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Overview

Nanoscience is an emerging and fast-growing field of science with the aim of
manipulating nanometric objects with dimension below of 100 nm. Top down
approach is currently used to build these type of architectures (e.g microchips).
Photolithography is the principal technique employed in the construction of
microchips bearing submicron-scale and nano-scale transistor. The
miniaturization process cannot proceed indefinitely due to physical and technical
limitations. Those limits are focusing the interest on the bottom-up approach and
construction of nano-objects starting from “nano-bricks” like atoms, molecules
or nanocrystals. Unlike atoms, molecules can be “fully programmable” and
represent the best choice to build up nanostructures. In the past twenty years
many examples of functional nano-devices able to perform simple action have
been reported. Nanocrystals which are often considered simply nanostructured
materials, can be active part in the development of those nano-devices, in
combination with functional molecules.

The object of this dissertation is the photophysical and photochemical
investigation of nano-objects bearing molecules and semiconductor nanocrystals
as components.

The thesis is divided in four parts. Part | (Chapter 1) introduces the basic
concepts of nanotechnology focusing on the main limitations of traditional top-
down approach for the construction of nano-scale objects. Bottom-up approach
and supramolecular chemistry are shown as effective tools for the design of
nanometer-scale devices. Concepts related to supramolecular chemistry and
artificial machines are reported in the first part, while the second part concerns
basic concepts on nanostructured materials and luminescence semiconductor
nanocrystals and strategy for their surface functionalization.

Part Il (Chapter 2) illustrates the techniques used to characterize and
investigate the systems reported in this thesis. In this chapter are also reported
the methodology for semiconductor nanocrystals synthesis.

Part 111 (Chapter 3) focuses on the characterization of a bistable rotaxane. This
study, in collaboration with the group of Prof. J.F. Stoddart (Northwestern
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University, Evanston, Illinois, USA) who made the synthesis of the compounds,
shows the ability of this artificial machine to operate as bistable molecular-level
memory under Kinetic control.

Part IV (Chapter 4-5) describes the works related to the luminescence
semiconductor nanocrystals. In particular, | focused the study on their surface
properties.

In Chapter 4 is reported the study on the effect of acid and base on core CdSe
and core-shell CdSe-ZnS quantum dots. Spectroscopical and TEM investigations
suggest that depletion of organic shell layer followed by aggregation of those
nanocrystals might occur.

Chapter 5 illustrates the work carried out in the laboratory of Prof H. Mattoussi
(Florida State University, Tallahassee, Florida, USA). In this period | worked on
the surface functionalization of nanoparticles for biological applications,
developing a novel method for the surface decoration with lipoic acid - based
ligands involving the photoreduction of the di-thiolane moiety.



Chapter 1

Introduction

1.1 Nanotechnology

Nanotechnology can be defined as the ability tei¢abe structures consisting of
individual atoms, molecules and macromolecular dig blocks in the
nanometric size range (1-100nhiJhis length definition is not mandatory and
many objects with dimension of few hundred nanonsetee often considered
nano-object. More generally nanotechnology is focusing on thiézation,
manipulation and organization of nanoscale objecteder to perform specific
functions® Since its nature of multidisciplinary subject, ogethnology can
mean different things to different people that waorldifferent field of science
(e.g. chemistry, physics, engineer, biotechnologygngineers define
nanotechnology as toolbox providing nanometric-dizdding blocks, others
say that is all about building things and othenssoter nanotechnology as a kind
of revolution in the physical science. The commad &ocal point is probably
the atomistic understanding and control that enab&ematic development of
complex nanosystems (e.g. nanoparticles for driigedg)*.
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The birth of nanotechnology is commonly attributedRichard Feynman and his
famous speech “There’s a plenty of the room at ih#tom”>® In 1959 at
CalTech he hypothesized the possibility to build amanipulate nanodevices
with atomic precision. More specifically Feynmanesph concerned the
possibility to write an enormous quantities of im@ation in a reduced space (in
1/25000 inch square) or to build nano-machines ablenimic macroscopic
devices. He was aware that in the nanometric sig®m all the characteristics
of such devices are different respect to those afroscopic devices. The fuel
for those machines is coming from different chemieactions and forces that
are fundamentals in the macroscopic world (e.gvityaand inertial force)
became less important due to the reduced masg ofidkecules.

The construction of micro-nano scale objects canpiesued following two
types of approachés™°

» Top-down approaghconsisting in the miniaturization of macrostruesior
materials until the achievement of the micro-suuet

* Bottom-up approachconsisting in the building of a nano or micro-
structures using nano-object as fundamental bricks.

The miniaturization of the components for the cargton of useful devices is
usually achieved using the first approach, esggcialthe field of integrated
electronic and personal computer. Evolution of waling machines and
personal computer is a good example of miniatuoratand top-down
approach?

The first freely programmable computer was theid@nted by Konrad
Zuse in 1941. This machine used 2600 telephongsela functional units.
Few years later Americans developed ENIAC, thet fekectronic general-
purpose computer. This computer combined the spktitd electronics with the
ability to be programmed for many complex probleifise machines contained
18,000 vacuum tubes for a total weight of 30 tohlse major engineering
problem was the avoiding of tubes burn-buthe introduction of transistor
instead vacuum tube enabled the construction oflenmaachines and in 1970
Intel introduces the first microprocessor (IntedD4 This microprocessor had in
a single device (2,300 transistor) a computing posimilar to ENIAC**®
Modern personal computer has a microprocessor liillon of transistors in
few centimeter square of surface. For example mpiowessointel core i7has



Chapter 1 - Introduction

2.27 billion of transistors in 434 square millimeéad an half pitch of 22 nm. In
Table 1.1 are reported the principal characteddtc the four type of computer
reported above.

Year 1941 1944 1970 2010
Model Z3 ENIAC Intel 4004 Intel Core i7
Functional units Relays V;fg:;n Transistors Transistors
Number of units 2,600 18,000 2,300 2,700,000,000
Clock rate 5-10Hz 5kHz 740kHz 2.27 GHz

Tablel.1: Evolution of the characteristics of four typecadculating machines

Modern microprocessors are usually built usingoliraphy technique’$:*®
Photolithography is used to pattern chips shininglight trough a mask. The
mask bears slits arranged in the motif that habetaeproduced on the chip.
Lenses below the stencil reduce the patter to oragter of its original size and
then project the picture on a silicon wafer coateith a polymer called
photoresist. Chemicals are used to removed tharmslexposed or not to UV
light in order to obtain a positive or a negativeagine of the mask on the
silicon wafer. Silicon part of the wafer are carnauad the spaces filled with
metals, insulators or semiconductor in order to enainsistors® In general the
shorter the wavelength of the light used, the snahe features that can be
transferred on the silicon wafer. Physical limifstiis technique do not allow
the construction of nanostructured materials bedavertain value. This is due to
the Abbe’s principléwhich states that the resolution of an opticalrimaents is
A2 whereA is the wavelength used. If in photolithographyhtEque a 248 nm
light is used, the maximum resolution is around h2@. Deep UV light can
exploit but at some stages (below 157 nm) no natedre transparent and
lenses must be replaced with reflactive mirrordwicreasing cost. This poses a
limitation to the use of photolithography, armdp-down approach, for the
construction of nanometric architectures.

Bottom-upapproach is a promising strategy to build-up $tm&s starting from
nano or subnano objects (atoms or molectile8hemists, that are able to
manipulate atoms and molecules, are in the idesgitipo to contribute for the
development of nanoscience and nanotechnology.
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The simplest objects can be manipulated are thesatdhis small entity has no
specific intrinsic function, which arise from endaes of such objects. Punctual
manipulation of atoms or very simple molecules dan performed using
scanning microscopy techniques at low temperatac w@tra-high vacuuri
(e.g. AFM and STM). Atoms are extremely reactive anch reactivity cannot
be “programmed”.

Clusters or even better nanoparticles and nanadsys$tave reduced
reactivity that enables easy manipulation. Theagmarfcan be engineered with
simple molecules to allow the formation of supdidat of bare or different
nanoparticle$®?* These materials with new characteristics emergihghe
nanoscale, not present in the parent bulk mateaald find application in many
field (e.g. catalysfs).

Molecules are much more useful and convenient imgjldlocks than
atoms, to construct nanoscale devideEhe main foundations of this idea are
report belov:

* Molecules are stable species

* Nature starts from molecules and not from atomeotastruct a variety
of nanodevices

* Most laboratory processes are dealing with molecule

* Molecules exhibit proper shape and properties wharh be manipulate
using different inputs

* Molecules can be connected or self-assemble inrdalenake large
structures

This last point reflects the basic principles oé gupramolecular chemistfy,
that will be explained in the next paragraph.
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1.2 Supramolecular Chemistry

“Supramolecular chemistry may be definedchemistry beyond the molecule
bearing on the organized entities of higher coniptethat result from the
association of two or more chemical species hefgetteer by intermolecular
forces”?® This is the most classical and most accepted itlefin of
supramolecular chemistry reported by J.M. Lehn, élidrize in Chemistry in
1987 with C.J. Pedersen and D.J. Cram “for thewebigment and use of
molecules with structure-specific interactions wfthselectivity”?’
Supramolecular chemistry shifts the interest fromlenules to assemblies of
molecules. If we follow literary the Lehn’s defilmih, when moieties of a
multicomponent system are linked together via aavalbond, it cannot be
defined supramolecular system but molecule. Thisthabe taken into account
when molecular-level devices and machines are ceatpof units held together
with chemical bond of different nature. For examaleseudorotaxaffewhere
the two components are linked together via nondemtainteraction, is a
supramolecualr system, while a rotaxane in whiehrthg and axle component
cannot be disassembled without breaking a covdlentl, should be called a
molecule. This simple example shows that while tiassical definition
“chemistry beyond the moleculés useful in general, in order to distinguish
what is a molecule and what is a supramoleculaesysa distinction based on
the interaction between the components should aleae®

The single component of a supramolecule has spet#atures or
functions that are maintained in the multicomporsystems. In other terms, the
molecular component remain discernible in the abgenThis concept can be
better explained using, as an example, a systemr yaibtochemical stimulation
consisting of two unit&~B where~ indicate the type of bond betweArandB.
(Figure 1.1). When light absorption causes exditathat is localized on either
A or B, or an electron transfers fromto B (or viceversa), the multicomponent
system can be defined a supramolecular system.gtsely, when the excitation
energy is delocalized on the entire multicompongydtem, the species is
considered a large molecule. Similarly reduction axidation processes are
localized on one of its units in a supramolecujatems, while is delocalized on
the entire system in case of a large molecule
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Supramolecular Compound Large molecule

system
N

*
A~ B

A ~ B %
hv - hv [A~B:|

I Y . [A,,B]
A ~ B
A~ B ] _ .
-@ -e
A~B —=— |:A~B:|
A ~ B

Figure 1.1 Differences between a supramolecular system dacya molecule based on
the effect caused by light excitation and red-amsltation. Molecular components of a
supramolecular system maintain their features m dlssembly while the molecular
components of large molecule lose their propeitigbe assembly.

The main concept that belongs to supramoleculamidtey is themolecular
recognitiondefined as “the ability of a molecule to recogriael associate with
another molecule based on the presence of comptargerchemical
functionalities”®> The molecular informationstored in the interacting species
enables theecognition The instructed components can recognized eadr oth

andself-assemble

Self-assembly is a well-know concept in Nature.sTédncept originated with

studies on tobacco mosaic virus and ribonuclése.

Tobacco mosaic virus is composed of a single RNilkgtencased in a protein
cylinder. This cylinder is formed of thousands itilead protein monomers. Each
components can be isolated by dissociation of ihesvThe isolated compounds
could re-forming the intact virus in vitro. The ogstitution experiments showed
that all the information necessary to reach thalfirano-assembly, the mosaic
tobacco virus, can be found in the constituentspart
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From these experiments the virtue of self-assemivigrged:

- Information Reduction of genetic information is achieved gsime or few
repeating unit.

- Control. Control of assembly and disassembly using meltipbnd of
relatively low energy, changing environmental ctiodis

— Error-checking The information are contained in the components.
Defective subunits are descared.

- Efficiency Large structure can be constructed more effiierity
assembling of subunits rather than by direct canton

Self assembly offers considerable opportunitiessyothetic chemists. These
concepts were successfully used to construct aessesf supramolecular
assemblies, like molecular devices and machines,atte the object of the next
section.
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1.3 Molecular Devices and Machines

A device can be defined as an assembly of simpigoooents. Each component
can performed simple actions. When those comporaesteassembled together
in a proper way, hew and more complex functionseari

In a similar way, a molecular device can be defiag@&n assembly of a discrete
number of molecular components designed to actiesmecific functiorf® Each
molecular component performs single acts while sheramolecular system
performs complex actions arising from the cooperatof each molecular
component.

A molecular machine is a type of nanodevice in Wwhithe molecular
components can display changes in their relativeitipos as result of the
application of an external stimulus. Similarly tcagnoscopic systems, nano-
scale devices are characterized by several features
1. the kind of fuel (energy) to activate the machind make it work
the movements performed by their molecular comptnen
monitoring and control of the movement

2

3

4. the possibility to repeat the operation severabéim

5. the timescale needed to complete an entire wordyote
6

the type of function performed

1 ENERGY SUPPLY

As macroscopic machines, nanomachines need enemgyér to perform their
functions. The energy can be of three differenetyphemical, electrical and
light.

Chemical Energy

Natural molecular machines present in plant, uge dhemical energy of a

phosphate bond to perform their functih$or example, the chemical pump
for Na” and K, called (Na"-K")ATPase located in the plasma membrane of
animal cell, consumes one molecule of ATP in otddranslocate Nafrom the
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inner to the outer of the cell and om outer to inner of the cell. This type of
motor “burns” one molecule of fuel each st&p#ddition of fresh reactant
allows the motor to work for another additionalpstehile the products are
removed.

Similarly to those, artificial molecular level manbs need addition of fresh
reactant at any steps of the working cy@lfter every operation steps, waste
products are released. For example in the casenddcal-driven molecular
machine, a single cycle of operation implies the akan acid first and then a
base in order to reset the system at the inite@testThe consequence of that
operation is the accumulation of the acid-base evpstducts. Accumulation of
products will compromise the operation of the maehinless they are removed
from the system, as happens in both natural mashand in the macroscopic
internal combustion engines.

The need to remove waste products poses noticdiahitations in the design
and construction of artificial molecular machineséd on chemical enerdy.

Electrical Energy

Electrical potential can be used to cause redoxtitges in supramolecular
systems in solution. By playing with a reversibdelox couple, it is possible to
generate the product applying a potential. Revgrie potential, it is possible
to return to the reactant, to cause a switchinges® without formation of waste
products®* Electrochemical inputs, instead chemical redox, cae be switched
on/off easily and rapidly. Electrochemical techmgucan be used also to
monitoring the state of the system. Furthermoregteddes are one of the best
ways of interfacing the molecular-level systemshtiite macroscopic world.

Light Energy

Plants use sunlight in order to sustain the machirgf life.* In these
sophisticated systems, light is used to producedemical fuel, the ATP, used
as propellant for all the natural machines.

Light can directly used in order to involve photentical reactions, which cause
a large nuclear movements. An example of this tfgghotochemical reactions,
is the photoinduced isomerization of a moleculet@iomg -C=C- and -N=N-
double bonds from its stablé&rans to metastablecis form. The initial
conformation can be restored by a spontaneouglaritiduced reactioft. This



Chapter 1 - Introduction

photoreaction has been used to construct molecotahines driven by light
energy inputs®®’ In supramolecular systems photoinduced electrmér
reactions can cause large-scale displacement &omar components.

Big advantage of light-stimulate systems is thesjiwity to perform endless
sequence of cycles without generating waste predliéght energy has other
big advantages:

» light can be switched on/off easily and rapidly

» special light sources (e.g. lasers) allow shortetiamd reduced space
control

» using light, the machine does not need to be taign@rder to supply
energy; the only requirement is the transparendfe®imedia to the light
used.

* photons can be used also to “read” the state ofysgem and monitor
the operation of the machine

2 MOTIONS

Various type of movements can be performed. Thet nmygortant are linear
movements (e.g. ring along a wiré)otary motion$®*! changes in molecular
structure (e.g allosteric process&spssembly-disassembly (e.g. of host-guest
species]? translocation of components (e.g. metal idhapd contraction and
extensiorf®

3 CONTROL AND MONITORING

The control and monitoring of the machine can beiexd out if changes in the

position of the moving component causes readaldegds in properties of the
systems. Any kind of chemical and physical techegqoan be useful. The state
of the system is controlled most frequently usipgcroscopic technique (NMR,

UV-Vis absorption and luminescence). Electrochehti®ehniques can be use in
systems based on donor-acceptor interaction. Irdtom on the rate constants
are usually obtained using conventional kinetichtegues (slow processes),
stopped flow and electrochemistry (relatively rappocess) and flash

spectroscopy (fast processes).

10
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4 RESET

Since machine must work by repeating cycles, liesmt important requirement.
Chemical reactions involved in the movements ofabmponent parts must be
reversible. Photoinduced isomerization reactionsid-base reactions and
electron transfer reactions (red-ox) are used ¢omplish this purpose.

5 TIMESCALE

The operation timescale of molecular machines iig variable and depends on
the type of structural rearrangements take plabis. dan vary from picoseconds
(for moving of small portion of molecules) to hoyis the case of remarkable
rearrangements of the systems).

6 FUNCTIONS

The functions that can be performed exploitingrtiteyements of the component
parts are various. Mechanical movements in suchhmeas correspond to a
transition between two stable structures (stated)dan be exploited as memory
logic devices. Mechanical movement can be also asdtlis, in order to move

objects, even macroscopic oHé®*’

1.3.1 ROTAXANE

Rotaxane is a mechanically interlocked moleculastesy (supramolecular
system) consisting of a dumbbell-shaped componeaitaaring componerit:*®
The linear component is threaded in the ring one thie disassembly of the
supramolecular system is avoided by the presencdwof bulky groups
(stoppers) at both sides. If properly synthesizethtaxane can be considered a
molecular machine.

The template-direct synthesis of rotaxanes is basedthe self-assembled
principles used to obtain pseudorotaxanes.

1. Dumbbell and macrocycle should have a proper stracin order to
give a self assembling architecture. Shape andddibeth units should
be complementary.

2. The units have to contain information that allowf-secognition and
self-assembly, namely complementary functional gsduateractions.

11
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Common type of interactions between the componefts rotaxane are:
electron donor/acceptor, hydrogen bonding, hydrbteydrophilic, et
stacking, coulombic forces and metal-ligand forcddixture of those
interactions might be present.

Usually these interactions can be highlighted duwehie changing of some
properties of the system (e.g. spectroscopic anmdfwx). For example, charge
transfer (CT) interaction often introduces a lovelgy excited state with the
appearance of a new band in the electronic absargipectra. This interaction
can also cause a change in the electrochemicatpiieg

The formation of an interaction between two sugatbmponents, in order to
form a rotaxane, can be carried out following threen ways (Figure 1.2).

1. Threading of a molecule through a ring and cappieyend(s) of the
thread.

2. Slipping of a preformed ring over the stoppers pfeformed dumbbell
into a thermodynamically favourable site on the rmpdrt of the
dumbbell.

3. Clipping of an U-type component onto a suitable bhall followed by
closure to form a ring.

: O
O + /\’D threading /\/@\/
—

capping

O - OO~ OO

clipping
-
threading .

<L}+-~+_>
OO — O30

Figure 1.2 Synthesis routes to obtain rotaxanes. White @role the ring indicate sites
of interaction between the axle and the dumbbell

12
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The ring unit of a rotaxane can perform a rotarytiam around the axle
molecule or linear motions along the dumbbell congua. If two identical
recognition sites are present along the axle, which the ring can interact, the
system presents two identical energy minima of $hene probability to be
occupied (Figure 1.34Y. Over a certain temperature the ring can be freely
oscillated from one site to the other and the mauanis governed just by
thermal fluctuation.

Much more interesting is the case when the dumbhelkcule contains two
different stationd? For each of those stations, the ring has diffeafinity
(Figure 1.3Db). In this case the system presentsdifferent energy minima. At
the equilibrium just one site is preferentially opied by the interaction with the
microcycle. With an appropriate stimulus, the iatdion can be destabilized and
the energy minima raised or removed and consequtglring shuttles on the
second site. Using a second and opposite inpugytstem is reset. The nature of
the inputs depends on the nature of interactiorwdsn the ring and the
recognition site on the dumbbell.

a)
b)
input 1

Figure 1.3 Schematic representation of a general rotaxanengetvo recognition sites
for the ring and energy profile of the possibleteta (a) Rotaxane with two identical
recognition sites on the dumbbell molecule; theesysis represented by two identical
energy minima. (b) Rotaxane with different recogmitsites with different affinity for
the macrocycle; the system is represented by tfferdnt energy minima.

13
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As already said, the movements in this systemsd®iiwo stable states can be
exploited in principle to develop binary logic ssts at the molecular scale
level. This was the purpose of part of this thegliere the performance of a
bistable mechanically interlocked molecular sysieneported (Chapter 3).

14
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1.4 Nanostructured Materials:
Semiconductor Nanocrystal Quantum Dots

In the field of nanotechnology nanostructured miakerlike nanoparticles-
nanocrystals, nanowires, carbon nanotubes, etonieeery often active part in
the development of new nanohybrids constitutedhobé¢ units and functional
molecules. These systems are developed using theepb related to the
supramolecular chemistry (i.e. self-assembly).

A nanostructured material is a material bearindgeast one dimension in the
nanoscale size rangéit this regime physical and electronical propertié such
materials are dependent by the dimension of therlathis means that materials
with the same chemical composition but differemesihave different physical
and electronical propertiéS.

The electronic structure of a “bulk” conductor, utetor or semiconductor
material, can be described using the band th&dkp. electronic band is defined
as a combination of atomic orbitals that constdutee material. This band can
be visualized as dense series of molecular orbitgenerated by linear
combination of atomic orbitals. A conductor matehias a band that is partially
filled and partially empty regardless of temperaturhe consequence is an high
conductivity of such material. In the case of semductor and insulator
materials, no partially filled band is present. THighest energy filled band is
called valence bandand the lowest energy empty band is calbedduction
band The energy separation between the two banddirseedeenergy band gap
The difference between an insulator and a semiadndus concerning the
entity of such band gap. In the case of a semiattoduat ambient temperature,
electrons have enough energy to be promoted icghduction band. However
the number of charge carriers are less than timoseriductor material.

Photons can be used to excite electrons from valéand to the conduction
band. The consequence is the formation of a cduglkeelectron, located in the
valence band and in the conduction band respegtigalledexciton Electron
and hole relax to the band edge where they camigioe with emission of a
photon of the same energy of the semiconductor gapdThis process is called
band edge luminescen(égure 1.4)

15
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r' N
Energy .
' € Conduction band
\ e
band
hv > band gap hv’
gap
Absorption Thermal Band edge
relaxation luminescence

Figurel.4 Scheme representing band-edge luminescence afias®&lucting material.

Since the energy of the emitted photon dependsherehergy band gap, the
emission wavelength can be modulated by modulatiegenergy band gap (e.g.
changing the material).

In the case of nanostructured materials, as aat®ip above, the electronic
properties are dependent on the size of the miselmathese systems the motion
of the electrons, determining the electronic prtesr follows the quanto-
mechanical model of particle in a box*? the electronic properties are strictly
correlated with the size of the material. The gquamtonfinement of the
electronic wave-function, due to the reduced dinen®f the material/box,
generates a discretization of the electronic ledebsving thecontinuumpresent
in bulk materialS® Decreasing of nanocrystals size causes an inog#sithe
band-gap energy and consequently variation in kbetrenic properties. In the
case of a semiconductor nanocrystal the main efiédhcreasing band-gap
energy is an ipsochromic shift of the emission spe¢Figura 1.5)

~
Energy
Conduction band

o
hv hv’ hv” hv”>hv’>hv

Valence band

Bulk DecreaS|ngS|ze

Nanocrystals

Figure 1.5 Effect of the quantum confinement on the emissmergy of bulk and
nanostructured semiconductor materials.
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Luminescence Semiconductor Nanocrystal Quantum [@Ds) are emerging
nanostructured semiconductor materials with unigbetophysical properties
that are not observed in their parent-bulk matéfidl These particular
photophysical properties can be summarized asioip

« Tunable emission wavelength adjusting the sizehef nanocrystal.
This characteristic is unique and it is due todhantic confinement of
the exciton wavefunction. The full width at half xraum (FWHM) of
the Gaussian-shaped emission spectra is arounch30 n

e Broad band absorption spectra with high absorpti@mss section and
high luminescence quantum vyield. This last featemables the
measurements of luminescence signal at extremiefiedionditior?’

« Longer fluorescence lifetime (20-30 tfspstead classical fluorophores.

« High photostability’ that allows application in which long irradiation
time is required (e.g. in vivo imaginff).

The electronic features of those nanocrystals aectd the discretization of the
energetic levels as reported above. The emissiogeps in semiconductor
nanocrystals is due, as already shown for bulk rigdseto the recombination of
a couple hole-electron (exciton) generated upon ahsorption of a photon
(Figura 1.4). For nanoparticles with diameter serathan 10 nm, the Bohr
radius associated to the exciton is bigger thanndreocrystal diameter. These
conditions define thetrong confinement regirtfen which both charge carriers
are quatitized. Under this condition the propertias be modulated by changing
the diameter of the nanocrystal. In particular, ¢éhergy band gap increases by
decreasing the size of the QDs and this implies éh@ssion energy increases,
decreasing the NC's size (Figure 1.5).

The preparation of semiconductor nanocrystals @apursued following three
main ways

1. Molecular Beam Epitaxy (MBE) in which the nanocrystal growths on
a surface using special precursors in vapour phase.

2. Lithographic techniqué

3. Chemical methods
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Chemical methods, also called ‘wet’ methods, altbe precise size and shape
control, as well as high monodispersity and higltpluminescence quantum
yield. All these features are unmatched using tiherotwo methods. Solution

based synthesis of nearly free-defects colloidak@Drelatively inexpensive,

facile and scalable with an impurity tolerance daceeding to that required for
epitaxial growth. Moreover size control in MBE ifidult. ®

In the past two decades CdS, CdSe, CdTe, InAs ard core colloidal
nanocrystals, having these characteristics, haveen besuccessfully
synthesized****Despite all those nanocrystals have these pati@léctronic
features, CdSe based nanocrystals are the mostdtuanoparticles due to the
remarkable resistance to chemical and photodegoadand high two photon
action cross sectiott?%°":%®

Highly luminescent, with narrow emission profilendanearly monodisperse
CdSe nanocrystal QDs were usually synthesized ingaocbrganometallic
precursors at high temperature in strongly-cootiigasolvents? In 1993
Bawendi and co-workers developed a method to sgit&ehigh quality CdSe
nanocrystals using organometallic precur§di&he mentioned method involves
pyrolisis of Cd and Se organometallic source (dityletadmium, CdMg and
trioctylphosphine selenide, TOPSe, respectively30f°C in trioctylphosphine
oxide, TOPO, as high boiling point solvent. Thepgamation of the precursors is
usually carried out in an air-free environment dox by mixing desired amount
of Cd and Se precursors in trioctylphosphine, T@®,solvent. This method
represents a clear break with previous works wimrie precursors were used
as Cd and Se source in water or other polar savéite use of TOP-Se and
CdMe, as organometallic precursors was inspired by &warried out in late
1980s in Bell Laboratories in which Se(TM@)nd Cd" were reacted in inverse
micelles at room temperature to yield CdSe nantais®

Concerning the cadmium precursor used in the hettion method, CdMgeis
toxic and pyrophoric substance and it must be fehdhder inert atmosphefe.
Successive works involving the synthesis of CdSesQ@ia hot injection
technique, focused on the substitution of CdMih other cadmium sources. In
early 2000s Peng and co-workers published a sefriggpers on the synthesis of
guantum dots using other cadmium sources. Cadmiide ocadmium acetate,
cadmium carbonate mixed with various fatty acidjremor phosphonic acid
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were used for the synthesis of high quality CdS# @ther II-VI semiconductor
nanocrystal$®>’® Moreover in these papers authors show the pasgibil use
non-coordinating and less expensive solvents iddtea use of alkyl phosphine.
The nanocrystals used in this thesis were syntbésiallowing the Peng’'s
method with minor modifications.

(a) (c)
2 9
CdSe
£
51
<
4
0
FWHM
0.8{ QD539 = 28nm
3
5 QDgos =32nm
0.4
0.0 T e 7
400 500 600 700
Alnm

Figure 1.6 CdSe core nanocrystals. (a) Representation of @d8ewith hydrophobic
ligands on the surface. (b) HRTEM picture showsgleinCdSe nanocrystallite. (c)
Normalized absorption and emission spectra of esaf CdSe of different diameter:
2.6 nm for QR3q 3.4 Nm for Q3,9 and 4.3 nm for QEYs.

The surface of as prepared quantum dots is coweithch monolayer of organic
ligands (TOPO, TOP, amine, fatty acid or phosphamicd). These ligands
passivate the surface avoiding aggregation. Degpite presence of these
ligands, the surface can be easily altered andctiefaight appeaf. Surface
defects can act as trap states for both electrdnhafe with decreasing of the
photophysical and luminescence properties. In otdeincrease the chemical
stability and the photophysical properties, theataystal can be covered with
another semiconductor material of wider band gapmifog a core-shell
architecture. In this way both charge carriers gated in the CdSeore are
constrained due to the higher potential barriethefouter ZnShell CdSe-ZnS
core-shell nanocrystals are much more stable agpingto-oxidation and post
synthetic surface modifications.
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The overcoating of CdSe QDs was reported thetfirst by Guyot-Sionnest and
co-workers in 1996° The method involve the use of highly reactive
organometallic reagents (diethyl zinc, ZpEtand hexamethylsilathiane,
S(TMS),). Precursors are loaded in the reaction solutmmtaining bare-CdSe
core in one single step. Using this method anché&urdevelopments, it is
possible to obtain CdSe-ZnS QDs with high luminaseequantum yield and
photostability.

In 2003 Peng and co-workers reported another oairgpmethod involving the
use of less reactive and air-stable precursors Zike stearate and elemental
sulfur.”” Using the Single lon Layer Absorpion and Reac{®h.AR) technique
is possible to growth a precise number of shell oayers. The Zn and S
precursors are alternatively loaded into the reactblution containing the CdSe
core until obtaining ashell of a desired thickness. This strategy allows #h&o
preparation of multi-shell nanocrystals in whicle thanocrystal is covered with
a shell constituted of different semiconductor mate.®

(b)

Diameter

800
0.124

lem/a.u.

400

400 500 600 700
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Figure 1.7.(a) Representation of CdSe-Zn®re-shell semiconductor nanocrystals
covered with hydrophobic ligands. (b) Picture shayia series of different emitting
CdSe-ZnXore-shellQDs. Arrow indicates the increasing of the comnuiter. (c) TEM
picture of 6.6 nm CdSe-ZnS QDs. (d) Absorption ¢kléine) and emission (red line)
spectra of CdSe-ZnS reported in TEM picture. Inseture is the fluorescence decay
profile and the red line represents the data-fittarcording to a bi-exponential decay
equation.
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Detailed procedure concerning the synthesis of Ga$eand CdSe-Zn$ore-
shellare reported in Chapter 2.

Applications of luminescence quantum dots are randiom electronic (e.qg.
LED productiori®) to solar cel®® and biological fields, with the development
of luminescence platforms for imaging and sen&ndRecently Sony
commercialized a LED-TV where the conventional béight was substituted
with blue-LED coupled with green and red emittingagtum dot§>®*

For biological applications and sensing, surfacefionalization is a critical and
required step. Next paragraph focuses on the gtratef surface
functionalization of semiconductor nanocrystals.

1.4.1 SURFACE FUNCTIONALIZATION OF LUMINESCENCE
SEMICONDUCTOR NANOCRYSTALS

The synthetic methodologies reported in the pasigvaph for bothcore and
core-shellnanocrystals, provide materials that are coverigld asmonolayer of
organic ligands (TOPO, TOP, amine, fatty acid oogghonic acid). These
molecules confer hydrophobicity to the QDs withubdlity of the latter in
apolar organic solvents like chloroform, toluenehekane. The dynamic nature
of the binding of these ligands to the nanopartitifacé’ allows the exchange
of native ligands with other molecules. Post-sytitheurface modifications are
carried out basically for two main reasons:

1. To make the QD’s surface hydrophilic and bioconipati

2. To introduce functional molecules on the QDs swafac order to
perform specific function (e.g sensffg

In the following paragraph are reported the priatiprocedures of post-
synthetic surface modifications with few exampleaaerning the object of this
thesis.
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1.4.1.1 WATER SOLUBLE QUANTUM DOTS

One of the most promising application of colloidaimiconductor nanocrystals
concerns the use of those nanoparticles as fluemescplatform for biological
applications. Water compatibility of QDs is a keyit to achieve this purpose.
Post synthetic modification must provide a stablatanial under different
biological conditiond?®” (e.g. broad pH range, concentration of electrolgte)
The surface can be made water-compatible followirgmain strategie®.

1) Ligand ExchangeNative ligands are substituted with capping agent
that combine an anchoring group for the metal serfand an
hydrophilic part.

2) Particle Encapsulation The hydrophobic particles are encapsulated
using amphiphilic molecules or polymers.

In Figure 1.8 is reported a general scheme ofvloeftinctionalization strategies

e 5ff
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Exchange ""\f\ﬂ,L

f;if o
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Particle 2 g
E lati RO XY
ncapsulation s o
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Hydrophobic Hydrophilic ' B3
group Q"

group

Figure 1.8 Schematic representation of the two main strasefieobtain water soluble
guantum dots.
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The ligand exchangeprocedure allows the preparation of nanocrystath w
compact organic shell (i.e. small hydrodinamic wadli but the overall
luminescence quantum yield is drastically reducgditable anchoring groups
for the ZnS shell are moieties that have certdimigf for the Zn or S atoms of
the surface. For this purpose, imidaZblend thiols are the best choice. Many
examples in literature reported ligands bearinglths anchoring group. The
simplest molecule that satisfies the requiremergponted above, is the
mercapoacetic acid. This acid has a thiol groupashoring group and a
carboxylic acid conferring hydrophylicity to the stgm. The ligand was
successfully used in 1998 by Nie and coworkerstolglized QD in water and
biological media? The presence of a carboxylic acid requires depaiton of
the acid and formation of a carboxylate in ordesétubilize the nanohybrid.
This can be achieved storing QD with the new ligamdphosphate buffer
(pH=7.4). QDs covered with this kind of ligand, amdre generally all types of
ligand that bearing carboxylic acid as hydrophij®oup, are unstable under
acidic condition where they aggregate and pred¢gifeom solution. Another
problem of monothiolated ligands is the low stapitif this type of coating and
the tendency to leave the QD’s surface with consegaggregation of the
nanoparticles. Other types of monothiolated ligaads mercapotundecanoic
acid or small amino acid like cysteine in which the toghilic group is in a
zwitterionic form at working condition¥.

In order to increase the stability of the coatimmplecules containing a bis thiol
can be used. The reduced form of the lipoic aci)(lthe di-hydro lipoic acid
(DHLA) was successfully used to obtain a much metable coating’
Reduction of LA is usually performed using NaBKDDs coated using DHLA
are stable for several months in basic buftdn Figure 1.9 are reported the
chemical formula of the mono and bis thiolated commuls described above

(o]
HS\)LOH HS\/\/\/\/\/\gOH

MAA MUA
(0]
HS/\)\/\/\HOH HS ™~ "OH
HS NH
(0] 2
DHLA Cysteine

Figure 1.9 Thiolated ligands for QDs. In clockwise order, namto acetic acid (MAA),
mercapto undecanoic acid (MUA), cysteine and dirbyigboic acid (DHLA)
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The presence of carboxylic acid poses severaldimits in the pH range of
utilization of such hydrophilic QD¥.

Further improvements of the DHLA coating system eanom Mattoussi and

coworkers in 2005. They introduced a new classgainids for semiconductor
nanocrystals (and also gold nanoparticles) wheseDHLA anchoring group is

coupled with a poly ethylene glycol polymer chalREG) as hydrophilic

group?® This coating provides a stabile QDs water dispersn a broad pH

range (from 5.8 to 8.0). Successive improvementglianated the colloidal

stability with increased pH range from 3 to *#8° The synthesis of LA-PEG
ligands is based on the DCW®,N-Dicyclohexylcarbodiimide) coupling reaction
of lipoic acid with PEG molecule (Figure 1.10). Timroduction of an amide
bond instead an ester one, requires a premoddicafi polyethylene glycol with

introduction of a terminal amine group. A minimurmanmber of ethylene oxide
monomers (about 8) is required in order to obtads @oluble in water. Minor
modifications on the reaction scheme synthesiswaltbe introduction of

functional terminated groups on the PEG chain.

“04/‘0?“\0‘3”3 L N3</\05H\,OCH3 _ b H2N</\0>;\,OCH3

PEG-OCH,

j{»oi\ocm P /n\(/\o«kxocm

DHLA-PEG-OCH, LA-PEG-OCH;

-COOH

,m/\o)\,FN {-NHZ

-Biotin
DHLA-PEG-FN
I |

Hydrophilic Functional
group group

Figure 1.10 Chemical formula and synthetic scheme of LA-PEGarids. (a) (i)
CH3;SO.CI, EtN, THF; (ii) H,O, NaN,, NaHCQ, (b) PPhB, H,O, THF, (c) DCC,
DMAP, CH,Cl,, (d) NaBH, MeOH, HO.
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The generality of the cap exchange method enaliles introduction of
functional groups (-COOH, -NHand biotin) on the QDs surface without any
modification in the cap exchange reactiéince all of those ligands have same
anchoring and hydrophilic groups, the cap-exchadgeing force for both
functional and “inert” (-OH or -OCkterminated) molecule is the same. As
consequence, the fraction of functional groupsemesn the QD surface is the
same of the solution used for the cap exchange.

Part of this thesis will focus on the use of thbggentate ligands (DHLA and
DHLA-PEG) as hydrophilic ligands for semiconduat@nocrystals.

Increasing the number of anchoring groups, theildtalof water dispersion
increases. Examples of trident4te tetradentaf® and multidentate polymeric
ligands® based on thiols and PEG chains were recently tegpon literature.
PEG chain can be substituted using other hydrapgibups, like zwitterions, in

order to obtain compact ligands for biological agagion**~%

Polymers containing phosphine oxide as anchorirmumgrand polyethylene
glycol as hydrophilic part were used to solubiliz€Ds and other various
nanoparticles in watéf?

The particle encapsulatiorstrategy allows the preparation of nanocrystath wi
almost unchanged photophysical properties (e.ginescence quantum yield).
Despite optimal photophysical properties, encapedlaparticles have an
increased hydrodynamic radius that can precludé thtdization in Forster
resonance energy transfer application or biologiwahging® Amphipilic
polymers®*%or phospholipid®’ were successfully used.

Another type of coating, that is a mixture of b&ittand exchange and particle
encapsulation, is based on the exchange of theendgand with mercapto
propylsilanol$®® and successive silanization of these units thiiwalthe
formation of a robust silica shell dispersible iater and buffer media. Further
addition of siloxane precursors produce a much rtiaok shell with the aim of
a better water compatibility.

Peptides can also be used to cover the surfaanatenductor nanocrystals and
promote the solubilization in water and buffer nagd
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1.4.1.2 SURFACE DECORATION OF QUANTUM DOTS WITH FUNCTIONAL
UNITS

Introduction of functionalities (e.g. peptides, aletcomplexes, bioactive
molecules, etc.) on the surface of those waterh#®l@Ds can be achieved via
covalent attachment on the ligand sh#i**3self assembling on the nanocrystal
surface using, for example, histidine-rich peptife§® or self assembling on
the ligand shelia cationic-anionic interactioh’

Some of those nanohydrids were successfully teategpH sensors. As an
example, in 2006 Bawendi and co-workers reportedftimctionalization of an
hydrophilic core-shell QDs with a squaraine dyehwithe aim of develop a
ratiometric pH sensor. The FRET between QD andl{feeis modulated by the
environment since the absorption profile of theasgine is a function of pH?°

Another interesting example involves the self addemg of a DHLA-PEG
coated quantum dots and dopamine-peptide for thsteation of a pH sensible

nanohybrid™ (Figure 1.11).
Histidine\rbuiu/\(ji:

Acidic

Figure 1.11 Schematic representation of hydrophilic QD-dopamianohybrid as pH
sensor

Dopamine is a well-know neurotransmitter existimg tivo different forms,
depending on the pH. At low pH reduced-hydroxiguiads the preminent form.
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Hydroxiquinone is a poor electron acceptor anddirenching of the QDs does
not take place. At basic pH reduced-hydroxiquinisnexidized to quinone due
to the presence of oxygen in the media. Dopamirieete is a strong electron-
acceptor and can quench the QD luminescence byratedransfer. This
nanohybrid was successfully used to seéns&tro the cytoplasmatic pH.

Also hydrophobic QDs can be functionalized with ewlles in order to sense
some analytes. CdSe-ZnS QDs were capped with tltaawie-pyrene ligand
(Figure 1.12) to yield a ratiometric luminescencg/gen sensof:® Emission
signals originating from pyrene (378 nm) and QD 268m) are fully
independent. While pyrene is quenched By QD luminescence is not. This
observation enables a ratiometric determinatiodisfolved oxygen.

hv

378nm

Figure 1.12 Schematic representation of the QD-Pyrene systematiometric oxygen
sensor

QDs can be functionalized with molecules in order modulate the
luminescence using an external stimulus, e.g. phetmically*® Recently CdSe-
ZnS QDs coated with an hydrophilic polymer werectionalized with a photo-
cleavable 2-nitrobenzyl group with the aim of plastdching the luminescence
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of the QD!? Enhancing of the QD’s luminescence was observadr af
photolysis of the nitrobenzyl group, in both sabatiandin vitro.
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Chapter 2

Experimental techniques

2.1 Chemicals

All the studied supramolecular systems and molectdenponents have been
prepared and characterized by the research greppsted in each chapter. Any
reagent or model compound used occasionally wasthef best purity
commercially available.

The solvents were acetonitrile (Romil), chlorofor(iMerck Uvasol™) or
dichloromethane (Merck Uvasol™) for the photochexhiand photophysical
experiments.

Cadmium oxide (CdO, 99.99%), diethyl zinc (ZHELM in n-eptane),
hexamethyldisilathiane (S(TM$) synthesis grade), trioctylphosphine (TOP,
90% technical grade), trioctylphosphine oxide (TOR@% and 90% technical
grade), hexadecylamine (HDA, 98%), octadecylamin@DA, 99.0%),
octadecene (ODE technical grade 90%), oleic aclé,(@chnical grade 90%),
methanol (99.8% GC), chloroform (99.0% GC) anblexane (GC 95%) were
purchased from Sigma Aldrich and used without fertpurification. Selenium
powder (Se, 99.95%), stearic acid (StA, 98%), zoxede (99.99%) and

33
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elemental sulfur (99.5%) were purchased from Alfas& and used without
further purification. All the reagents reported @bavere using for the synthesis
of CdSecore and CdSe-ZnSore-shell quantum dots. Detailed synthesis are
reported in the following paragraphs.

Solid samples were weighted with a Mattles AT26hibee (sensitivity 0.01mg,
experimental error estimated <10%). The amount kted) were in no case
smaller than 0.5mg.

2.2 Synthesis of Semiconductor Nanocrystals

CdSecore and CdSe-ZnSore-shell luminescence semiconductor nanocrystal
quantum dots used in Chapter 4 were synthesizeording to the procedure
reported in literature with some maodification.

2.2.1 SYNTHESIS OF CdSe “Core” QUANTUM DOTS

Quantum dots core CdSe were synthesized followiegniethod developed by
Peng and co-workers with minor modificatidn$Briefly 25.7 mg of CdO (0.2
mmol) and 227.6 mg of StA (0.8 mmol) were placed @6 ml three-neck round
bottom flask. The mixture was heated at ABQunder argon flow until the
mixture become clear and colorless. The flask vlagvad to cool down at room
temperature and 1.5 g of HDA (or ODA), 0.5 g of TWP9% and 2 ml of ODE
were added. The mixture was degassed atCc2Mder reduced pressure and
gently stirred for 2 hours followed by flushing Wiargon. Then the temperature
was raised to the injection temperature (rangignf260C to 300C). In an
nitrogen filled dry box (MBraun Lab-Star, MB10), g of selenium (2 mmol)
were mixed with 2 ml of TOP in 8 ml glass vial gouéd with septum. The
selenium precursor was quickly injected using gerglastic syringe equipped
with 12 gauge metal needle. Growth temperature seasdo a value 20-3C
lower than injection temperature. The mixture tdrrieom colorless to light
yellow, orange and dark red color. Aliquots of dedicolor/size were taken out
and immediately quenched by dilution in chloroforAs an alternative, all the
reaction batch was stopped at one desired sizerhpving the heating mantle.
Fast cooling of the reaction mixture can be perfosing a fan. Chloroform or
hexane were added at °6D to solubilize the nanocrystals preventing
aggregation. QDs were precipitated twice addingxaess of methanol with the
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purpose to remove as much excess of free ligandisuareacted precursors as
possible. Finally the CdSe quantum dots, in forrfired powder, were dissolved
in chloroform or hexane to obtain a concentratddt®m (about 1fM). The
exact concentration value was estimated from theeleagth of the exciton
peak’

2.2.2 SYNTHESIS OF CdSe-ZnS “Core-Shell” QUANTUM DOTS

CdSe-ZnS core-shell quantum dots were synthesiakowing two different
methods. The first one is the Single lon Layer Apson and Reaction (SILAR)
approach developed by Peng and co workams the second one is the one-time
precursors injection developed the first time byy@tSionnest and coworkets.
The purpose of using the first or the second methd@sed on the dimension of
the CdSe core. For small QD (diameter < 3.4 nm)ptiepot method is the best
choice. This method involves the use of very reactinc and sulfur precursors
(ZnEt, and S(TMS)) but the reaction can be carried out at relativiely
temperature at which small CdSe nanocrystals aldest

For big QDs (diameter > 3.4 nm) both methods candszl. The SILAR is the
best choice due to the use of less reactive precu(ZnO and elemental sulfur)
and the possibility to afford a fine modulationtbé zinc sulfide shell thickness.
The reaction temperature in this case has to ble imigorder to activate the
precursors.

The SILAR method is based on the alternative iipecbf Zn and S precursors
in a solution containing CdSe nanocrystals for ghewvth of CdSe-ZnS core-
shell nanocrystals. The amount of precursor isrdeteed by number of surface
atoms of a given size of core-shell quantum doecaBse there is about 10%
lattice mismatch between CdSe and ZnS bulk crysthks calculations were
based on the wurtzite structure of CdSe nanocsystdle average thickness of
one monolayer of ZnS was taken as 0.31 nm. Therfimmolayer of ZnS shell
would increase the diameter of a CdSe nanocrystad.62 nm. In a typical
experiment with 1.6xIHmmol of 3.4 nm core, 2.74xfammol of Zn and S
precursors is needed for the first layer of st&B7x10* mmol for the second
layer and 4.72xIbmmol for the third layer.

Shell precursors were prepared in two different2@cintillation vials equipped
with rubber septa. Zn precursor was prepared bgobisg 0.325 g of ZnO,
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0.904 g of OIA and 7.09 g of ODE at & S precursor was prepared by
dissolving elemental Sulfur (12.8 mg) and ODE(7¢}8at 156C. During the
heating step, both solutions were degassed undaced pressure and air was
replaced with argon. Before injection, the prectsseere allowed to cool down
at 8C°C.

In a typical synthesis CdSmre QDs (1.6x1¢ mmol, 3.4 nm) dissolved in a
minimum amount of chloroform or hexane, were mixgith 1.0 g of ODA,
HDA or OIA and 10 g of ODE in a 100 ml three-neckind bottom flask. The
mixture was carefully degassed under reduced peessu30C in order to
remove all the hexane or chloroform. Once vacuuwbikzed, the solution was
kept under reduced pressure for 1h and 30min. Auhdit heating at 12C for

15 min was performed in order to remove all thedsaof dissolved gasses and
solvents (e.g. water). After, under argon flow tleenperature was further
increased at 23C for the epitaxial growth of the shell. A certa@imount of Zn
precursor, calculated following the procedure regmbrabove, was injected
dropwise. More specifically, the rate of the aduditiwas one drop every two
seconds using a syringe equipped with a 22 gaudgal meedle. After injection,
the solution was maintained at 280for 20 minutes before the injection of the
second precursor, in this case the S precursoropbeation was repeated until
obtaining CdSe-ZnSore-shell quantum dots with the desired shell thickness.
The reaction was monitored recording absorption andssion spectra of
reaction aliquots. During the overcoating quantuot’'sdemission increased.
Purification of the obtained CdSe-Z8re-shell quantum dots were performed
as reported above for the Cd&ee quantum dots.

The one-time precursors injection reaction was mtegahe first time by Guyott-
Sionnest in 1996 and further developed by Dabbeitgi in 1997° This method
is based on the injection, in a single additionalbthe precursors required for a
certain shell thickness. Diethyl zinc and hexamielisya-thiane were used as
highly reactive zinc ad sulfur precursors. This moet allow to overcoat small
CdSe nanocrystals since the reaction temperatuadatvely low. The amount
of precursors were calculated as reported abovinéo8ILAR method.

In a typical synthesis 13 g of TOPO 90% and 1.3 QDA were loaded in a
100 ml three-neck round bottom flask and degasselbrureduce pressure at
12(C followed by flushing with argon. Temperature vdeereased at G and
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hexane solution containing 1.6xx4@mol of 3.4 nm CdSeore QDs was added
to the mixture. The solvent was removed under viacand the reaction vessel
was further heated at 1%5 for 15 minutes in order to remove water evenyuall
presents in the hexane solution. Under argon flesvtemperature was further
increased at certain value, depending on the®dizehe case of 3.4 nm CdSe
core the temperature was 280 A proper amount of Zn and S precursor (0.1M
in TOP) prepared in a nitrogen filled dry box, wiagected dropwise. The
temperature was set at 2&0for 60 min and then dropped to°@0for 3 hours in
order to allow the aging of the shell on the Cd8e. Aliquots were taken out
after each steps and absorption and emission apeetre recorded in order to
check the quality of the material. Finally the $@o was allowed to cool down
and chloroform was added. Nanocrystals were pdriftaree times via
precipitation using excess of methanobr€shell quantum dots were dissolved
in minimum amount of chloroform obtaining a concated solution (about
15uM). The exact concentration value was estimatenh filee last maximum in
the absorption spectfa.

Spectroscopical (absorption, steady state and tiesmlved emission) and
morphological (TEM) characterization of the finahtarial were carried out.
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2.3 Electronic Absorption Spectra

All the experiments were carried out at room terapee on air equilibrated
solutions of the samples contained in quartz casgiptical path length of 1cm
or 0.5cm). The concentration of the solutions wgsically 10” to 10° M.
Absorption spectra in the 190-1100nm range wererdsdl with Perkin Elmer
A45 spectrophotometer. Absorption spectra reportedhiapter 5 were recorded
with Shimadzu UV-2450 spectrophotometer. VarianyCHr Bio instrument was
used for the experiments at ambient temperaturerewtlich the temperature of
the cell holder was thermostated by using a citmgeaconstant temperature bath
maintained at required temperature. Occasionaferkin EImeri650 was used
to record spectra in the 190-900nm wavelength raiie precision on the
wavelength values was + 1nm. Extinction coefficigatues were determined
using the Lambert-Beer law; the experimental eég@stimated to be +5%.
Spectrophotometric titrations were performed byimagldvith a microsyringe
small aliquots (typically 5-2@L) of a concentrated solution (£6 10*M) of
titrating species to a known volume of a diluteusioh of the titrated species in
quartz cuvette.

Spectrophotometric kinetic experiments were peréatmsing Varian Cary 50
Bio spectrophotomer and dilute solution of the comml (1C¢° - 10° M). The
obtained absorption variations were fitted by meainthe SPECFIT softwafe
using a suitable kinetic model.

2.4 Luminescence Spectra

Fluorescence emission spectra and excitation sp@ttthe 250-900nm range
were recorded with a Perkin Elmer LS50 spectroftueter equipped with a
Hamamatsu R928 photomultiplier. The precision anwhavelength values was
+ 2nm. Fluorescence emission spectra reported apteéh 5 were recorded with
Horiba Fluorolog-3 equipped with a TBX-PMT detectbuminescence spectra
were recorded at room temperature (ca 295K) ortisakiof samples contained
in quartz cuvettes (optical path length 1 cm). Irdep to compare the
luminescence properties of different solutions,recions on the observed
luminescence intensity were made to take into autcaoner filter effects,
geometrical factors (for solution of different alisEnces at excitation
wavelength), and reabsorption of the emitted Ifght.
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2.4.1 LUMINESCENCE QUANTUM YIELD DETERMINATION

Luminescence quantum yields were determined osdhgion samples at room
temperature (ca. 295K) using a reference compoendrding to the optically
dilute method described by Demas and Crdsbjie equation is given by the
equation

® = (DR(AS/AR)(nS/nR)Z

where®, A andn indicate the luminescence quantum yield, the anbdteaded
by the emission and the refractive index of theestil used for the preparation
of the solution, respectively; the subscripts S &ndtand for the sample and
reference, respectivelyds and Az must be obtained using the appropriate
luminescence standard and under the same instrahwamtditions; furthermore
the sample and the reference must exhibit the sdoserption at the excitation
wavelength. Different standards were selected d#pgron the spectral region
of interest®°

2.4.2 LUMINESCENCE LIFETIME MEASUREMENTS

Lifetime measurements in the range of 0.5ns ps3@ere performed at room
temperature (ca 295K) with an Edinburgh Analytidalstruments time-
correlated single photon counting equipment. A saie view of this
instrument is reported in Figure 1. The excitattmurce were a gas discharge
lamp (model nF900, filled with nitrogen or deutaniudepending on excitation
requirements) delivering pulses of 0.5ns width afrequency comprised
between 1 and 100 kHz, or a pulsed diode laser @@6Picoquant). The
detector was a photomultiplier tube (Hamamatsu R92&oled -28C and
suitably amplified.
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Analyser
PC
TAC PM2
PM1 M
Lamp M S

Figure 2.1 Experimental set-up of the single-photon countiaguipment. The
instrument is made of: a lamp, two monochromatiM}¥ to select the excitation and
emission wavelengths, a cell fopr the sample (&), ghotomultipliers (PM), a time-to-
amplitude converter (TAC) and an anayliser PC

This equipment is based on the TCSPC (time-cogélaingle-photon countin)

technique. The solution of the sample, contained aell, is excited by a short
pulse of light: the photons emitted by the sample then revealed by the
photomultiplier. The time delay between the exmtatpulse and the causal
detection of a single photon emitted by the sangslea consequence of the
excitation is measured. This individual measureesdaot give the excited-state
lifetime of the examined species, which is by défin a statical parameter.
However, by repeating such procedure a large nunabetimes, and by

accumulating the signals in different channels etiog to their delay, it is

possible to construct the luminescence decay cukveultichannel analyzer

(MCA) interfaced to a personal computer does tbis jThe fitting of a single

exponential decays gives finally the lifetime value

Data correlation and manipulation were carried wsihg EAl FO900 software
version 6.35. Emission lifetime were calculatechgssingle exponential fitting
function; a Levengberg-Marquardt algorithm with raéve reconvolution

Edinburgh instruments F900 software was used. Edeiaedy” and residual

plots were used to judge the quality of the fitlse BExperiments error on lifetime
values was estimated to be + 5%.
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2.5 Photochemical Experiments

Photochemical experiments were performed in a smgltbtometric quartz
cuvette (1 cm path length) using an Hanau Q400 umediressure Hg lamp
(150 W) coupled with a proper interference filterlight source.

The photochemical experiments describe in Chapteef® performed using a
photoreactor (Model LZC-4 V, Luzchem Research, ,IMottawa, Canada)
equipped with 14 UVA lamps with maximum emissionvelangth centered at
350nm (4.5 Wi/cr). Reaction vessels were glass scintillation viaith a
transmittance of 90% at 310nm and >95% at 350nm.

2.5.1 PHOTOCHEMICAL QUANTUM YIELD DETERMINATION

Photochemical quantum yield was determined on dhatien samples at room
temperature (ca. 295K) using a chemical actinomasereference compound.
The chemical actinometer was potassium ferrioxalaide potassium
ferrioxalate is the most reliable and practicaliracheter for UV and visible
light up to 500nm proposed the first time by Hatchand Parket”™* Under
light excitation the potassium ferrioxalate decosgmb according to the
following equations

ENL S - 2
Fe(C,00)5" = Fe?* + G0, +2GC,0,

Fe(C,0.);> + C,0,” = Fe** +2C0, +3C0,”

The amount of Fé formed during the irradiation is monitored by cersion to
the colored tris-phenantroline complex witke 11100 M'cm* at 510 nm. The
original FE" are not appreciable complexed by phenantrolineta@ccomplex
does not absorb at 510nm.

The number of incident photons are given by

AA(510nm) 9 V1 x V3 9 Na
/% g(510nm) V2 D xt

Qp,in =
If the light is not totally absorbed, the equattmas to be modified according to
the following equation

AA(510nm) y V1 x V3 y Na
/% ¢(510nm) \' D XtX (fas)m

(p,in =
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whereAA(510nm) is the optical difference in absorbance betweerirtladiated
solution and that taken at darks the optical path length of the irradiation cell
£ (510 nm) is that of the complex Fe(phefi) V1 is the irradiated volum@]2 is
the aliquot of the irradiated solution taken foe tetermination of the Fe V3
is the final volume after complexation with phemahne (all in mL),® is the
yield for the actinometer at a specific irradiatwwavelengtht is the irradiation
time, N, is the Avogadro’s number anfl; is the mean fraction of the light
absorbed by the ferrioxalate solution. If the rmarctvessel is a common
spectrophotometric quartz cell with 1 cm path lengtntaining 3ml of 0.012M
ferrioxalate solution, a “micro” version of the sanactinometer can be
followed? After irradiation, 0.5ml of buffered phenantrolireeadded to the cell
and the absorbance at 510nm measured immediatelthid conditions the
previous equation can be simplified
AA(510nm)

qp,in=—t X Y X Na
where Y is a factor containing the yield of the actinomet¢ a specific
irradiation wavelength, the of the complex Fe(phefJ at 510nm and the ratio
of the volume shown in the previous equation.

The general equation for the photochemical quartigfd is reported below

ACXV

DOp =
"7 Qoin X (1X10-Am)x fx ¢

where AC is the photoproduct concentration generated dutigg irradiation
experiment and calculated by the rahié/Ae, Vis the volume of the irradiated
solution, g,,» Is the intensity of the light source reportedNiv /min, Am is the
mean absorbance between irradiated and not ireatgatiution at the irradiation
wavelength andis the irradiation time. The factgiis the fraction of absorbed
light and is given by

erX[R]
~ erx[P] + erx[R]

f

This factor takes into account the partial absorpdf the incident light by the
photoproduct. The termy is the molar absorptivity of the photoprodugtis the
absorptivity of the reagent (both value at thediaiion wavelength) anR] and
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[P] are the molar concentration of the reagent andymtocespectively. The
optical path length was omitted since is of 1cm.

2.6 Other Techniques

Transmission Electron Microscope (TEM). A Philips CM 100 transmission
electron microscope operating at 80 kV was used ther morphological
characterization of quantum dots and for the aggieqy study reported in
Chapter 4. For the TEM investigation a Fornfvaesin film supported on
conventional copper microgrids, was dried undeuuat after deposition of a
drop of quantum dots solution in hexane.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR-spectra reported in
Chapter 5 were recorded with a Perkin ElImer SpetttQOFT-IR spectrometer.

Gel electrophoresis experiment. The gel electrophoresis experiments reported in
Chapter 5 were carried as following. The QDs disioers in water were diluted

in a 20% glycerol, 1X TBE (Tris borate EDTA) ancdted into 1% agarose gel
media. The gel experiments were run at 7.5 V/comgugiBE (pH = 8.3) as
running buffer for ~ 20min. The image was captusithg an High Performance
Transilluminator (UVP, Upland, CA) equipped witlgidal camera.

The 'H NMR spectra reported in Chapter 5 were collected uair@0 MHz
spectrometer (Bruker SpectroSpin 600 MHz).
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Chapter 3

Photoinduced memory
effect in redox controllable
molecular switches

3.1 Introduction

A molecular switch can be defined as any kind oflengle-level systems
capable of interconvertion between two or moreedéht states in response to an
external stimulus? This kind of systems can be in principle used dtaring
informatior?* or control the electron flow in metal junctioR A distinction can
be made based on the type of switching protésslecular device in which the
molecule responds to an external stimulus by switchto different
thermodynamic states, is under thermodynamic chritre molecule remains in
this state, until the stimulus is removed. Moleculavice in which the two
states are separated by a kinetic barrier, is ukishetic control. That type of
switching is common in systems responding to photstimulation®® Kinetic
control can operate for different time periods iffrpicoseconds to years) and
the exit from the trapping state can be reachel wisecond different photonic
stimulus?
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Mechanically interlocked molecufe§' in the form of bi or multi-stable
rotaxanes in which the ring component can be sedchetween different co-
conformations in response to external stimuli, adificial molecular
switches*'?*® These systems can find application for the devetq of
responsive surfacé™ molecules based muscle and actudfordnanovalves
for controlled drug deliver§’** molecular electroniésand nanoreactof$.The
operation of these systems is based on the swichiechanism between
thermodynamic stable states and there are manypeam literature>** The
fulfillment of useful functions from these systeml be possible only if also
the rate of the mechanical movements of the rinlgvéen the states can be
controlled. This approach was recently used to ement ratchet-type
mechanisnf} essential building blocks for the development oblenular
motors®®?” and is of relevance for the development of sedalelugic devices
such as flip-flop memoried:*® Adjust the shuttling kinetics by modulating the
energy barriers using an external stimulus is @ssary step in the development
of those systent.

In this study we reported the operation of a mdeacawitch in the form of a
[2]rotaxane. In this molecular level machine, thgyrcan be shuttling along the
dumbbell-shape molecule under redox control ands tban be switched
thermodynamically between two states, and the gneagriers between these
two states can be controlled kinetically using atpbhemical stimulus.

The design of the [2]rotaxanes reported in Figufiei8 based on well-
studied architecturds® in which the ring component is a cyclobis(paraguat
phenylene) (CBPQT) and a dumbbell-shaped molecule containing three
functional units: 1) a tetrathiafulvalene (TTF), @)dioxynaphtalene moiety
(DNP) and 3) an azobenzene unit (AZO) located imvben the TTF and DNP
units. AZO unit can be reversibly and efficientlyikthed between itgans and
cis configurations by photochemical stiméli.The rotaxanes have different
substituents on azobenzene unitans-2** has methyl groups (3,5,3',5'"-
tetramethylazobenzene) whilgrans-4** has fluorine atoms (3,5,3',5-
tetrafluorineazobenzene). Dumbbell-shaped moleclesns-1 and trans-3)
have also been studied.
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Figure 3.1: Structural formulae of tetramethylated azobenzdt@ns-TMeAB),
dumbbell frans-1) and rotaxanet(ans-2*) and tetrafluorinated azobenzerteafs-
TFAB), dumbbell frans-3) and rotaxanet(ans-4*".

The behaviour of rotaxanesans-2** and trans-4*" can be briefly
summarized as follows (for detailed descriptiomegt paragraphs). Initially the
CBPQT is positioned on the TTF unit since this isrewtelectron-rich than
DNP one 8ate A). After oxidation of TTF unit to its radical catio(TTF")
form, CBPQT" ring shuttles from TTF to the DNP recognition sieross the
trans-AZO, due to the Coulombic repulsion between timg mnd the oxidized
TTF unit. Upon reduction of the TTFunit to its neutral state, the ring resides
on the DNP unit for some time before back-shuttliagr TF recognition site.
The lifetime of this metastable staf@ate B) can be controlled by isomerization
of the AZO unit from itdrans to cis configuration. This process, which brings a
large geometrical change, is capable of affectimgstntially the free-energy
barrier for the shuttling of the CBPQTring along the dumbbell molecul&sin
the cis configuration AZO unit poses a much larger steaiitdrance to the
shuttling of the ring thanrans azobenzene (Figure 3.2). The system is an
example of a flash memory where the informationgposition) written with an
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oxidative stimulus (oxidation TTF) is locked usireg photochemical input
(photoisomerization AZO unit) and remains writteree when the stimulus is
removed (reduction of TTF) until the AZO unit is in theis form.

Visible Light
+—
or Heat
State B
Erase
Oxidation Reduction
-e +e°
Write and Lock
UVlight 1
N+
A=365nm N*

Figure 3.2: General scheme of chemically and photochemictitygered memory
switching cyclé® of the rotaxanérans-2**.

This work was performed in collaboration with thewgp of Prof. J.F. Stoddart,
Nortwestern University, Evanston, Illinois (USA)hawmade the synthesis of the
studied compounds.
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3.2 Results and Discussion

3.2.1 ELECTRONIC ABSORPTION SPECTRA

The photophysical and photochemical characteriazatibthe compounds was
carried out in air-equilibrated MeCN. The absomtipectra otrans-1, trans-
2" trans-3 andtrans-4*" and model compoundsans-TMeAB andtrans-TFAB
are shown in Figure 3.3. Photophysical and photoate data are gathered in
Table 3.1.

5.0 1

T T

400 600 800 1000
Al nm

Figure 3.3:Top, absorption spectra ofransTMeAB (eee), trans1(- - -), and
trans-2*'(—). Bottom, absorption spectra ¢fansTFAB (ses), trans3 (- - -), and
trans-4*"(—).
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The absorption spectra of model compoutrdssTMeAB and transTFAB
show the typical absorption band of azobenzenenar847 nm —1* band) and
436 nm (-1 band).Typical T=1t* and n—-1t* bands can be recognize in the
absorption spectra of the two dumbbell compounalss-1 andtrans-3. The two
spiky peaks at 313 nm and 326 nm are due to theniib structure of the
binaphtyl absorption.

In the absorption spectra of the two rotaxamass-2** andtrans-4*, all
the features of the dumbbell molecules are presesite the band at 280 nm is
due to the bipyridinium dication units (BIPY of the CBPQT" and the broad
band with maximum at 850 nriréns-2*") and 837 nmttans-4*) is attributable
to the charge transfer complex between the TTFamdtBPY units of the ring.
This latter finding also evidences that the ringcissbes the TTF unit in
agreement with its electron donor properties bétitan DNP.
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3.2.2 PHOTOISOMERIZATION OF AZOBENZENE UNIT

Photochemical isomerization of azobenzene unitsgpiein all the dumbbells,
rotaxanes and model compounds were performed tisexg65 nm or 436 nm
wavelength of a medium pressure Hg vapor lampgctadeusing an appropriate
interference filter.

Irradiation of trans-2* with 365 nm causes thetrans-cis
photoisomerization of the TMeAB unit with a quantugreld of 0.14,
comparable with the one obtained for tinans-1. The yield is slightly lower
than the one obtained for tir@ns-TMeAB. In the case dfans-4* the quantum
yield is 0.17 and comparable with those obtainedbfath trans-3 and trans-
TFAB. Upon exhaustive irradiation, more than 90% of tifams form can be
converted to thecis form. This photoreaction affects neither the CThda
centered at 850 nn2{") and 837 nm4™) and the DNP sharp features at around
320 nm. The first order rate constant for the tlaeis-trans back isomerization
of the AZO unit is 7.5x10s* for cis-2** and 9x10 s* for cis-4*. All these
values are of the same order of magnitude of tluisained for the dumbbell
molecules ¢is-1 andcis-3) and the model compoundsi¥TMeAB and cis-
TFAB). These observations also indicate that the poesefithe CBPQT ring
does not influence the isomerization of the AZOegand thetrans-cis
conversion of the photoisomerizable unit does natehan impact on the
distribution of the CBPQ ring between the TTF and DNP recognition sites in
both rotaxanes.

The spectroscopic parameters of tfas andcis form of all the compounds, the
photochemical quantum yield and the kinetic cortstéor thermal isomerization
are reported in Table 3.1.
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Absorption I.Dhotochem'i cal . Therma!
isomerization isomerization
)\ € ¢ kCHl
(m)  (M*cm™) (sh
trans TMeAB 347 21600 0.33 —
436 860
cisTMeAB® 295 5300 0.66 4.1x10°
440 1500
trans-1 299 28900 0.18 —
313 33700
326 35200
cis-1° 296 27500 d 6.0x10°
312 25400
325 18200
438 2600
trans-2** 281 45500 0.14 —
313 35000
326 34500
350 30400
440 2500
850 3100
cis2*® 272 47500 d 7.5x10°
326 20300
440 3300
850 3000
trans TFAB 343 21700 0.1¢" —
437 870
cisTFABP 294 5700 0.44 2.9x10°
434 1740
trans-3 299 26300 0.14 —
313 30400
326 31900
345 27300
cis-3° 295 24600 d 6.97x10°
312 22500
325 16400
435 2300
trans-4** 282 33700 0.172 —
312 27200
326 26900
350 23500
445 1570
837 2400
cis-4% 280 34400 d 9x10°
325 14800
430 2400
837 2400

Table 3.1:Photophysical and photochemical parameters foinhestigated compounds
in air-equilibrated acetonitrile®trans—cis photoisomerization quantum vyieldy,, -

365nm. Data referred to the photostationary state obthimgon exhaustive 365nm-
irradaition and containing >90% of thes isomer. “cis—trans photoisomerization

quantum yieldA;; = 436nm “Not performed
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3.2.3 SHUTTLING OF CBPQT** RING ALONG THE AXLE

Mono-oxidation of the TTF unit to its radical catid TF" was performed using
leq of Fe(CIQ);. Upon chemical oxidation dfans-2*" andtrans-4*, trans-2°*
and trans-4>* are generated quantitatively. In Figure 3.5 arpored the
absorption variations dfans-2* andtrans-4* upon addition of Fe(CIgs. The
typical TTF* bands with maximum at 447 nm and 600 nm appea.chiarge
transfer band between TTF and CBPQdisappears due to the destabilization
of the charge transfer interaction between TTahd the two BIPY" unit of the
CBPQT". Moreover the sharp DNP peaks around 320 nm atenger present,
an observation which indicates that the CBPQfing moves to the DNP
recognition site upon mono-oxidation of the tetihlvane unit site on account
of the Coulombic repulsion between the ring and ak&lized TTF unit, as
reported for similar systemi§3***The general scheme of rotaxane oxidation and
shuttling is reported in Figure 3.4.

+ : +
N N
S S anVan\
E% R o’_\ooo
VanVanWan Wan\ R T Y Y
ooooN’\ﬁ_/o‘@'N\\ /_(r‘%oooo
NN R o’ N
R

N+
,,,,FL._@_‘ trans-24* (R: -CHy)
trans-4** (R: -F) 1 eq Fe(CIQ); n

R
VanVanVanWoany R 4|
Y 0 0 0 © NV‘@'N\\ /—<’~|:1 °e°
°\_E§: 5{ NaN & N 0" N
s s %

clo;

trans-25* (R: -CHy) “PFe
trans-4%* (R: -F)

Figure 3.4 Reaction scheme of rotaxane oxidation and shgttlipon addition of 1
equivalent of Fe(CIQ)s
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Figure 3.5 Top, absorption variations upon addition of 1egFe{CIQ); to a 2.5 ml
11uM solution oftrans-2** (- - -) to obtaintrans-2°>*(—). Bottom, absorption variations
upon addition of 1eq of Fe(Cl to a 2.3 ml 2uM solution oftrans-4** (- - -) to obtain
trans-4°*(—). In both figures, inset picture shows theTTF-CBPharge transfer band
region.

The oxidation of TTF unit in dumbbell moddisans-1 andtrans-3 shows the
typical TTF" bands with maximum at 447 nm and 600 nm (Figu6. 3\o
effect was observed in the vibronic peak of DNR sitice no ring containing
BIPY?" units is present. This observation is indicatifett®e charge transfer
complex between CBP@Tand DNP, consequence of ring shuttling from TTF
to DNP intrans-2** andtrans-4*. In the case ofrans-3, the oxidation of TTF
unit causes the increasing of a not addressablg &taaround 750nm. This band
is reversible with the reduction and it is not jresin thetrans-4*".
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Figure 3.6 Top, absorption variations upon addition of 1egFe{CIQ); to a 2.5 ml
11.3uM solution oftrans-1(- - -) to obtaintrans-1**(—). Bottom, absorption variations
upon addition of 1eq of Fe(Cld to a 2.25 ml 13,6M solution oftrans-3 (- - -) to
obtain trans-3'(—); inset picture shows the region of the not-adskdsband arising
during TTF mono-oxidation.

The reduction of TTF was performed using decamethyl ferrocene (V.
The reduction is quantitative and fast. thans-2** the intensity of the charge
transfer band between TTF and Bf®¥ completely restored while in the case
of trans-4*" there is a slight difference between the intenisitfore and after the
oxidation/reduction cycle. The DNP features arelyfulestored after the
reduction step. These two observations confirm Iblagk shuttling of the
CBPQT" ring from the DNP unit to the TTF one. The prodoétMeFc
oxidation has two absorption band at 280 nm andr880with relatively high
epsilon valuesghs=16360 M'cm™ andez,;=10680 M'cm™) and small band at
790 nm €=540 M’cm™). The contribution of decamethyl ferrocinium (¢fec)
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was substracted from the spectra recorded aften ealdition of reducing
agent’ In Figure 3.7 are reported the corrected absarpsipectra of both
rotaxanedrans-4>* andtrans-2°* during the reduction with MgFc.
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Figure 3.7 Top, absorption variations upon addition of 1ed&fi Fc to a 2.5 ml 14M
solution oftrans-2°" (- - -) to obtaintrans-2*/(—); dotted line {.) is referred to initial
trans-2*" before oxidation/reduction cycle. Bottom, absamptizariations upon addition
of 1eq of MegFc to a 2.3ml 2AM solution oftrans-4°* (- - -) to obtaintrans-4*(—);
dotted line ¢e.) is referred to initiatrans-4** before oxidation/reduction cycle. In both
figures, inset picture shows theTTF-CBPQ&harge transfer band region.

The oxidation/reduction cycle performed ans-2** andtrans-4* shows
that the ring shuttling along the axle is quantreatand fully reversible. The
presence of AZO unit in theans form does not influence the ring shuttling
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3.2.4 SHUTTLING OF CBPQT** RING AND TRANS-CIS AZOBENZENE
PHOTOISOMERIZATION

The experiments reported in the previous paragsiaiw that the shuttling of
the ring along the axle occurs without any intesfexe due to the presence of
trans-azobenzene unit between the two recognition sie®) unit can be
photoisomerizedrans to cis and thermally back isomerizets to trans without
interference due to the presence of the CBP@fg.

In the following paragraph the first part of thelog and light induced
switching (Figure 3.2) is reported. Specificalljet azobenzendrans-cis
photoisomerization was performed after CBPQshuttling (TTF oxidation) and
cistrans thermal isomerization was evaluated. The experimers carried out
for both rotaxanesrans-2*" and trans-4* and compared with the dumbbell
moleculedrans-1 andtrans-3.

Upon addition of 1eq of Fe(CI3, TTF was oxidized to TTF and CBPQT"
shuttling to DNP unit happened quantitatively amoinediately (Figure 3.5 and
3.6). Then AZO unit was photoisomerizgdns to cis using 365 nm light and
the absorption variation afi-m* band in the dark, which corresponds to the
thermal cistrans isomerization, was monitored. Absorption paransgter
photochemical quantum vyield and Kkinetic constanfs tlee investigated
compounds are reported in Table 3.2.

Irradiation oftrans-2°* gives a photostationary state with circa 80%isf
rotaxane (Figure 3.8) while the irradiation tofins-4>* gives a PSS with circa
90% ofcis-4>" (Figure 3.9)Cis to trans isomerization forcis-2°* is almost one
order of magnitude faster thams-4°"; kinetic constants are 9.74x1@" and
1.172x10 s* respectively. These results are consistent witlsetobtained for
the corresponding dumbbell molecule where dteeto trans isomerization of
cis-1'* is one order of magnitude higher than the onei®8'. No effects are
observed in the TTF-CBP@'Tband region during the irradiation period ais
trans thermal isomerization. The region around 320 nrenetithe sharp features
of the DNP unit were initially presents before @tidn, does not show any
change. This observation suggests that CBP@fiig does not change position
during irradiation of the AZO unit and the chargansfer complex between
CBPQT" and DNP is still present even after the thermakbsomerization
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Figure 3.8 Absorption variation during irradiation of 3.0 6.6 uM solution oftrans-
2°* and thermatis-trans isomerizationtrans-2°* (—), cis-2°* (- - -, PSS ~80%is form)
and trans-2°* after thermal back- isomerization—. Inset picture: time dependent
absorption changes at 348 nm upon leaving theiated solution in the dark. The data
fitting (red line) according to a first order kifeequation gives k=9.67x10" s*
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Figure 3.9 Absorption variation during irradiation of 2.5 mf.0uM solution oftrans-
4>* and thermatis-trans isomerizationtrans-4>* (—), cis-4>" (- - -, PSS ~90%is form)
and trans-4°>* after thermal back- isomerization—. Inset picture: time dependent
absorption changes at 348 nm upon leaving theiated solution in the dark. The data
fitting (red line) according to a first order kifeequation give&.=1.172x1¢" s*

Exhaustive irradiation of both dumbbell moleculgises different results. In the
case oftrans-1* (Figure 3.10) the resulted photostationary stateih of circa
75% of thecis isomers while in the case tfans-3"* (Figure 3.11) more than
90% of the initial molecules can be converted ®dk form. Kinetics constant
measured during thermaeils to trans isomerization are substantially different. In
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the case ofcis1'* the kineric constant (3.50x%0s") is of one order of
magnitude bigger than the one obtained dizr3" (3.75x10"' s%). The final
spectra aftercistrans thermal isomerization (red line) is not perfectly
superimposable with the initial one.
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Figure 3.10. Absorption variation during irradiation of 2.5 mb uM solution oftrans-
1™ and thermatis-trans isomerizationtrans-1'* (—), cis-1'* (- - -, PSS~75%:is form)
and trans-1'* after thermal back- isomerization—j. Inset picture: time dependent
absorption changes at 346 nm upon leaving thei@tedl solution in the dark. The data
fitting (red line) according to a first order kifeequation gives &=3.50x10° s*
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Figure 3.11 Absorption variation during irradiation of 2.25 rB.6 uM solution of
trans-3'* and thermatis-trans isomerizationtrans-3** (—), cis-3" (- - -, PSS >90%is
form) andtrans-3'* after thermal back-isomerization-). Inset picture: time dependent
absorption changes at 347 nm upon leaving thei@ted solution in the dark. The data
fitting (red line) according to a first order kifeequation gives &=3.75x10" s*
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Absor btion Photochemical Thermal
P isomerization isomerization
}\ € ¢ kcal
(hm)  (M*cm? (sh
trans-1** 300 19500 0.1 —
313 23900
348 31000
448 12700
600 3800
cis-1 c 3.5x10°
trans-2°* 267 47500 0.16 —
345 33000
447 12900
599 4300
cis2%P c 9.7x10*
trans-3'* 299 26300 0.1 —
313 30400
326 31900
345 27300
cis-3*P c 3.76x10"
trans-4°* 282 33700 0.112 —
312 27200
326 26900
350 23500
445 1570
837 2400
cis-4% c 1.172x1¢*

Table 3.2:Photophysical and photochemical parameters ofrthestigated compounds
after oxidation with 1 equivalent of Fe(GJ@in air-equilibrated acetonitrilétrans—cis
photoisomerization quantum yield;, - 365 nm."Data referred to the photostationary
state obtained upon exhaustive 365 nm-irradaifidat performed

The photochemicdrans-cis quantum yield of all the compounds where the TTF
is oxidixed to the monocationic form, are compagabith those obtained for the
initial compounds (Table 3.1). This means thatgtesence of the TTFand the
ring on the DNP unit do not influence the azobemz@hotoisomerization.
Conversely, thermatis-trans isomerization is faster. In the caseos-1** the
kinetic constant is almost three order of magnitizdter tharcis-1, while in the
case ofcis-2°* is just two order of magnitude. In the case of ¢te3'" and
cis-4>* the kinetic constant is two order of magnitudegashan thecis-3 and
cis-4*. This speed up is probably due to electronic &ffet the TTE on the
azobenzene unit.
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Another reason of this speed up of thigtrans isomerization in the rotaxanes
could be the electronic repulsion between the BiRMits of the ring and the
TTF*". When the azobenzene is ans configuration, the two arms of the
rotaxane, one with the ring involved in the changasfer complex with DNP
and the second arm with the TTFare closef® This repulsion might have a
mechanical effect on thes azobenzene, resulting in a substantially speediing
of the thermakis to trans isomerization. This explanation is true in theecaé
the rotaxanes but not for the dumbbell molecules.
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3.2.5 MEMORY SWITCHING CYCLE ON trans-24+

The last paragraph shows the possibility to isoreetine azobenzene unit in the
rotaxane with TTF mono-oxidized and ring locatedDi¥P unit. The next step
was the reset of all the redox stimulus in orderldck the system in the
metastable stat&te B, Figure 3.2). Reduction using 1eq of Me affords the
fast and quantitative reduction of the TTRvith the ring trapped on the DNP
side and consequently the rotaxane in $fae B (Figure 3.2). The lifetime of
this metastable state depends on the nature suthstituent on the AZO unit.
The results of the “write-lock-erase” experimentr fthe trans-2** are
summarized in Figure 3.12.

800 1000
Al nm

800 1000

00 480 650 éOO £000 ‘ 400 600 800 1000
Alnm Alnm
Figure 3.12: Changes in the absorption spectrum observed @Nat 295 K for 1QuM
solution oftrans-2** (black trace) resulting from the following sequeraf operations:
a) oxidation with up to 1 equivalent of Fe(C) to obtain trans-2>*(blue trace);
b) exhaustive irradiation at 365 nm to obtaiis-2°>" (red trace); cyeduction with 1
equivalent of MgyFc to obtaircis-2** (green trace); dgquilibration in the dark to obtain
trans-2** (grey trace). The absorption bands of the A€ cation, generated in reaction
between2®* and MegFc, were arithmetically substracted from the spesinown as
green and grey tracés.
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The addition of 1 equivalent of Feions to trans-2** yields trans-2>*
quantitatively, leading (Figure 3.12a) the shutfliof the CBPQT" ring from
TTF*" onto the DNP recognition site, as previously showvaxhaustive
irradiation of this solution at 365 nm causes titams-cis isomerization of the
TMeAB unit (Figure 3.12b); at the photostationatgte we estimate that
azobenzene unit gate has been closed in 72% ofrdfaxane molecules.
Following the successive addition of 1 equivaldr¥le;Fc to reduce theis-2°*
back tocis2*(Figure 3.12c) an analysis of the absorption bastuswys that
about 53% of the CBPJTrings remain trapped on the DNP recognition site,
while 47% of the rings have shuttled back to thgererated neutral TTF site.
Such a partial trapping is a result of the fact thatrans-cis photoisomerization
is incomplete (the ring can freely shuttle backi#® TTF recognition site in 28%
of the rotaxane molecules) and soaetrans thermal isomerization can occur
while the chemical reduction is being performed. réported in the previous
paragraphs, the thermaik-trans isomerization is accelerated substantially when
the nearby TTF unit is oxidized and consequentyréduction otis-2°* has to
be performed quickly and efficiently. The absorptigpectrum ofrans-2* is
regenerated after 30 h in the dark (Figure 3.1Zde TTF-CBPQT" charge
transfer band with maximum at 850 nm, DNP featatesround 320 nm and the
1" band of thetranss-TMeAB unit at 350 nm are almost restored indiagtin
that azobenzene gate has opened and the CBRIF has shuttled back to its
original position.

The time analysis of the spectral changes in Fig8uEd provides
information about the effectiveness of the kinetapping exerted by thels-
TMeAB gate.
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Figure 3.13. Time dependent absorption variation monitored)a&844 nm (-1 trans-
TMeAB band) and b) 842 nm (TTF-CBP&TCT absorption band) after fast reduction

of cis-2°".The corresponding absorption spectra are repartBityure 3.12d.

The rate constants for the recovery of titats-TMeAB absorption band (Figure
3.13a) and TTF-CBPJT (Figure 3.13b) charge transfer band are 5.7x4b
and 9.3x108 s’ respectively. These two constants are comparahde this
observation indicates that the two processes hapgeihe same time scale. This
means that ircis-2*" the CBPQT" ring cannot shuttle from DNP to TTF site
over thecisTMeAB unit and the relaxation rate from the medbi state
Sate B to the State A (Figure 3.2) is determined by the rate of the rifadr
opening of the gateciG-trans thermal isomerization of TMeAB). The data
remain stored for few hours in the dark at roomperature until the thermal
opening of the azobenzene gate occurs.

It is also interesting to note that the rate ofithed cis to trans conversion
of the azobenzene depends on the position of tHeQOB ring. If the ring is on
the TTF unit, thdrans azobenzene is regenerated vith 7.5x10° s* whereas
the rate ik = 5.7x10° s* when the ring is on the DNP. The difference isam
one order of magnitude.

We inverted the order of the two inputs by perfargnfast oxidation of
the TTF unit after photochemical closure of theegaith the aim to confirm the
memory behavior and investigate the hampering effédhe cis-azobenzene
gate on the shuttling motion. The results show thataddition of Fe(Clg); at
the photostationary state containing 7@¥-2*" and 30%trans-2*" causes
immediate and quantitative oxidation toéns-2** followed by ring shuttling to
the DNP site, whereass-2*" is oxidized on a much slower time scale. It is
difficult to establish the position of the CBP&Ting after chemical oxidation
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of cis2*" since thecis-trans isomerization occurs on a time scale comparable
with that of the chemical oxidation. The resultsluit experiments are reported
in Figure 3.14.
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Figure 3.14. a) Absorption spectra of a solution containing £8% cis-2*" obtained
upon exhaustive irradiation of 1M trans-2** at 365 nm, before (red line) and
immediately after the addition of 1 equivalent &{€IQy); (black line). The solid blue
line shows the absorption spectrum observed 10 tesnafter the addition of the
oxidant, when the changes were completed. Insétieishows the CBPJFTTF CT
band region. b) Time dependent absorption chanyes9@ nm (TTE* band, black
circles) and 848 nm (CBPQFTTF CT band, white circles). The solid line resattm
the data fitting according to a second order kinetquation K = 2.3x1d and
1.4x1GM™s? for 596 and 848 nm signals respectively)

0.0

This reluctance of the TTF unit to be oxidized niigame from the fact that the
movement of the CBPJT ring away from the oxidized TTF unit may be
hindered kinetically by the presence of i@ TMeAB unit. The entrapment of
the CBPQT" ring on the TTF side byisTMeAB unit could hinder the
oxidation for both themodynamic (increasing of gegential for the oxidation)
and kinetic (molecular encapsulation) reas8nshe reluctance otis2* to
become oxidized relative toans-2** can be exploited as a photoinduced write-
protection mechanism in which tteans-cis isomerization renders the rotaxane
less reactive towards chemical oxidation.
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3.2.6 MEMORY SWITCHING CYCLE ON trans-44*

Memory switching cycle successfully performedtoans-2** and shown in the
previous paragraph, was also performedtfans-4*" rotaxane. The oxidation-
irradiation-reduction experiment erans-4*" is reported in Figure 3.15.
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Figure 3.15: Changes in the absorption spectrum observed i@Mat 295 K for 11uM
solution oftrans-4** (black trace) resulting from the following sequeraf operations:
a) oxidation with up to 1 equivalent of Fe(C) to obtain trans-4°>*(blue trace);
b) exhaustive irradiation at 365 nm to obtaiis-4>* (red trace); creduction with 1
equivalent of MeFc to obtaircis-4** (green trace); dequilibration in the dark after 20”
(grey trace) and 20 h (pink trace) to obtaians-4**. The absorption bands of the
Me,oFc” cation, generated in reaction betwe#ti and MegFc, were arithmetically
substracted from the spectra shown as green agdrgoes’’

The addition of 1 equivalent of Fe(C)@ to trans-4*" yields trans-4>*
quantitatively and induces the shuttling of the GBP ring from TTF" to the
DNP unit (Figure 3.15a). Exhaustive irradiation tbfs solution at 365 nm
causes thdrans-cis isomerization of the TMeAB unit (Figure 3.15b); thie
photostationary state we estimate that the azobenarit gate has been closed
in 90% of the rotaxane molecules. Following thecsssive addition of 1.1
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equivalents of MgFc to reduce theis-4>* back tocis-4* (Figure 3.15c) an
analysis of the CBPQT-TTF CT absorption bands shows that about 36%eof th
CBPQT" rings remain trapped on the DNP recognition sitkile 64% of the
rings shuttle back to the regenerated neutral T Ehe initial intensity of the
TTF-CBPQT" charge transfer band and the DNP features aro@fdng are
completely restored 20" after fast reduction (Feg8r15d) while the TFAB unit
is still in the cis form. This observation suggests that all the CBP@ifgs
shuttled back to TTF sitegsisTFAB gate is not bulky enough to trap the
CBPQT" ring on the DNP side and the memory effect demmatesd in the
previous paragraph f@"* rotaxane is not present (Figure 3.17).

The time analysis of the spectral changes in Figsuksd provides
information about the inability of the kinetic tygipg ofcis-TFAB.
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Figure 3.16. Time dependent absorption variation monitored)a&843 nm (-1t trans-
TFAB band) and b) 850 nm (TTF-CBP&TT absorption band) after fast reduction of
cis-4>*. The corresponding absorption spectra are repartBifjure 3.15d.
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Figure 3.17: Reaction scheme df* reset step after fast reductionots-4>*.

The rate constant for the recovery of thens-TFAB absorption band (Figure
3.16a) is 4.21x16s". The time dependent absorption variation monitavad
the TTF-CBPQT" band (Figure 3.16b) shows no variation in the gharansfer
band due to the total recovering of the initiakimgity 20" after fast reduction.
The data remain stored for just few seconds anddta recovering of TTF-
CBPQT" CT band is not correlated with thermgk-trans isomerization of
azobenzene unit. That isomerization is substaptiaficelerated. The kinetic
constant is two order of magnitude faster thanotie obtained for the rotaxane
before oxidation-reduction cycl& € 9x10° s%).

Fast oxidation of TTF unit aftetrans-cis photoisomerization was
performed also fotrans-4*". Addition of Fe(CIQ); at the photostationary state
containing 90% ofcis-4*" and 10% oftrans-4*" causes immediate and
quantitative oxidation ofrans-4** followed by ring shuttling to the DNP site,
whereascis-4* is oxidized on a much slower time scale (FigurgB.Also in
that case it is difficult to establish the positioh the CBPQT" ring after
chemical oxidation otis-4*" since thecis-trans isomerization occurs on a time
scale comparable with that of the chemical oxidatio
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Figure 3.18. a) Absorption spectra of a solution containing 8% cis-4*" obtained
upon exhaustive irradiation of 1M trans-4** at 365nm, before (red line) and
immediately after the addition of 1 equivalent &{€IQy); (black line). The solid blue
line shows the absorption spectrum observed 25 tesnafter the addition of the
oxidant, when change were completed. Inset picthmevs the CBPQH-TTF CT band
region. b) Time dependent absorption changes an60QTTF* band, black circles) and
850 nm (CBPQT-TTF CT band, white circles). The solid line resultom the data
fitting according to a second order kinetic equatfo= 1.4x1¢ and 2.0x1M™ s* for
600 and 850 nm signals respectively)

Despite our experiments show theisTFAB gate is not bulky enough to
prevent the shuttling of the ring from DNP to TTRitu(Figure 3.15), TTF
moiety in cis-4* cannot be oxidized immediately after addition dafieo
equivalent of Fe(CIg)s,
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3.3 Conclusion

In this chapter the ability of rotaxar®" to operate as bistable memory
elemen®® under kinetic control, was describes.

The data can be written using an oxidation stimalug locked using UV
light. The oxidation is followed by the shuttling the CBPQT" ring from the
TTF to the DNP site (writing operation). Photoisoingtion of AZO unit
enables the closing of the gate and lock the ringtlee DNP side (lock
operation). The TTF is reduced back to the original form without |agithe
written data for a remarkably long time (circa 3 Tihe data remain stored at
room temperature in the dark until the thermal isdmation of the azobenzene
gate occurs. Light irradiation not only locks thatal previously recorded by
oxidation but also protects the nonoxidized rotasainom accidental writing.

Rotaxane4* cannot operate as bistable memory element undetidi
control because thas-azobenzene unit is not bulky enough to lock thg on
the DNP unit after electronic reset. The data cafobked just for few seconds.
Also in the case of*" light irradiation protects the not-oxidized rotara from
accidental writing.
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Chapter 4

Acid-base effect on CdSe
and CdSe-ZnS quantum
dots in organic solution

4.1 Introduction

The achievement of valuable and reproducible spgobpic properties of
colloidal semiconductor nanocrystals (narrow erissihigh luminescence
guantum yield and photostability) is strictly reldtto the quality of the material,
particularly as far as surface states are concérfii$ issue is a consequence of
the fact that the surface-to-volume ratio increaassthe particle diameter
decreases. Surface atoms, that for small QDs aasanable fraction, constitute
defects in the nanocrystals structure due to thegmce of unsaturated valences
and dangling bondsThese atoms can be points of attach for extergahta
(e.g. oxygen and water). The presence of defecevept the radiative
recombination of the charge carriers by enabling-raaliative decay pathways
that involve the trapping of the electron and/otehim the defectd.Surface
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states affect substantially the redox propertiesenficonductor QDsand other
phenomena such as photoblinkitfg.

Understanding the response of semiconductor Q@Rsvaronmental changes is
of highest importance for the knowledge of the emafjexperimental conditions
under which these materials are stable. One ofirtbst environmentally and
analytically relevant parameters in liquid solutisnthe proton concentration.
The influence of pH on the spectroscopic propewnieg/ater soluble CdSe and
CdSe-ZnS QDs was addressed on several investigtinAlthough a
quenching of the QD is usually observed in acidinditions'''? some studies
have reported an enhancement of the emission oé @dmocrystallites in acidic
environment>'* The reversibility of the effects of the acid adfit on the
photophysical properties of the QDs was also ingattd. Peng and coworkers
carried out detailed studies on the effect of pH thiol coated cadmium
chalcogenide core nanocrystals in aqueous solutiod, found that the acid
competes with the QDs for the ligands which are ikelvasis. At low pH the
ligands detach from the surface of the nanocrystalsich consequently
precipitate out. The precipitate can be recovenedidprotonation of the thiol
ligands with a base. Dissolution of inorganic nagstals was not observéd.

The organic ligands that cover the surface of camd core-shell QDs play
multiple roles both during and after the synth&sSisin the synthetic step,
ligands control the reactivity of the precursorsl ahe growth rate, thereby
determining the final size and the size distributad the particles. The capping
ligands passivate the surface atoms, preventingeggtion and controlling the
solubility of the particles. Moreover, the electimstructure of those molecules
contributes to the overall electronic and opticedfie of the nanoparticles,
passivating surface states with consequences oentision yield® Core-shell
QDs, where the core is covered with a layer of la@osemiconductor material,
should have reduced surface trap states. This shetivered, in its turn, with
organic ligands with the purpose to provide soltind prevent aggregation.
Despite this, Rosenthal and co-workers reported iharganic shell is not
uniform and it is likely that in some part of there surface such layer is very
thin or not present at dllincomplete shell coverage affects the properties o
core-shell systems (e.g. the luminescence quanieioff 9.
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In this work we reported a series of experimentsed at elucidating the effect
of acid on the photophysical properties of CdSee @rd CdSe-ZnS core-shell
semiconductor nanocrystals. We have also addret#sedinfluence of the

thickness of the ZnS shell on the changes obsamped addition of acid and
studied the reversibility of such effects by susoes neutralization with a base.
We decided to perform the experiments in organieess rather than in water
in order to use the as prepared QDs, avoiding ssoaeexchange of the ligand
that usually deteriorates the photophysical progerdf the nanocrystals. This
choice also enabled us to exploit in full the flekiy of currently available

solution-based synthetic methodologies to varyntteire of the capping ligands.

4.2 Results and Discussion

All the materials were synthesized according to fitecedure reported in
Chapter 2, using proper ligand (hexadecylamineleic acid) during the shell
overcoating (SILAR method). Core-shediT sample was synthesized according
to the method reported in literatttevith minor modifications. Spectroscopic
characterization (absorption and emission) wasiezhrout in dilute CHGI
solution; photophysical properties are gatheretiaible 1.

Sample  Ags/nm@  Agn/nm @[ dere/ MM dogresne / NM

cA 565 580 3.4

csAl 589 609 0.15 4.1 6.9
csA2-1 577 588 0.004 3.7 4.4
csA2-3 568 586 0.22 3.7 5.8
csA2-5 566 587 0.21 3.7 7.2

csT 567 592 0.044 3.4 4.8
csO1 616 639 0.055 5.4 8.0
cs02-1 608 633 0.0014 4.3 5
cs02-3 604 624 0.23 4.3 6.4
csO2-5 615" 629 0.39 4.3 7.4

Table 1: Spectroscopic data in CHC[a] Maximum of the exciton peak. [b] Estimated.
[c] Reference: rhodamine 6G in ethanol soluti®r=0.94 in aerated solvenx
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4.2.1 ACID-BASE EFFECT ON CdSe “Core” QUANTUM DOTS

We have synthesized CdSe QDs core coated with ganwr shell of
trioctylphosphine oxide (TOPO) and hexadecylamiA®A), cA. The size of
the nanocrystals, determined from the absorpti@ttspn’ and TEM images,
resulted in 3.4nm.

Upon titration of a CHGIsolution ofcA with triflic acid (CRSG;H) the
luminescence of the quantum dots was completelynacher after addition of
100 equivalents of acid (Figure 4.1a) as previowlgerved for CdTe QDSS.
No precipitation was observed, neither after ttdags’ On the other hand we
observed a slight decrease and ipsochromic shifteofibsorption exctiton peak,
consistent with a shrinkage of the nanocrystalse @liferent behavior with
respect to previously investigated systériss probably due to differences in
experimental conditions and in particular in théveot that we chose for our
experiments. We performed regular titration in CH@ extreme dilute
conditions (10 - 10° M), and we followed the changes in the emissiceecsp
until achievement of a plateau of the fluorescersignal. Under these
experimental conditions it is possible that theruen dots reach an equilibrium
state which corresponds to the loss of part of lthends and consequent
aggregation (without precipitatiof Successive addition of base (tributylamine,
TBA) should cause deprotonation of the detachedntig and possibly their
reattachement to the surface of the nanocrystals.

Addition of base causes a partial recovery of tmaimescence, whose extent
depends on the amount of acid present in the solutVe performed two
experiments: (i) we added 250 equivalents of azid $olution of CdSe quantum
dots, causing a complete quenching of luminescenckethen we titrated with
TBA (Figure 4.1b, gray symbols). Under these expental conditions the
luminescence of the nanocrystals was recovered umlyo 4% of its original
value; (i) we added 75 equivalents of acid to ltsmn of CdSe quantum dots,
causing a strong but not complete quenching ofuhenescence (Figure 4.1b,
black symbols). Upon titration of this solution Wit BA, the luminescence was
restored up to 25% of its original value. Thesailtessupport the hypothesis of
an aggregation of the quantum dots after protonadithe ligands and their
subsequent detachment from the surface of the ngsials. After addition of a
base, the ligands are deprotonated and are alletadaind to the surface of the
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quantum dots, thus breaking the aggregates. Tiweeify of this process can
depend however on the extent of aggregation oh#rcrystals, as suggested
by our experiments.
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Figure 4.1: (a) Emission spectra of a solutiona 1.9x10" M upon the titration with
CRSGOsH. (b) Gray symbols: emission changes at 580 nnm @idition of acid (circles)
up to 250 equivalents and successive addition s isquares); black symbols: emission
changes at 580 nm upon addition of acid (circlgs}Yau75 equivalents and successive
addition of base (squares).

4.2.2 ACID-BASE EFFECT ON CdSe-ZnS “Core-Shell”
QUANTUM DOTS

Coating the inorganic core with a shell of anothearganic material (ZnS)
should passivate and stabilize the nanocrystalsdereng them potentially
insensitive to the surrounding. Nevertheless, sbidl quantum dots are
covered with a further shell of organic ligands ethiare Lewis bases and are
sensitive to acid and base. We synthesized CdSeednsSshell quantum dots
(cs), coated with TOPO and HDAsA1) and we characterized this material in
CHCI; (Table 1). From the first absorption peak the disien of the core could
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be establishetf moreover thickness of the shell layer can be obnising the
synthetic proceduré$(see Chapter 2). The emission spectrum is chaizete
by the typical narrow luminescence band, whose mami depends on the
dimension of the core.

In order to investigate the stability of the cohels quantum dots in presence of
acid, we performed titration experiments in CkEl@lpon addition of CFESO;H,
the absorption spectrum of the nanocrystals showrdy a slight decrease,
whereas the luminescence was strongly quenchedré~g2a): 5000 equivalent
of acid caused a 90% decrease of the emission umuapield of csAl. We
performed the same titration with gFOOH, which is a weaker acid than
CR:SOH, and we obtained similar results: the only ddéfece is that more
equivalents of acid (20000) were necessary to dughthe 65% of the emission
guantum yield ottsAl. Also in the case of core-shell QDs, it is likéhat the
effect of the acid is to protonate the organicrids causing their detachments
from the surface
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Figure 4.2 Emission spectra of a solution @fA1 6x10° M upon addition of CESOH
(a) and upon addition of TBA (b). The insets shb@ ¢mission changes at 607 nm.
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The quenching of the luminescence can be due tad¢asons. On one hand, as
we could interfere also by the spectroscopic progerof our material, the
coverage of the core is not perfect, and it isljyikbat part of the CdSe core is
protected from the environment only by organic ktal ligands. As a
consequence, protonation of the ligands can cdugsexposure of the uncoated
core of the QDs with the consequent quenching @fdminescence. Moreover,
as for the bare core CdSe, the loss of the ligaadscause aggregation of the
nanocrystals, which is also responsible of quernghirthe luminescencg.

Upon addition of TBA the emission was restoresa3% of the initial value
(Figura 4.2b) and the maximum of the emission baad 3 nm red-shifted.
Upon leaving the system at rest for 2 days, theirlastence intensity was
enhanced with respect to the original value (Figus3.
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Figure 4.3 Emission spectra ofsAl (solid black line 1), after addition of 5450
equivalents of C|SO;H (dashed black line 2), after addition of 1.5 eqlénts of TBA
with respect to CJSO;H (dotted black line 3), after 12 hours (solid gtane 4), after 2
days (dashed gray line 5), after 3 days (dottey lima 6)

The recovery of the luminescence suggests that wulnlition of TBA the
protonated free ligands are deprotonated and cahagjain on the surface of the
quantum dots. At the beginning the luminescencenly partially restored
because of kinetic effects: it is likely that thetathment of the protonated
ligands causes aggregation of the QDs; after ahdif base the deprotonated
ligands can bind again on the surface of the nastals, but this process takes
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some time because the particles can be aggregadetheir surface can be less
accessible to the ligands. After 1 day the origemaission is restores and upon
leaving the system at rest the emission incredsageahe initial value, possibly
for two reasons: (i) the TBA can bind on the susfaaf the nanocrystals,
removing surface defects; (i) the mild conditionsf the ligand
detachment/reattachent with respect to the sywtletperimental conditions,
can possibly favour an optimized distribution of tlgands on the surface of the
quantum dots. The first hypothesis can be ruledbeagtuse addition of TBA to
a solution of quantum dots does not cause anyrggeoipic changes.

Cyclic additions of acid and base to a solutioncek2-3 (see Chapter 2 for

synthesis details) revealed poor reversibilitys thbservation is consistent with
the partial irreversibility of the disgregation pess by means of the ligands
under these experimental conditions.

Core-shell qguantum dots with different organic figa on the surface were also
synthesized, namely CdSe-ZnS coated with TOPO (gersp) and with TOPO
and oleate (samplesO1). These materials have been investigated in GHI
main spectroscopic properties are gathered in Thbl&e performed on these
samples the same acid/base titration experimemtsrped oncsAl sample and
we observed that upon addition of SB;H, the absorption spectrum of the
nanocrystals is unaffecteds{’) or shows only a slight decreass@1), whereas
the luminescence is strongly quenched (Figure #&d 45): 700 equivalents
cause a 65% decrease of the emission quantum ofetdT (Figure 4.4) and
35000 equivalents cause a 90% decrease of theiemsantum yield o€sO1
(Figure 4.5).

Upon addition of TBA the emission is restored, thd two samples show a
different behavior (Figures 4.4b and 4.5b): in dase ofcsT, the emission is
completely restored and after neutralization ofdb®l in excess, it is enhanced
with respect to the original value (Figura4.4b) endascsO1 sample shows only
a small recovery of the luminescence (5%) (Figiiey.
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Figure 4.4 (a) Emission spectra of a solution efT 2.2x10° M upon titration with
CRSOH. (b) Emission changes at 592 nm upon additionaofd (circles) and
successively of base (squares)
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Figure 4.5 (a) Emission spectra of a solution @dO1 4x10° M upon titration with

CRSOH. (b) Emission changes at 638 nm upon additionaoid (circles) and
successively of base (squares)
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From our experiments and from literature data can interpret the effect of the
acid on the quantum dot as a consequence of tkefdbe organic ligands that
cover the surface of the nanocrystals. As we ajrgminted out, the effect on
the luminescence can be possibly ascribed to taeores: (i) the incomplete
coating of the core by the inorganic shell, wittomsequent exposure of the core
to the surrounding environment and/or (i) the agation of the quantum dots.

In order to gain more insight on the effect of therganic shell coating, we
synthesized three samples of CdSe-ZnS TOPO/HE&A2) and TOPO/oleate
(csO2) with inorganic shell of different thickness (s€hapter 2), namely one
(csA2-1 andcsO2-1), three ¢sA2-3 andcsO2-3) and five €sA2-5 andcsO2-5)
ZnS monolayers. The samples were characterized HCIL and their
spectroscopic properties are gathered in Table pbnUitration with acid we
observed a quenching of the luminescence, whoseegity depends on the
number of shell monolayers (Figure 4.6): that isrenequivalents of acid are
necessary to cause a comparable quenching of thimdacence in the three
samples of each series, as the number of the dhelisases. This behavior
reflects the increase of the dimensions of the astals (and of the number of
organic ligands) on increasing the number of sh&ls the other hand, the
amount of final quenching does not depend on tiekrikess of the inorganic
shell, thus suggesting that this effect is relatetthe aggregation of the QDs.
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Figure 4.6: Emission changes at 590 nm upon addition ofSTEH to samplegsA2-1
(white circles)csA2-3 (gray circles) andsA2-5 (black circles)
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All the samples of thecsO2 series show rather broad emission peaks
(FWHM>45nm), indicative of a wide distribution ohd dimensions of the
nanocrystals. Interestingly, the residual emisgieaks at the end of the titration
with acid show a red shift of the maximum and araaer width (Figure 4.7):
this result confirms that the quenching effecthef &cid is more efficient on the
smaller quantum dots.
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Figure 4.7 (a) Emission spectra of a solution e02-3 3x10° M upon titration with
CRSO;H. (b) Normalized emission spectra cd02-3 before (solid line) and after
(dashed line) addition of 2400 equivalents of acid

In order to confirm all our hypothesis we performEEM experiments on a
sample ofcsO1 (Figure 4.8a), after addition of @FO;H (Figure 4.8b) and after
successive addition of TBA (Figure 4.8c.). Figurgbdshow that, after addition
of acid, the particles tend to aggregate: a nondgemeous distribution of the
guantum dots on the grid is clearly visible. Aféeldition of base (Figure 4.8c),
the nanopatrticles are more homogeneously distiiborethe surface of the grid,
even though still partly aggregated in small cliss{@s expected on the basis of
the behavior observed in solution for this matgrial
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Figure 4.8 TEM images of (a)xsO1, (b) csO1 after addition of 166 equivalents of
CFR;SO;H and (c) after successive addition of 1 eq of TWith respect to the acid.

On samplecsA2-3 we performed three titrations with €FO;H, under the same
conditions, changing only the amount of the acideadat each point of the
titration: we observed that, upon increasing thewm of acid added at each
point, the luminescence quenching is less efficiébmtother words, the same
total amount of acid causes a different extent whihescence quenching,
depending on the amount of acid added at eacto$tép titration (Figure 4.9).
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Figure 4.9 Emission changes upon addition of triflic acid¢@s) and TBA (squares) in
different aliquots to samplesA2-3. Black symbols are referred to the titration wilhge
amount of acid at each step; white symbols arernefeto the titration with small
amount of acid at each addition.
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Successive addition of TBA shows that also the hastence recovery depends
on how we performed the titration with the acid.nMdy, the luminescence
recovery is more efficient (almost 100%) when tledais added in large
aliguotes, whereas it is almost completely ineditiif the acid is added in small
aliquots (Figure 4.9 ). This behavior can possi#ypend on the kinetics of the
aggregation process that follows the detachmethieofigands: upon addition of
acid in small aliquots, the detachment of the ldgicauses the formation of
small aggregates, that can on their turn aggregdigger entities as long as the
titration proceeds (Figure 4.10a). On the contrapgn addition of large amount
of acid, the partially uncoated nanocrystals agapegquickly in smaller
aggregates (Figure 4.10b). Therefore also the teffiethe base is different: the
bigger aggregates are more difficult to disgregae the luminescence recovery
is less efficient. In this sample we did not obsérvan increase of the
luminescence with respect to the original valueddition of TBA, neither after
successive addition of native ligands (TOPO, HDAaih).
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Figure 4.10 Scheme of quantum dots aggregation and quenchtergaaldition of small
(a) and large amount of acid (b)
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4.3 Conclusion

Inorganic semiconductor nanocrystals are attraatoege and more interest for
their peculiar spectroscopic properties and also floeir stability and
insensitivity to their surrounding environment withspect to organic dyes,
particularly as far as core-shell systems are aoece In recent years it is
becoming more evident that the surface propertiethese materials are very
important, because it has been observed that bptioperties of quantum dots
can depend on their local environmé&t:

In this study we explored the behaviour of corelistpgantum dots in
acid environment, comparing the same materialsimaiipg from different
synthesis, material with different organic ligaraisd materials with different
shell thickness. From our results it is evident tha behaviour of the systems is
influenced by several parameters, but we can redéépionclude that core-shell
guantum dots are sensitive to acidity of the emwirent, because of the
unavoidable presence of the organic ligands orr thaiface. This behaviour
must be taken into account in designing quantumbdeed systems that are
supposed to work in presence of acid or when uguantum dots as scaffolds
for pH sensors.
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Chapter 5

Photoinduced phase
transfer of luminescent
quantum dots to polar and
aqueous media

5.1 Introduction

The remarkable resistance to chemical and photoadation of luminescent
CdSe based nanocrystafsraise the interest to the development of novel
fluorescent platforms and markers for biologicaplagations, ranging from
sensing and intracellular tracking of protein moeets and interactioh>’2
An important requirement for integration into bici@ology is the ability to
access a stable, water soluble systems that carabipulated in a wide range of
pH, electrolytes and other chemicals; the latteuihallow straightforward and
controllable coupling to various biomolecufes:™

Highly luminescence QDs are reproducibly preparedh wnarrow size
distribution and high fluorescence quantum yield rbgcting organometallic
precursors at high temperature in coordinating esu?**® These QDs are

Reproduced in part with permission from Palui, B¢llini, T.; Zhan, N.; Pan, F.; Gray, D.; Alabugin;
Mattoussi, HJ. Am. Chem. Soc. 2012, 134, 16370. Copyright 2012 American Chemical Society
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capped with hydrophobic molecules (i.e. trioctylopphine TOP, trioctyl
phosphine oxide TOPO, alkylamine, carboxylic acithwong aliphatic chain
and phospinic acid) and do not disperse in aquemaia. Post-synthetic surface
modifications are indispensable to render QDs hylditic and biocompatible.
An established method to prepare water-soluble @liss the exchange of
native hydrophobic ligands with bifunctional moléxsi that combine metal
chelating anchoring group and an hydrophilic past promote water
compatibility®***' The stability of hydrophilic QDs is influenced e
strength of the coordination binding between thehanng group and the
surface of the nanocrystals and the affinity of tigdrophilic part to the buffer
media’*

Ligands presenting multiple thiol anchoring grodjse dihydrolipoic acid
(DHLA) in DHLA-PEG and bis-DHLA-PEG ligands, gregtenhance the QDs
stability over a wide range of biological condittocompared to monothiol-
terminated ligands or other weakly coordinating upsf®?? Reduction of
Lipoic Acid (LA) groups is a key step for the effise capping of QDs$>***To
date the reduction of lipoic acid used for the Qibsse transfer is performed
under strong reducing conditions using NaBHs reducing agent?**
Although effective this process imposes limitatiovith respect to the functional
group tolerance and introduces an additional psicgsstep (reaction and
purification of the reduced ligand). Borohydrideluetion can alter the integrity
of certain functional groups such as azide in LAGPR;. Careful preparation,
storage and handling under inert atmosphere of Didaged ligands is required
to avoid re-oxidation of bis-thiol to dithia&?

Lipoic acid has a well defined absorption peak wataximum around 350 nm.
Sander and co-workers reported that excitatiorhinbtand produces a relatively
long lived triple state (t~s) which can be converted into DHLA with a
moderate yield’ Based on that data we explored the possibilitypéoform
photochemical LA reduction with a concomitant Qe exchange.

In this work we report a novel method consistingplrotomediated transfer of
CdSe-ZnScore-shell QDs to buffer media. More precisely, we demonsttat
that oxidized lipoic acid can be used without pmieduction to drive the cap
exchange and QD transfer to polar organic solvantsbuffer media using UV
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light as reducing agent (300 nm X< 400 nm). This process involves the
photoinduced reduction of LA- to DHLA-based ligarahd simultaneous

replacement of the TOP/TOPO cap with the reduggahtis, all taking place in

situ. This method can be applied for several LAeollsgands. In Figure 5.1 is

reported a general scheme of LA photoreductioncapdexchange.

Pure lipoic acid (LA), LA-PEGyrOCH; and mixture of LA-PEG-OCH; and
LA-PEGgo-FN (FN: -NH,,-COOH, -N;) have all been successfully used for this
photochemically driven phase transfer. The usé®htethod for the preparation
of the hydrophilic QDs simplify the procedure fbetreduction of the ligand and
successive cap exchange in one-pot, avoiding patifin after the reduction
step?

H,CO\,?O
% HiCO n KTOcu
TOPO/TOP g ? 3
G,
FN: -COOH/ -NH,/ -N;
b) H
N H
) JonhOCHs /NWLAO —
H H H
/N\%AOJ[\M /N\{w”\\of\/N\g/\/?OH

Figure 5.1 (a) Schematic representation of the UV-promoten &echange and phase
transfer of TOP/TOPO-QDs from hexane to methandl atiher polar media including
water; 1 is the initial hydrophobic an@ is the final hydrophilic QDs dispersion.
(b) Chemical structure of the ligands used in shigly.
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The great features of the method to prepare rotwmsitionalized QDs, was
tested to collecin vivo imaging of brain vasculature of live mice, wherellw
resolved vessel structures can be visualized f@raéhours using intravenously
injected QDs, combined with two photon fluoresceméeroscopy.

5.2 Results and Discussion

Ligand synthesis was carried out following previoegorts’>** CdSe-ZnS QDs
used in that work, were prepared step-wise by mamlucof organometallic
precursors at high temperature, following the pdoces reported in

literature!”?

The photo-cap exchange was carried out using ttgonaltive procedures.

(2) The hydrophobic QDs are first precipitated framanpolar solvents
(chloroform, hexane or toluene) as fine powderfastd mixed with a
solution of LA-based ligands in polar solvent ancdiated with UV
light.

(2) Irradiation of a biphasic mixture with non polaolvent (hexane)
containing the TOP/TOPO capped QDs and the polaesbimmiscible
with hexane (methanal) containing the LA-basedndm

Phase transfer according to route 1 was carried®dbllowing. In a glass vial,
100 pl of 15-20 uM stock solution (1.5-2.0 nmol) of CdSe-ZnS QDs was
precipitated with methanol (two times) and mixedoaw/er/paste with 1.5ml of
a proper solvent (Table 5.1) containing LA-PEG 8001 M) and TMAH (=5
mM). Addition of TMAH shortened the irradiation témand produced water
dispersions with negligible red-shift. A magnetiicrsng bar was introduced, the
vial sealed with rubber septa and the atmosphesesmaiched to nitrogen by
applying 3 or 4 rounds of mild vacuum followed lyshing with nitrogen. The
mixture was placed in a photoreactor (LZC-4V, Lwzth Research, Inc.,
Air=350 nm,4.5 mW/cFr) and irradiated for a certain amount of time, luati
clear solution and homogeneous QD dispersion wearaa. The solvent was
removed under vacuum and a mixture of ethanol/ofdom was added. Excess
of hexane was added to precipitate out QDs with d&ime of removing the
hydrophobic ligand (TOP/TOPO). The mixture was dérged, the supernatant
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discarded and the precipitate dried under mild wactuFinally, buffer was
added to disperse the QDs capped with hydrophdend. The water solution
was filtered through 0.48n syringe filter and 2 cycles of dilution/concetitva
using a membrane filter Millipore Amicon Ultra 50® MW with the aim of
removing the excess of the hydrophilic ligand aolilsilized TOP/TOPO were
preformed. The concentrated solution was dispeise®| water or buffer
(concentration 5-1M) and stored in refrigerator af@ for further analysis.
Using this route it is possible to carry out thaatéon in a wide range of polar
solvents. In our experiments we successfully peréat the phase transfer in
methanol, ethanol, 1-propanol, 2-propanol, 1l-butatest-butanol, DMF and
acetonitrile. The quality of the final materiale alightly different (Table 5.1).

Irradiation time ~ Abs peak shift PL peak shift

Solvent (min) (nm) (nm)
MeOH 20-25 0 1-3
EtOH 20-30 2-3 6-8
1-propanol 15-20 0 1-3
2propanol 100-120 0 5-7
1-butanol 90-100 0 6-8
t-butanol 20-30 4-5 12-15
DMF 55-65 2-3 4-6
MeCN 90-100 2-3 3-5

Table 5.1 Spectroscopic data for QDs (543 nm green emittiigpersed in water
following photoinduced phase transfer with pure PEGsyOCH;. Luminescence
guantum vyield was about 0.5-0.7 of the native hgtHobic materials.®MeCN
comparatively provides water dispersions of QD$wltghtly lower quantum yield.

Phase transfer using route 2 was carried out &saiolg. In a typical reaction,
100 pl of 15-20 uM of CdSe-ZnS QDs were precipitated twice with raetbi
and dispersed in 75Ql of n-hexane in a glass vial. 5001 of a solution
containing LA-PEG (pure metoxy or mixture, 100 m&hd TMAH (10 mM)
were added. Magnetic bar was inserted and viabdealth a rubber cap and
oxygen removed in the same way of route 1. Thewéd irradiated for 20 min.
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Following irradiation the hexane layer, initiallplored and emissive under UV
light, appears colorless and not emissive. Coniierfee methanol layer,

initially colorless and not emissive, appears cadorand emissive. This
observation is the proof that photoreduction of ligand and subsequent cap
exchange happened (Figure 5.2). The solvents werewed under mild vacuum
and same purification steps reported above werdompeed to obtain a

concentrated QDs water solution.

Phase transfer using pure lipoic acid can be chwoig using both route. After
UV irradiation the resulted methanol solution appdarbid. The mixture was
dried under vacuum and hexane added to preciptat¢he QDs. Water mixed
with potassiuntert-butoxide. (1.5 eq with respect to lipoic acid) vwaakled to
QDs powder to obtain a clear solutin.

Methanol

>
o]

Hexane

Figure 5.2 Ambient light and fluorescence pictures (hand-hé\¢lamp, A¢,=365nm) of
vials containing a biphasic mixture of QD hexanduion and LA-PEG methanol
solution before (top panel) and after (middle pphBY irradiation. Bottom panel shows
the final QD dispersions in water

The optical and spectroscopic properties of theseocrystals were tested.
Absorption and luminescence spectra of hydroph@ibs of different size
compared with the corresponding TOP/TOPO cappede warbstantially
unchanged. In Figure 5.3 are reported the absorptia luminescence spectra
of orange and green emitting CdSe-ZnS QDs dispersédxane (TOP/TOPO
capped) and DI water (photoreduced LA-BE®CH;). The luminescence

94



Chapter 5 - Photoinduced phase transfer of luminescent quantum dots

guantum yield is 50% lower than the hydrophobic,aneich is consistent with
the literature data for thiol-based ligand excharigg*
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Figure 5.3 Normalized absorption spectra (continous line) #ndrescence emission
spectra (dashed lind, = 350 nm, iso-absorption point). a) Green emitt@Bs in
hexane (TOP/TOPO capped, black-line) and watert@wbduced LA-PEG capped, red
line). b) Orange emitting QDs in hexane (TOP/TORPped, dark blue-line) and water
(photoreduced LA-PEG capped, dark green line).

The addition of TMAH together with the LA-ligandripr to the irradiation of
the mixture, showed a significantly improvementtie phase transfer reaction
and final material. More specifically the irradati time is shortened (from 45
min to 20-25 min) and the emission red-shift betwéee hydrophobic and
hydrophilic QDs is reduced (from 4-7 nm to 1-3 nm).

This new method allow us the preparation of fun@ized QDs bearing
reactive groups on the surface (e.g. -NHCOOH, —N). The functionalization
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consists in the preparation of a mix solution & thinctional LA-PEGy-FN and
the inert metoxy ligand LA-PE&-OCH; in different molar ratio respect to the
total amount of ligands, prior to UV photoreductiohhe method produces
hydrophilic QDs with the same ratio of functionigldnds present in the solution,
as already reported for the borohydride reducednti§” Figure 5.4a shows
electrophoresis gel of QDs capped with differetioraf LA-PEG;5-OCH; and
LA-PEGgo-NH, or LA-PEG,COOH. The sign and the magnitude of the
mobility shift depend on the nature and on the amaf functional ligands
used, with large mobility measured for higher fimus of functional ligand¥.

This method was successfully used for the intradacbf azide functional
groups on the surface of quantum dots. The hydlioghinctional nanocrystals
were prepared in the same way as reported abovearfone or carboxy
functional QDs. In Figure 5.4b are reported the REHpectra of the water
soluble QD-N were the typical peak at 2100¢rof azide is present. This is one
of the few examples of direct azide functionali@aatiof semiconductor
nanocrystald® The preparation of QD-surface functionalized vaitide groups
potentially permits the use of chemical couplingdzh on copper-free strain-
promoted azide-alkyne cycloaddition direct ontorthaocrystal$’

a) b)
%COOH 100% % NH, 100
20 15 10 5 °“M3 5 10 15 20

X
- = 801
—_— — [
—TU L
70
1 234 5 6 78 9 H N : 2400 2000 1600
v/ cm
60 . T T T - T
4000 3000 2000 1000
v /cnrt

Figure 5.4 (a) Gel electrophoresis image of different QDspsusion bearing a mixture
of LA-PEG;5-OCHy/LA-PEGgNH, or LA-PEG;5¢cOCHy/LA-PEGs-COOH with
increasing fraction of end-terminated groups. Lathe$ and 6-9 correspond to QD
presenting functional ligands LA-PE§COOH and LA-PEGysNH, respectively. A
control dispersion of 100% LA-PE&G-OCH; is shown in lane 5. (b) FTIR spectra of
QDs functionalized with a mixture 85% LA-PE{OCH; and 15% LA-PEGyNs3;
inset picture shows the azide peak region.
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Colloidal stability is a critical point for hydropit nanocrystalline materials.
We investigated the aggregation property of QD alisipns prepared using the
photoinduced phase transfer method and comparddtivitse prepared using
NaBH,-reduced ligand¥. In Figure 5.5a are shown images of several
dispersions of green- and orange-emitting QDs ffebwith pH range from 3 to
13 immediately following transfer and after 1 mantf storage; DI water is a
QD dispersion in just pure de-ionized water. Inufegy5.5b and Figure 5.5c. are
also shown pictures of QDs dispersions freshly qureg and after one month of
storage containing cell growth media and excesslextrolyte (NaCl 1 M and

2 M), respectively.

a) pH pH
DI H,0 3 7 13 DIH,0 3 7 13
| ———
b) Growth Media c) Nacl
DIH,0 100% 50% DIH,0 1M 2M
Day1 Day1
Day7 Day7
Day 30 Day30

Figure 5.5 (a) Fluorescence pictures of vials containing gréeft) and orange (right)
emitting QDs (1 uM) dispersed in PBS buffer at varying pH side-bgesiwith
nanocrystals dispersed in pure DI water. (b) Flsogace pictures of vials containing
green-emitting QDs (0.5uM) dispersed in cell growth media and pure DI water
(c) Fluorescence picture of green-emitting QDs (V§ dispersed in NaCl solution (1M
and 2M) and pure DI water. All the nanocrystals evphotocapped with pure LA-
PEG;s-OCH;. Day 1 is referred to the freshly prepared sampldwse vials were
illuminated with hand-held UV lamp\£365nm).

An additional stability test (picture not shown)evl green-emitting QDs were
stored for two months in different pH buffer, eletgte solution and cell growth
media shows a good maintenance of the colloidapenies®™ These pictures
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demonstrated that UV-promoted ligand exchange mesl@Ds dispersions that
are at least as stable as the materials prepaneg e conventional DHLA-
based routé?*

5.3 Proposed Mechanism

Irradiation in the UV range (300 nmX< 400 nm) is a strictly requirement to
obtain a stable colloidal suspension in buffer raediiradiation in the visible
range A > 400 nm) leads to incomplete phase transfer aedfittel QDs
suspension has poor stability.

In order to investigate the mechanism, UV irradiatof a solution of ligand
alone was carried out in 1cm quartz cuvette (Figubg.
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Figure 5.6 Absorption variation during irradiation\{=360 nm, 4.5 mW/cf) of 2.2 ml
of LA-PEG;5-OCH; in (a) methanol (13 mM) and (b) DMF (12 mM). Intbacases
black line represents the spectra before irradiattmd red line after 30 min of
irradiation.
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Absorption variation during UV irradiation showsetprogressive reduction of
the band with maximum around 340 nm, indicativelaf disappearing of the
disulfide bond, as previously reported in literatéor lipoic acid in watef’ This
photoreaction can be carried out in different selgencluding protic solvents
(e.g. methanol, 1l-propanol, 2-propanol) and aprstivents (e.g. DMF); UV
irradiation carried out in an aprotic solvent leaols slower progression in the
absorption peak around 340 nm.

Further evidence of transformation of the disulfigioups to dithiols in the
absence of QDs comes froftd NMR analysis of the ligands following
irradiation (Figure 5.7).
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Figure 5.7 *H NMR spectra collected in CDEirom (c) LA-PEGscOCH;, (b) NaBH;-
reduced LA-PEG-OCH; and (a) UV irradiated (10 min in methanol) LA-PE&
OCH;. A mixture of oxidized (LA peaks at 2.4 and 3.0-%pm, black arrows) and
reduced (DHLA peaks at 2.9, 2.7-2.6 ppm and 1.2% ppm attributed to thiols, red
arrows). The peak at circa 2.5ppm labeled withrhes from impurities.
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During irradiation DHLA NMR signals such as theptet and the doublet at
1.35 and 1.30 ppm and the multiplet at 2.9 ancprid appear. The NMR peaks
are identical to those obtained for the NaBeduced ligand¥. These results

suggest that LA-based ligands undergo to UV-indueehliction. This process
can be potentially accelerated by the presenceDs. @/hen the semiconductor
nanocrystals are in the media they can (1) acthadopensitizers providing

excited electrons to enhance the reduction of itqend (this process may be
rather modest because the oxidized ligand is nobhdh@n the QDs surface) and
(2) provide a sink for the reaction products beeanfghe preferential binding of
the reduced LA to the nanocrystals surface. SiheeQD photoexcitation is

relatively low due to the low concentration of b&@®Ds and ligand, the driving

force for the phase transfer process is probaltyitees to the coupling of the
direct ligand reduction and TOP/TOPO cap exchange.
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5.4 Fluorescence Imaging of Brian Vasculature of Live
Mice

Live animal imaging has demanding requirements ftbe fluorophore

performance and stability. Ideally a fluorescentrikaa should have high
quantum vyield, tunable emission, good stability dodv degradation and
elimination over several hours, well-defined in$im partitioning into a

particular organ, tissue or cell type and shouldimenable to functionalization
using facile and diverse chemical methods.

Previous studies shown that CdSe-ZnS are excaliemtvo imaging markers

due to the large two photon cross seétfdthat combined with the use of NIR
irradiation two photon fluorescence could allow meissue imaging with

reduced backgrourtd.

Quantum dots prepared using the photoinduced gressfer were successfully
used to collecin vivo imaging of brain vasculature of mice. Of this mizewe
tested the brightness, the bio-stability and theemal effects on the
microbiological environment by imaging the integriaf the QD-labeled brain
microvasculature over a period of 24 h. For thipligption QDs must have
limited partitioning into brain tissue, must be dmenough to enter brain
microcapillarities and must not disrupt the integdf the blood-brain barrier.

Figure 5.8 Imagines of brain vasculature of cerebral corterize microinjected with
QDs phase transferred with pure LA-PEEOCH,. Each panel corresponds to images
collected after a given time lapse following QDidety. Well-resolved structures of the
arteriole/venule (white arrow) and capillaries (srdow) are detected at a depth within
200um below the cranial window. No QD aggregation wasesved during the imaging
time span. The QD signal progressively decreased wine before reaching a
background level after 24 h. Scale bar: L%

Two photon fluorescence experiméefitshow well resolved capillary structures
with a submicrometer resolution (Figure 5.8). ThesQemained visible in the
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blood without any visible self-aggregation or blagk of the microcapillaries up
to 2 hours. The signal decreased to background ilex&t h which suggests that
no partition into brain tissue happened and QDswweogressively cleared from
the blood circulation due to renal filtratidhSuch long period constitutes a very
promising capability as it permits to investigatee tintegrity of the blood
capillaries under different conditions. Moreovee ttoncentration of QDs used
to collect these pictures is circa 10% of that uiged previous work to image
skin capillaries.
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5.5 Conclusion

A new strategy for the effective phase transfetuofinescence nanoparticels
was developed. This method involves the use of ightlto induce the

reduction of the di-thiolane ring of the lipoic dcand consequently surface
functionalization. Both reactions take place in-po¢ without prior reduction of

the lipoic acid moiety. Hydrophilic QDs of variossze show good colloidal

stability and optical properties similar to thosethwligands prepared via
borohydride reduction.

This method was also successfully applied for thepgration of functional
nanocrystals with controllable nature and denditfjunctionality on the surface.
The preparation of QD-surface functionalized wittida groups potentially
permits the use of chemical coupling based on asfspe strain-promoted
azide-alkyne cycloaddition direct onto the nano@dgs This direct azide
functionalization is impossible using the borohgdrireagent due to the
reduction of the azide functionalities by the radgagent.

Furthermore we tested the stability of these narspals collectingin vivo
imaging of brain vasculature of live mice.
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