbance evolution
(c) at 548 nm after equilibration and irradiation.
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Fig. 7.13 (ref page 109) Absorbance evolution at 545 nm of a PBS dispersion (pH = 7.4,
20 °C) of polymer micelles containing 4c and 4f recorded after equilibration in the dark
for 12 h and ultraviolet irradiation (365 nm, 0.4 mW cm 2, 5 min).
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Fig. 7.14 (ref page 110) Confocal fluorescence images (Agx = 514 nm, Agy, = 535-635
nm, scale bar = 50 um) of CHO cells recorded along the optic axis with a constant

vertical displacement (1 um) between frames after incubation with a PBS dispersion (10
%, v/v) of 4¢, 4f and 4i for 24 h.
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111) Emission intensities measured with a confocal

fluorescence microscope (Agx = 514 nm, Agy, = 535-635 nm) along lines drawn across the
CHO cells shown in the image after incubation with PBS dispersions (10 %, v/v) of 4¢, 4f
and 4i for 24 h before (a—f) and after (g-1) irradiation (365 nm, 0.4 mW cm 2, 1 min).
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Fig. 7.16 (ref page 111) Emission intensities measured with a confocal fluorescence
microscope (Agx = 514 nm, Agy, = 535-635 nm) along lines drawn across the CHO cells
shown in the image after incubation with PBS dispersions (10 %, v/v) of 4f and 4i for 24
h before (a—f) and after (g-1) irradiation (365 nm, 0.4 mW cm 2, 1 min).
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Fig. 7.17 (ref page 111) Average ratio between the emission intensities integrated after
and before ultraviolet irradiation along the traces in Figures 7.15 (a) and 7.16 (b).

1003 5 i " 5
2
80 !
X 604
=
3
£ 404
20
0 T T T T 1
0 5 10 15 20 25
Volume (%)
100
_g'xoau § - ?
b
80
£ 60
=
.‘.EI_;S
= 401
20
0 T T T T T |
0 0.2 0.4 0.6 0.8 1.0 1.2
t(10%s)

Fig. 7.18 (ref page 113) Viability of CHO cells either incubated with increasing volumes
of a stock PBS dispersion of 4¢ (0.02 mg mL™), 4f (0.01 mg mL ™) and 4i (0.25 mg mL~
" for 24 h (a) or illuminated (365 nm, 0.4 mW cm ) for increasing irradiation times (b).
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