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Elaboration et caractérisation de nanoparticules ultrabrillantes,

fonctionnalisées et biocompatibles, pouapplications en biologie et en

médicine
[T XWLOLV D Wh&QuntkescenBe Rilieubiologiqueest devenue tragpandue, notamment
HQ YXH GIDSSOLFDaMIHRQQOV/HELRRPHGQFDDIJHULH OD WKpUDSLH |
récemmentles principaux travaux réalisés dans ce domaine concernaient les nanoparticules de silice
GRSpHV RX IRQFWLRQQDOLVpHV DYHF GHV PROpFXOHV RUJD
nanoparticules sentionductrices (quantum dots, i.e., QDs). Toutefois, urtaicernombre de
limitations demeurent pour les applications dans le domaine du vivant, en lien notamment avec des
probléemes de stabilité, de biocompatibilité et de toxicité ou encore de biodégradabilité. En parallele,
un certain nombre de molécules orgaesjfluorescentes neoxiques ont été utilisées comme sondes
IOXRUHVFHQWHY HQ PLOLHX ELRORJLTXH PDLV OHXU EULOODRQF
est de concevoir et synthétiser de nouveaux chromophores organiques présentant une émission
modulable (du visible au proche infrarouge) et adaptés a la préparation de nanoparticules organiques
fluorescentes (FONs) combinant a la fois une brillance extrémement élevée, une excellente stabilité
colloidale et une photostabilité adaptée a leur uiitisaen imagerie in vitro et in vivo. De tels nano
objets ultrabrillants pourraient alors représenter une alternative trés intéressante aux nanoparticules
actuellement les plus utilisées en imagerie de fluorescence du vivant (QDs). Le manuscrit décrit la
synthese et les propriétés de plusieurs classes de molécules fluorescentes spécifiquement congues pour
former des telles FONS par auidVVHPEODJH GDQV OYHDX /D SUpSDUDWLRQ C
leurs propriétés étudiées et discutées. Enfin degcatiphs concretes en bimagerie sont présentées.

Mots clés Absorption a deux photongluorophores, nanopcules organiques, imagerie

biologique

Design and Synthesis of ultrébright Organic Nanoparticles (ONPS) for

bioimaging
Nowadays the use of ight luminescent nanobjects in biological environment is a topic that is
gaining more and more importance, especially for biomedical applications such as imaging, therapy
and diagnostic. So far, numerous studies have been condwitedgold nanoparticle silica
nanoparticles (doped or functionalized with organic molecules), as well as semiconductor
nanoparticles (quantum dots, i.e., QDs). Howgerarst of these nanoparticles suffer from drawbacks
(in terms of stability, biocompatibility, eetoxicity or degradability). On the other hand, several-non
toxic fluorescent molecular probbave been widely used, but most of the time their brightnessrirema
modest in biological environments compared to QDs. Our idea is to engineer new organic
chromophores with tunable emission wavelength (from visible to near infrared) for further preparation
of organic fluorescent nanoparticles (so called FONSs) thatagiggihnt ongphoton and twegphoton
brightness, as well as good colloidal and chemical stability, and suitable photostabilityifos and
in vivo imaging. As such, these FONs would represent interesting altern&iv@®s for use in
bioimaging. This ranuscript describes the synthesis and characterization of new classes of fluorescent
molecules specifically engineered as building bldtkshe fast preparation of such nanoparticles by
selfaggregation in water. The FONs were fully characterized frorth boorphological and
photophysical points of view and further used in bioimaging.

Keywords: Two-photon absorption, fluorophores, organanopatrticles, bioimaging
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Look wide, and even when you think you are looking wide, lavider still

(Sir Robert BadeiPowell)
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CHAPTER1

INTRODUCTION






CHAPTER 1 4NTRODUCTION

1. Basicprinciples of linear photophysical measuremen

Chromopho S3DUW RI D PROHFXODU HQWLW\ LQ ZKLFKaDQ HOHTF

given spectral band is approximateyRFDOL]JHG”

Luminopho S3DUW RI D PROHFXODU HQWLW\ LQ ZKLFK HOHFW

given emission band is approximateRFDOL]JHG”

In llustration | 1 is displayed the Perrdablonski diagranthat summarize the main
possible processehat occurs uporthe interaction of a molecule with lightabsorption, internal

conversionfluorescence emission, inter system crossing phosphorescence emission.

Since in my manuscript | will discuss about molecules that are able to absorb and emit light,
the goal of this first paragraph is to recall the basis of linear optical measurements used during my

PhDinternship

lllustration | 1. PerrinJablonski diagram
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1.1.Absorption of ultraviolet and visible light

The absorption of one photdsy a molecule induces an electronic transition from a lower
electronic statétypically the ground statdd higher electronic stadealled excited state®epending
on the molecular structurtheabsorptiocan SURPRWH H O H KEVid)riviovdihg @R)Poriitals
to an antibonding orbital G H Q R W HD® ®withldifferent energes. Here | will focus my attention
on Q:(&nd  : Geansitiors, since arehosethat | observed inmeasurementd will not take into
accountn my manuscripthe transitions that involvdand I orbitalsbecause not interesting in terms
of photophysical properties and, in additiare located usually in the far U\MConcerningthis
manuscripthe highesbbservedransition is theQ : (Bvhere,upon excitatiopan electron ipromoted
from an atom(herenitrogen)with nonbonding electronsW R DQ DQWLER QG Qaselle RUELWDLD
nitrogen LV ORFDWHG L-Q HOKHNGiBtQaidtw preni@ted electron go@wo the lower
energetic (Eorbital, expected to be located in the electrathdrawing group(using theacceptor
strength a driving force) 7 KH ‘Qraisition is also important becauikehas a charge transfer

character, necessary footh linear anshor-linear optical applications.

One should consider thabhall the transitions are allowed, indeedabsorption we have to

take into account two magonditions:

x The ransitionsbetween stas with different multiplicity are forbidden, while are
DOORZHG VLQJOHW:VLQJOHW DQG WUL g®0¢pworltULSOHW
couplingthere is aveak interaction between the wavefunctions of the singlet and the
triplet state and sometims, this transition can bebserved i.e. the intersystem
crossing from the first singletxcited state to the first triplecitedstate

X Some transition can be forbidden for symmetrical regsdos example in
centrosymmetric moleculdgle onephoton absigption has to reach an antisymmetric
state with respect to the ground state, whilencerning noncentrosymmetric

moleculesthe direct product of the irreducible representation of the ground state and

4



of the excited state must transform as the irredudibpresentation of the dipole

moment operator

Taking into account thathe mass of the nuclei is bigger compared with the mass of the
electronsonecould consider that the electronic transition occurs without changes of the nuclei position
because the traition is faster compadewith the nuclear motion, this isalled: FrankCondon
principle, thus one can consider that the electronic transition will occur vertiddibyeover,in
addition to the pure electronic transitiamecan observe also the vibrmatial structure that depends on
the vibrational leved of the excited statdBecausehe electonic is a vertical transitiordepending on
the nuclear configuratioduringthe excitation process, the most probakdasitioncould be between
two different vibrationaktates as displayed ifllustration | 2a where themost probable transition
occurs between the vibrational state 0 of the ground state and the vibrational state 2 of the excited

State

Most of the timefor moleculesthe vibrational structure in not observable especially when
measuremestare done imparticular environment such as solution or colloidal suspengiothese
casesthe bandwidthdepends on two effects: homogeneous and inhomogeneous broadenirigstThe f
is mostly due tothe finite lifetime associated to the excited state thedexistence od continuous set
of vibrational sublevels in each electronic state, while the second is due to the fluctuation of the

structure of the solvation shell surrourglihhie chromophore.

a) b)

lllustration 1 2. Potential energy diagram with vertical transition (Fra@gndon

principle)



Another important feature to take into account wheaspeak about absorption transition is
the probability of the light absorptiat a specific wavelength in other words the probability thtte
transition occurs with a specific energg LYHQ E\ WKH PRODU H[WIigsPMUeRQ FRHIIL
dependent from the electronic transition and the solvent in whidalilated fron UV-visible

absorption measurement using the LamBestr law Eq. | 1).
Eql 1. #:4 L Y& GHR?

where WKH DEVRUEDQFH $ PHDVXUHG DW D VSHFLILF ZDYHOHQJV
path of the light within the sample (I), with the concentratiopand with the molar extinction

FRHIILFLHQW O
1.2.Emission of light uponone-photon excitation

Once a chromophore is excitgtlere are two main pathways that it can follmareturnback
to the ground statgadiative and nomadative path Between thawo relaxation methodthe most
interestingn terms of photophysical propertjger our purposeis the radiativeonesinceit involves
the emissionof photors. Depending on thespin multiplicity in the transition one can call the

phenomena fluorescemor phosphorescence.

As displayed inPerrinJablonski diagram ifilustration | 1 , upon onegphoton excitatiorthe
moleculecan reacthigherexcited stateéS,) compared with the first excited stdf&); but, excepfew
casey the emission of photon®ccurs from the lower excited statealjled . DV K D'ﬂ. 5ne€OH
relaxation from $to S is a nonradiative process between electronic states with the same spin
multiplicity called internal conversion. Thankstte higher energy gap betweenaid $ the internal

conversion process is much less efficient, but indeed it can compete with the radiative decay.

Fluorescence emissioband lies generally at lower energies compared with the relative

absorption band, ennzally observedoy G.G. Stokﬁthanks to energy losses between the excitation

6



and the emissiolFRPELQHG ZLWK W Kht¢re. Br¥y Kény \caudesQHdt can indubese
phenomenauch as fast decay to the lower vibrational level of the lower excited state, decay to higher
vibrational levels of the ground state and solvent effédbreover, the vibrational level of the ground

and the excited state are simildius the fluorescence spectrum usually parallel the lower energetic

absorption bandW KLV LV WKH 3SPLUURU LPDJH  Rigg®@®HL. GLVSOD\HG DV H[D

Figure I 1.  Mirror image of perylene bignide ligand and relativeample

Another possible deactivation of the excited state is displayedllustration 1 1 as
intersystem crossinfJSC) (pink wavy line, right part of the illusdtion). Actually, this transitiois
forbidden since involves the passagsween two states of different multiplicity: from the first singlet
excited state to the triplet statAs | wrote previously, these forbidden transitions are observable
thanks tothe spinorbit couplingand the presence of heavy atoimsreagsthe spinorbit coupling
favoring the intersystem crossingt room temperature neradiative relaxation from the triplet state
is favored compared with the radiative ;B o transition calledohosplorescence. This deactivation
pathway is very slowthereforethe collision with solventor oxygen,nduces preferential vibrational
relaxatiors. However,in some case#t is possible to observe phosphorescence thataliehigher
wavelength comparedith fluorescence emission. This fact is explained taken into account that the
lowest vibrational level of Tis placed at lower energies compared with the first singlet excited state.
The relaxation pathway that passes through the triplet state comjitstéise fluorescence, decreasing

the efficiency of the radiative;S6 ¢ transition.



The ratio between the constant relative to both radiative andaualetive relaxation is an
important data in order to study the lifetime of the excited statbconsequently the fluorescence
guantum yield. Indicating withkthe radiative decay constant and with khe sum all nomadiative
decays constant (which include the internal conversion as well as the intersystem crossing) of the

singlet state, the exeld state lifetime can be obtained with:

5

An important factor to take into account whamewanisto compare the efficiency of different
fluorophores is the fluorescence quantum vyielg,(which is defined ashe ratioof the number ©
emitted photons to the number of absorbed photamsn the molecule is excited with specific
wavelength(Eq | 3).

EqI3. (L2 pai

Ciip: pai

A pP . ;

Since decay constants are complex to be measured by direct metimdluorescence
quantum yield can be determined with varicygproachesncluding thermaland photoacoustic
methods but those considered in this manuscripre the optical methods.-+ can be measureith
absolute waywith an integrating sphere or relatively to a fluorescence st#fftlakdtually all the
measurements that were done in this manusfofiesw the relative determinatioaof the fluorescence
guantum yield using thEq | 5.

Eq 5. OJILQJE|3& <A | Y pat

ag ¢A W pai

with

EqI6. (L1 ‘8pe8atisa



Eql7. BL sFsr?°: pai

:KHUH WKH VXEVFULSW 36" DQG 35" GHQRWH-{MDHR&OH DQG
fluorescence quantum yield, n is the refractive index of the solfei#t,the spectrally integrated
photon flux at the detector andl ex) is the absorption factor that provides the fraction of the

excitation light absorbed by the chromophore.

To choose the right reference among different class of fluorophores one has to take into
account that the fluorescence standard should absorb and emit within similar spectrabfréiggon
sample as well as the values of of the reference and the sample should not be too diffe e
well-established standards are three (Quinine Sulfate, Fluorescein and Rhodamine 6G) while there is a
large amount of fluorophores used as references, which are Hasacterized or less reIi
unfortunately are still missing reliable fluorescence standard within the red/near infrared spectral
region, which is the region that | mainly considered in my waskwell as robust referes with low

fluorescence quantum yield
1.3.Solvent effect on fluorescence emission

In order to understand the behavior of chromophores in complex systems such a
nanoparticles, it is worthstudyng their characterby tuning polarity of thelocal micra/nanc

environment that surrounds the molecule.

Depending on their naturghe interaction chromophosmlvent can strongly affect both
ground and excited statgtabilizing or destabilizing them. The shift that one can observe in absorption

and emission, induced/tthe tuning of the polarity, is called solvatochromic shift.

A compound displays a solvatochromic behavioitsf absorptionand/or emission basd
depend on the solvent polarity. Increasing the polarity one can observe a bathochromic shift or an

hypsochromic shift indicating positive or negative solvatochromism respectively.



a) b)

<)

Figure I 2.  Solvatochromic behavior of a) neutral dipole, b) charged dipole and c) quadrupole

In Figure | 2 are displagd the absorption and emission spectra measured for three different
chromophores in solvent with different polarity. One can see th&igure | 2a-b are displayed
solvatochromic molecules with different behavior, while Figure | 2c is displayed a non
solvatochromic chromophore (a more detailed discussion about solvatochromic behavior of different

chromophores is given later in the manuscript).

2. Non-linear optical processgs-14

Non-linear optics (NLO) is théield of optics thatstudiesthe behavior of materialateracting
with very highrintensity electric field(in the order of magnitude of 40//m). Indeed nonlinear

optical phenomenaere observedxperimentallyonly after the development lﬂse

In linear optics the dipolar moment Vis expressg in terms ofpermanent dipolar momeng,

external fieldE(t) andthelinearelectric polarizability ..

10



Eq 8. &P L & EU&P
To generalize the dipolar momenhis necessary to expand the function with a Taylor series:
Eql9. &P L & EU&P E U&&P E UR&P E«
with  first-order hyperpolarizability andsecondorder hyperpolarizability.

There are several ndimear phenomena th@&an be divided in secoratder and thirebrder
processes. Secoimider processessuch as secodtarmonic generation (SHG), sdnequency
generation (SFG) and differenfrequency generation (DFGre observable in netentrosymmetric
systemsand are directly related with There are twavell-establishedvays to derive the secororder
nortlinear response: hypétayleigh scattering (H® and electridield-induced seconfiarmonic
generation (EFISHG). | will not go in the description of these techniques since | did not use them in

thework presented in this manuscript

Among the numerouthird-ordernonlinear processes,would like to focus the attention on
the two-photon absorptio2PA). Two-photon absorption is basically the simultaneous absorption of
two photonswith same or different energy, laysinglemolecule. The phenomenon was theoretically
predicted by Maria @ppertMayer during herdoctoral dissertatiﬁﬂ but the observation was
possible only 30 years later with the development of lasihsthe observation by Kaiser and Garret

of the twephotonexcitation of crystals of CaFEuzﬂ

Even if the topic is gaining more and more interest, reliable absolute techniques to measure the
2PA cross section %) is still challenging. There are two wadktablishedmethods used for these

measurements: theﬁ:ﬂand the twephoton excited fluorescen€€PE

Z-scanmethod is based on the nbnear tranxsmittance of the sample. The transmittance is
measured (in soalled operaperture condition) as a function of the intensity by scanning the sample

WKURXJK WKH IRFDO SODQH RIs BetdrRiRet\Wtls th® Decidddind: bf e 1
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transmittance in nenesonant conditionslhis technique usually needs higher energy compared with
TPEF that can cause the observation of other-linear optical processes as well as strong
background signal. Moower, the Zscan needs high concentrated solution leading to aggregation
phenomena that can affect thecuracy of the measuremeiihe advantage of this technique is that

potentially all molecules can be measured.

TPEF method is based on the measure ofetliluorescence emission induced by the
simultaneous absorption of two photons. The measureimatine relatively to a 2PA refere
giving asa result the secalled twephoton action cross sectigrt. &-f). The value that is directly
obtained from the measurementF#>? for each wavelength measured, whE is the fluorescence
signal induced by the twphoton excitation and P is the excitation power. This indicates that
fluorescence signal must have a quadratic dependence with the poweto thieduce reliable data
this dependence has to be checf@mdeach wavelength in order to prevent excited state absorption
and/or saturation of the signalverestimating thealuesof the twaephoton cross sectioWhen the
measurement of the sample and the reference are done as a function of the excitation\{yasver 1

of the sample is given by the following equati@u ( 10)
Eql10. &Ll & & ad A @ ome Q0
9 - 5% U a4z O C% E a4 €600

with the subscripiR to indicate the referencehromophoref is the correction factor taking into
account the wavelengthispersion of the response functiam,is the refractive indexc is the
concentration, and the ratio in the squared brackets is the refractive index corfeoimoiq | 10 it

is easy to derive the twghoton cross section knowing the fluorescence quanield of the sample,

thus to obtain reliable valueR | »,lin addition to the check of quadraticity,is necessary to have
reliable value of-+. This technique is limited to the use of fluorescent molecules but the higher
sensitivity compared with -2can allows the measurement of low emissive chromophores unless the

fluorescence quantum yield is measurable.
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lllustration | 3. Two-photon excited fluorescence (right panel) compared with the

onephoton excited fluorescence (left panel)

Since the process is not probalilee laser beam has to be focalized in order to enhance the
two-photon absorption transition; therefptiee nonlinear process occurs in the focal point. Moreover,
in 2PA processs there is a quadratic proportion between the energy that is absorbed fom th
molecule and the intensity of the incident ligthtese two characters leads to imprélve 3D spatial

resolutionas displayed ifrigure | 3.

Figure | 3.  Difference between thepatial resolutiorin onephoton(upper part, exc = 405 nm)and

two-photon(lower part exc= 1050 nmprocess

The spatial resolution in addition with the possibility to use photons with dradfgy
compared with the omghoton process, typically using wavelenghat lies in the deegred near

infrared (NIR) spectral region, promote the typhoton absorption as suitable technique for a large

variety of application in different fields such as optoelectr61|?ésmicrofabricatioﬁ"’3° optical data

storag photodynamic therd@y#Yand fluorescence microscopy.
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3. Bioimaging: onephoton and two-photon microscopjt?>2

Fluorescencéased imagings apowerful tool fornontinvasivestudy of biological pocesses,

bothin vitro andin vivo, as well as for the diagnosis of diseases.

One of the more important parameter to take into acciounticroscopy is lie resolution
which is the minimum distanceequired between two objects to distinguish them. Usually in
fluorescenceamicroscopythe x-y resolutionis approximately half of thexcitation wavelength ranging
from 200 to 400 nm for visible lighwhile the depth field, which is the thickness along the optical
axis layer depends on the microscopy technique that we consider. Infieidefluorescence
microscopy the sample igll excitedandthe depth field is approximately 2 P In fact the detector
collects also the oubf-focus fluorescencehusgenerang blurred imagegFigure | 4). To overcome
this problem was developed another technigine: confocal microscopy.The main differences
between widdield and confocal microscopy are the light soufehich is a laser) and the use of a
pinhole that prevestthe outof-focus fluorescence detection. Contrarily to the widkl, where the
entire image is collected, in confocal microscopy the sample is scaheeefore the first technique
allows live image and vileos while with the secordibes not. One importanimprovement of the
confocal microscopy is the possibility to observe different slices of the sample with a resolution of

about 500 nmallowing the achievement of 3D images.

Figure | 4. Thick section of fluorescently stained human medulaservedin a) wide-field
fluorescencend with b)confocal microscopéevised from r

In microscopy, sincéhe fluorophoresareexcited with variably power for relatively long tigne

there is the possibility of irreversible destruction of the molectilat affet¢s their luminescence
14



properties This process is called phdieaching(displayedas examplen Figure | 5). In confocal
microscopy the excitation light is focused on the sample, therefore the probabilitgstef

photobleaching is higher compared to the widkl technique.

Figure I 5.  Photobleaching of fluorescein and Texas Red dye in cells. Cytoskeleton of cells stained
with fluorescein and Texas Red dye, excited with 488 or 594 nm lasek¥tfoi0 sB)t =5 s and

C)t:15

Imaging in biological environment ishallenging because most of the endogenous
chromophores naturally presestuch as NADH, tyrosine, tryptophan and FMdtbsorb in the UV
visible spectral rangéTable | 1). Despite the low extinction coefficient, their concentnatis high
enoughto limit the penetration of the excitation, inducing a loss of informatioraddition to this,

these chromophores are also able to emit fluorescence affecting the quality of the final image.

Table | 1. Photophysical properties of some endogeruhnemophor

Cpd maxtFA _ffhax . max’™ iy Q_]fx‘fl
[nm] [M-tem] [nm] [M-tem]
Tyrosine 275 1500 303 0.14 210
Tryptophane 280 6300 348 0.13 820
NADH 340 6200 435 0.019 120
FMN® 450 12200 530 0.25 3100

a) Flavin mononucleotide
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Figure | 6. Optical windows in biological tissm

To go beyond themain limits displayed byconfocal microscopy, the scientific community
calls in action thedworld of nonlinear optics. There are several techniques of microscopy that are
based on nofinear processes such as SHG micro THG microscopy| and thregphoton
absorption microscofy{ but | would like to focus the attention on the technique that exph@ttwo

photan excited fluorescence.

Two-photon absorption process disgan intrinsic 3D resolution since the laser beam has to
be focused in order to observe the #fioear process, actually the excitation volume is approximately
in the order of 0.41 fL (seeFigure | 3). Two-photon excited fluorescence microscopy (2Pfiitly
proposed by W.W. Webb and coworﬁsiisplaﬁinteresting improvements compared witmfoxal
microscopy First of all it is important to say thahe endogenous chromophores are gumid two-
photonabsorberss one can see Kigure | 7 ( % ranging from 0.045M of NAD(P)H to 0.45GM of
LipDH ﬁ

thanks to the lonZ DYHOHQJWK H[FLWDWLRQ LW LV SRVVLEOH WR H[F

thus this technique allows high sensitivity thanks to very low background signal and

WUDQVSDUH Q@iplagedprEdgiz16) UHDFKLQJ WKH GHSWK MMbrétlgr, KXQGUH
the excitation of the sample only in the focal point prevetits outof-focus photobleaching.

Concerning the photobleaching, one should think that in the focal point this phenomendasteurs

comparing with the confocal microscopy, simedwo-photon microscophigherphoton fluxare used

in order to make th@onlinear process allowedTherefore, the goal is to obtaligh brightness,
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ZKLFK LV GHILQHG DV YWHth& fluBr&s2ehdd’ gRaintdm Rield, fimolecules and/or

nanoobjects in order to use low poweeyenting the death of the cell and fast photobleaching.

Figure I 7. Two-photon action cross sections and emission spectra from a basis set of biological
molecules. (afwo-photon brightnessf six molecules that contribute much of the intracellular

2PE intrinsic fluorescence. (b) Emission spectra of the compounds sh in

Since | did not use these techniques | will not go dedhdrdescription but | guess thais
important to mention that thetep further towards higher resolution is the development and the use of
supefresolved fluorescence microséep such as stimulated emission depletidiSTED)
microsco scanning neafield optical (SNOM) microsco photoactivated localizehicroscopy
(PALM)® stochastic optical reconstruction micropyg (STORNﬁ only citing a few. Interestingly,
this topic was awarded with the Nobel Prize in chemistry in 2014 in the perdéricoBetzig Stefan
W. Hell and William E. MoernerThe superesolution techniques are aimed to break the diffraction

resolutionlimit in order to obtain better imag@sigure | 8).

Figure | 8. STED microscopy (circular inset image) compared to a conventional light microscope
(outer image)image of filament structures within a nerve cez. Donnert, S. W. Hell, Max
Planck Institute for Biophysical Chemim
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4. From bioimaging to molecular engineering3 1]557176

In order tofulfill all the requirements of bioimaging in the last decades a great deal of effort
was made to understand the strucuraperties relationship to prepare new classes of chromophores
suitableto be used as biprobesin this paragraph will try to give a short gerview of the properties

that the chromophores should displaydaality imaging in bioenvironment.

As | mentiored before, within cells and tissues there are several endogenous absorber that
could hide the desired signalsTo overcome this problem, thdéudrophores used as probes in
bioimaging should absorb and emit in the biological transparency winfiwwpreventing
autofluorescence, allowing the deeper penetration asasaiflecreasing the cell damage. In the last
decades a large work was done in ordeunderstand the relationship between the molecular design
and the bathochromic shift of the optical propertgeserally an elmancement of the ICT character of

the chromophore should induces a bathochraiit of optical properties.

a)

b)

lllustration | 4. Repesentation of a) general dipolar chromophore and b) general
quadrupolar chromophore. Indicating with A and D the electron acceptor and the

electron donor moiety respectively.

Considering two main structures of chromophores, dipolar and quadruilaktrgtion | 4),
to improve the internal charge transfer characiee can play with threeparticular parts of the
PROHFXOH WKH HOHFWURQ DFFHSWG®huga®K bridgeSpedifltalyR Q G R QR
enhancingthe electrorwithdrawing chaacter of the acceptor group, strengthening the eleetron

UHOHDVLQJ FKDUDFWHU RI WKH GRQRU JURXS DV Ze@®@aDV LPSU

marked reeshift of both absorption and emisdigi’| Interestingly, these three parts of the molecule

play also an important role in the enhancement of theptvaton absorption procéT‘ Indeed an
18




enhancement of the ICT character of the considered chromophore generally leads to an enhancement

of the twephoton cross section.

For the preparation of new dyes for bioimagingpther difficdty that can be encountered i
the possibility of re-absorption This process occurs when the Stokes shift is shod the
chromophore displays a largeverlap between the absorption and the emission basmdne can
observein Figure | 9, that showsthe overlap between absorptiondaemission spectra of two
commercially available bioprobesAléxa Fluor® 488 and Alexa Fluér 700), the chromophores
display a short Stokes shift associated with a large overlap between the absorption and the emission

band.

Figure 1 9. Absorption (dashed ling)emission (solid filled line)and exitation/emission filters
(colored barspf Alexa Fluof 488 (greehandAlexa Fluof 700 (reﬂ

In Figure | 9 aredisplayed also the excitation and emission filter commercially available, as
one can see, due to the short Stokes shift, the excitation filters do not include the maximum of
absorption, lowering théntensity of the transition but preventing the-absorpion proces. To
overcome this issue the idea is to design fluorophores with large Stokes shift in order to retgice the
absorption proces§he extensive usi bioimagingof commercially available dyesuch asAlexa
Fluor®, DAPI, Texas Re#, Cy® 3/5/7 etc, induced the industry of microscopes to optimize filters for
thesemolecules precluding the usd new class of probes for example with large Stokes shift.
Therefore, to use new fluorophores in microscopy one has to choose the right compromisethetween

uses of filters and the photophysical properties of the dyes.
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The chromophores, to be used asfmobes have to display higlenephoton and tweghoton
brightness in bioenvironment, thus they should sgoad fluorescence quantum yield associatet wit
O DU amtl/od % (depending on which kind of microscomye would like to use).Unfortunately,
driving the emission towardewer energieseads to a decreasing of the that can be ascribed to a
decreasing of the radiative decay rates in addition avitenhancement of neadiative decay rates in
the red/NIR spectrabgioﬁ Moreover it is known that irbiological melia there is a large amount of
fluorescence quenchetherefore the challenge is to prepare systems that can preserve theireemissiv

properties in bioenvironment.

5. Fluorescent Organic Nanoparticles: a bottorrup approach toward hyper bright

nanoobject{$>8’

33O0HQW\ RI URR IﬂBWe Wi &f aEdik\pregéhted by Richard P. Feynman in 1959
where he hypothesizes the advent of miniaturizatatgally, he was the first whepokeabout the
3Q D QR U CB&cée then, this topic gained an overwhelming interest in the scientific community
inducing the creation of a large amount of new journals that reached easily high impag{$actor

as Nature nanotechnology (35.267), Nano letters (13.779), ACS nano (13.334) and Small (8.315).

Nancobjects are considered particles that have at least one dimension of the order of
nanomet These nanoscale materials gained importance gieakscovey ofthe sesFDOOHG 2QDQR
HITHFW ™  Zpandd@ SiYeKislin the nanometer domain, it displays changes in plysoacal
properties of the matter such as magnetic, electric or optical properties, compared with tigisulk.
behavior can be easily observed in semiconddzdased nanoparticle@igure 1 10a) or in noble
metatbased nanoparticles-iure | 10b) where slight changes of the particle size and/or shape

induces significant changes of photophysical properties.

Nanomaterials are suitable tools for a wide range of applications that ajo fr

optoelectronito olar cell§¥%] from photodynamic therf;F%“3 F 41|m§?|and drug deIive to
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bioimaging®% Among the numerouslasses of nanomateriaised as bigprobes a great effort was

made in the study of semiconductmsed nanoparticles (quantum dots QA silicabased

nanoparticlé upconverting

nanoparticles (UC and noble metatbased

nanoparticl¢SY In gite of their high photostabilitytunability and brightness, these nanoparticles are

known as potentially toxic nanomate

Fé’é 15

sincetheyareconstituted byheavy metals (i.e. Cd and

Te for QDs)and/orrare hearth (i.e. Y8, EB** and Tni* for UCNPs). e biodegradaility is still a

limitation for these class of nanomaterials becatisgy can induce seriau damages to the

environment.

b)

Figure 1 10. a) Cartoon, photograph, and emissgpectrashowing thecolor changes ofjuantum

dots (QDs)with increasing nanocrystal ﬁ b) Gold nanoparticleAuNPs)commonly applied

in biomedical applicationsgold nanords, silicagold coreshell nanoparticles and gold

nanocages. The color of these nanoparticles varies with aspect ratio, shell thickness and/or
galvanic displacement by gm

In this perspectiveprganic nanoparticles (ONPs) present an encouraging alternative to

overcome the problems thd FDQ EH HQFRXQWHUHG ZLWK 3LQRUJDQLF QDG

molecularbased ONPs have nowadays attracted curiosity thanks to their versdtigntially it is

possible to prepare organic nanoparticles with any molecule one can synthesigéor&éhene can

chose carefully notoxic organic fluorophores in order to test their ability to form nanopartiotes

thus to study their behaviors. Moreoytre adaptability of organic nanoparticles allows also surface

functionalization towards high keetivity targeting of biereceptors.
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Contrarily to the engineering of molecules with expected photophysical behakhedgsign
of ONPsis extremely challenging because one has to take into account several parameters that can
strongly affect theproperties of the obtained nanomaterials suchhes preparationmethod the size

and the shape artde arrangement of chromophorgsn nanoconfinement.

5.1.Preparation methods of organic nanoparticles: bottorrup and top-down approach

119

There are different methods used for the fabieatf moleculatbased organic nanoparticles
such as vapor deposi confined crystallizatiﬁ electrochemical depositbut | would like
to focus the attentioon two other process of nanoparticles preparation: laser photofragmentation and

reprecipitation.

Reprecipitation methgdhe easy andvidely used processan be considereasa bottomup
approach to prepare orgamanoparticlesleveloped in the BASF Iaboratﬁbut firstly published
by Nakanisﬁ This process is based on fast solvent exchange producing nanopartbbekimetic
domain;basically,microliters of solution of the compound are quickly injectasuially under stirring
or sonicationjnto a large amount of a solvent in which the compound is not sollbége are several
parameters to play with in order tontrol the morphology and the size of the obtained nanoobject
such as the concentration of the injected solution, the use of stirring or sonication, the use of
surfactantsand the choice of the solvents, the good and the. podeed the viscosity of theolvents
and the respective diffusion have fundamental role in the reprecipitation method. Unfortunately, the
nucleation/growth process is not fully understood and it is not predictable, irfréactsimilar
compoundst is possible to obtaimanoparticles strongly different in terms of size Chapter 3
Paragraph 2 Chapter 4 Paragraph 3and Chapter 5 Paragraph 4. Since the nanoparticles are
prepared under kinetic domaitme probability to produce amorphous nanoobject is quite high.
Neverteless, depending on the intermolecular interactions, it is possible that the molecules within the

nanoparticles are organized in a short range, forming small crystalline domains.
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On the other hand,aser photofragmentatiofLPF) is a topdown approach tgrepare
nanocolloids since the idea is to form nanoparticles starting from microcrystalline powder of the

compound dispersed in a poor solvent. This method was proposed by M #&h a work in

which is disphyed the dependence of nanoparticles formation by the laser fluenceWised.
microcrystals are suspendeddnpoor solvenaind exposed to intense laser pulgbis induces the
breakageof the powder andtte ejected particles are caught by water andligedh as nanocolloids.

Several parameters can affect the fragmentation process leading to control both size and shape of
ONPs: laser wavelength, pulse width, laser fluentiene of irradiationand total shot number
Contrarily to the reprecipitation metthowith LPF the possibility to obtain organized nanocrystals is
higher since the starting powdemicrocrystalline, this can be interesting in order to study the optical

properties of crystalline systems in both bulk and rdomains

5.2.Intermolecular interaction in nano—environmenr”130

The opti@l properties of anic nanoparticles do not show strong dependendlie size, as
discussed previously for QDs and AuNBst they have the advantage that one nanopatrticle is formed
by 10:-10° molecules which induces strong additive and/or cooperatifectewithin the nane
environment. Indeedyanoparticles display an enhancement of absorption (bothaadewaephoton)

of several orders of magnitude with respect to the single chromophore

The first studies about the behavior of molecules in confinedraemment were done
independenthjin the late 1930&y JeIIe and by Scheiﬁ They were the first whoationalized
that molecular aggregates behave differently from the molecular soldiomextensive work was
done trying to understand the effect of the intermolecular contributions on the photophysical
properties especially usig distyrylbenzene derivati E and he most comprehensive theory about
molecula aggregationvas proposed by Kashand coworke the exciton mode(an exhaustive

descriptionof theexciton model will be don Chapter 3 Paragraph 1.
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Upon molecular confinement especially of chromophores, which are molecules formed by
PRUH RU O-HFRWQ M KJIDG®VKEG V\VWHRE LIQQWHHIUDARVHRERCER.DhddedW R EH
these contributions can strongly affect the emissive character of the resulting aggregates leading, most
of the time, toadecreas R WKH OXPLQHVFHQFH SURSHUWLHV 7KLV SKHQR|
FDXVHG TXHQFKR& Qelvent #i&groblem we can call in action the molecular engineering
trying to preparechromophores with hindering groups that should increase the intermolecular
distance, decreasinthe probability of deleterious @tacking interactions (several examples are
discussed in the manuscript). Another way to overconeepitoblem was observed byang and
coworkeand the phenomenomas popularized with the name 8D JJ U HIIDQNGDORFRH G HPLV VLR
(AIE). AIE is referred toa processthat exploits the decreasof the molecular motions in confined
statethatcanleadto adecreasef nonradiative decay ratenhancing the luminescence. In fact, in the
work of Tang they used methgkntaphenylsilole that in molecular solution display a twisted
conformation while in aggregated state show a planar conflamadihis phenomenon is not taking
into account possible intermolecular contributitirusis limited to the observation that a rigidification
associated with a planarization of the system induce an ireprentof the emissive character of the
aggregtes Another phenomenortakes into account the synergic intrand intermolecular
FRQWULEXWLRQV ZLWK UHVSHFW WR WKH SKRWRSK\VLFDO SURS
LQGXFHG HQKDQFH G AEELd¢s¢dibROMoleyles that are alreadghsly emissive in
solutionbut the molecular confinement induces an enhancement of the fluorescence prapamniies

to the cooperative role of both intramolecular and intermolecular interactions.

NowadaysAIE or AIEE phenomea are widely exploited but, unfortunately, ofterwrongly

claimedalsodue to thevidespreadonfusion in tis field.
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CHAPTER 2 DIPOLAR CHROMOPHORES

IN MOLECULAR SOLUTION

1. Introduction

As discussed irChapter 1, the design and synthesis of new organic chromophores with a
large @Eonjugated system is a very active topic thanks to thdinear optical properties that can be
exploited in a large number of different arelmsthis field, great effort was dedicated the study of
GLSRODBXCGRVIKK UﬁPTR(SeKd'yM; ldather in the same molecule an eledtnoor and an
electronacceptor moiety, connected through @&onjugated bridge. To tune the photophysical
propertiesof thesechromophores we can play with the degree of the charge separation in the ground

state choosing appropriately th&ectron withdrawingand the electrodonating groups, adapting the

strengthof the dipo 11013 Moreover, lengthening and/or rigidifying th@€onjugated bridge can

affect the charge transfer behavior influencing consetjuehé photophysical properties of the

]

In this chapter are displayed the results of the stutli@swere done on puspull dipolar

chromophor

chromophores bearing a triphenylamine moiety as eledwoating grougFigure Il 1), which is a

well known motif capable to an easy delocalization of the free doublet on the nitMgesover,
triphenylamindlike compoundsare known to be good 2PA systﬁ\sHere will be discussed the
changes of the photophysical properties that occur playing on the strength aicépeon group;
tuning the substituent on the triphenylamine part; lengthening and/or rigidifyingdloanector
bridge. Concerningthe parasubstituent on the triphenylamine the idea was to increase the donor
character but mainly to introduce bulky groupat play an important role when the molecules are
confined in nanoparticles (c€hapter 3). Since we wanted to play in the dipolar strength tuning the
acceptor moiety is another way to improve the charge transfer. |refactronwithdrawing groups

with increase acceptor character from aldehyde to cyanoamide, cyanoester dicyano and DETB were
39



investigatedIn the followingFigure 1l 1 are gathered all the chromophores that will be the subject of

study in this chapter.

Figure Il 1. Dipolar pushpull chromophore¢n =1, 2 or 3)
As it will be shown, the changes on the dipolar molecule will affect strongly the photophysical
behavior of the chromophore as monomer, in organic solvents, as well as when confined in nano

environment.

2. Synthesisand structural characterization of dipolar chromophores

Herewill be described the syngtic rouk that was followed to synthesizee chromophores
that are the subject of studiyn this chapter Since the chromophores withhienothiophenewere
synthesized byCristianoMatteo Mastralonato[CMM], | will not describe here thgynthesis;) will

focus the attentionoWKH SOLQHDU WKLRSKHQHV"™ FKURPRSKRUHYV
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2.1.Playing on the dipolar strength

To synthesizahe three series aomplementarghromophors, | started with the preparation
of the triphenylamine precursor using @dllimann reaction following a procedure reported in

Iiteraturﬂasshown in theschemell 1.

Scheme Il 1. Synthesis of triphenylamine monoiodo

A Suzuki cross coupling was used to synthesize the first aldehyde, whicle istditing
compound to prepare all the oth&liromophores of the three serig® reach the same molecule were
used two different pathways displayed in 8&hemell 2 adapted from Iiteratﬁ in both cases the
compound was isolated in good yield (>75%&cause the second pathway is less expensive in terms

of reagent, it was chosen to prepare the comp@dirtlin large amount.

D1k
Scheme Il 2. Synthesis of the chromophadpd & through Suzuki cross cotipy

Once the precursor chromophore of the three sesi@s obtainedwas prepareddy a
bromination using NB§Schemell 3a) the aldehyde of the second seriesth a Suzukicoupling

from this aldehyde was obtainedthe compoundD3%& as displayed in theScheme Il 3b The

procedures followed were reported in a previous work in oﬂ“ll%lb

41



a)

D24

b)

D3k

Scheme 11 3. a) Bromination of the para position of the diphenylamine (compdunf)D

b) Suzuki cross coupling to achieve the chromopBxaé.

From both the reactions were isolatkd compounds in good yields (>70%).

Through a Knoevenagel condensatimingabsolutesthanolor dry CHCN (depending on the
.-acid derivative)l synthesized the different members of each series starting fromesbective
aldehyde 1%, 2% or 3%).The reaction condition were optimized in order to obtain the direct
precipitation of thefinal chromophoresvhich is not soluble in thesolvent used for the synthesis,
therefore the compound was isolated without ferrthurification (for the scheme of the reaction see
theScheme Il 4. To accelerate the reactioD FD W D O\ W L falddiRdvXsQueddrfacilitate the
G H S URW R Q Dywkiffo@ oRtthe \takbHNyl. was not able to isolate the pure chromophoréD3

and it was not possible to purified it easily.

Scheme |l 4. Knoevenagel condensation used to synthesize the members of the three series.
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2.2.(O R QJDW Lcujuydtdoridge (synthesis of the chromophore D14

7 K H-caijugated bridge of the compouridl1"&" was synthesized starting from the
commercially available fluorene in three steps. The first one is thiediisation of the fluorene in

position2 and 7 using strong conditions showrSicheme 11 5

Scheme Il 5. Preparation of the 2;@iiodofluorene

To increase the salbility of the synthon andotprevent the strong intermolecular interaction
that can occur in the target molecule upon aggregation, two brancheenigtb chainwere added in

the methylene bridgeia alkylationas described iBcheme |l 6

Scheme |l 6. Alkylation onthe methylene bridge of the fluorene

Once alkylated the bridge of the fluorene, the step further was a Kumada cross coupling to

H O R Q J D-WwidheWikhwd@Ehiophenes, oma each sidegcheme Il 7.

Scheme 11 7. Kumada cross coupling

After the Kumada coupling tH -¢&nnector of the puspull chromophore is completethe
next step was the mosfformylation on one thiophene of the bridgea VilsmeierHaack reactioras
displayed in thescheme Il 8 Theintroduction of CHO group in one thiophene strongly deactivate

the position on the second thiophene and prevents thermglation
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Scheme Il 8. Mono-formylation via VilsmeiefHaack reaction

In the last step, the thiophene was iodinated as drav&cheme Il 9a Suzuki coupling was
thenused o form the C-C bond between théhiophene and the triphenylamine to achieve the target

molecule Echeme Il 91.

a)

b)

D1"&"

Scheme Il 9. a) lodination and b) Suzuki coupling to obtain the target moldaufeaT

2.3.Crystal characterization

2.3.1.CompoundD1b

Single crystals of chromophoi@lb were grown byslow evaporation of an oversaturated
toluene solution. The compound crystallizes in a centrosymmetric monocliecdpace groupAs it
can be observedni Figure I 2a WKH WZR WKLR S&ijugakey biidge Velrg Hh  aBti
conformation Between the maiplaneof the bridge and the phenyl ring linked to the electtonor

moiety there is a torsion angle of 9°.

The molecules within the crystal lattice are organized in parallebbinglie (62°) planes with

short contacts: 3.26 A and 3.88espectively (se€igure Il 2b-d).
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a)

b) c)

d)

Figure Il 2. a) D1b in general positiorand different view of the packinig) andc) @&dinteraction
between the@onjugated bridge, d) eddge-edge dimer between two triphenylamine

2.3.2.Compound1t

ChromophoreD1t crystallizes in a monoclinic enantiomorphic C2 space group and single
crystals for XRD were obtained by slow evaporation of a supersaturated solution of THF. Additional
disordered solvent molecules were found in the crystal lattice, Battwmately they could not be
refined and thus the SQUEEZE command was applied during the structural resolution. As can be
observed in th&igure Il 3a WKH WZR WKLRSK-brigde dddpQalsyadhforvididh which
induces a significant torsion gle of 20° between the phenyl ring and the thienyl groumile

between the two thiophend3 O R Q JconjkgHtidiEhe twisting angle is 22°

The molecules within the crystal lattice are organized in antiparallel configuration forming
GLPHUV ZLW& O MWAWVRDMME EHWZHHQ WKH E BigugellH3¥-c. c DV GLVS
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a)

b) <)

Figure Il 3. a)D1tin general position; b) view of the crystal packing along the b axis c) view of
the crystal packing along the a axis

2.3.3.Compound2b

Single crystals of chromophof22b were obtained by slow evaporation of an oversaturated
solution of CHCl,. The compound crystallizes in a centrosymmetric monocliniéccPace group

with one molecule of solvent each molecule of dye Egere 1l 4a).

Like compoundD1t also this chromophore shew syrconformationof the thiophenes in
the crystalline state. The torsion angle between the two thienyl groups of the bridge is 18°, while the

twisting between thphenyl ring linked to the donor moiety atiek thiophene is 32°.

As it can be observed Figure Il 4b, thanks to a mediuweak hydrogen bonding interaction
(CHyyy 3.33 a linear dimeiis formed The packing is completed with two short Van der Waals
LQWHUDEWERQVZHE&EQ WZR EULGJHV  Figare E OcKahd ©H EKEBE&NOLQH LG
two triphenylamine moietiesf two neighbor molecules (3.4863 A) (green dashed line Figure Il

4c).
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a)

b) <)

Figure Il 4. a) D2b in general position with the solvent of crystallization in the crystal latfjce
Dimerization of the chromophores through weak hydrogen bmnikhteraction between two
parallel layers

2.3.4.CompoundD1 4"

Single crystals ofD17&" were grown by slow diffusion of pentane layered over a
supersaturated solution of the compound in dichloromethane. The chromophore crystallizes in a

centrosymmetric monocliaispace group (R2).

7 K Hcaljugated bridgeanbe divided in two parts distinguishing the torsion angle between
the thiophenes and the fluorene core. The thienyl group linked with the donor moiety ié\istaced
on the same planas fluorene (0.6° of torsion angle), while the thiophene linked to the electron
acceptor group displa significant torsion of 41° with the main plane of the fluorene ngufe I
5a). Moreover, the branched alkyl chains on the core form a-ikesstructure with the fluorene

(89°), andthis is consistent with what feundin Iiteraturﬂ

It is interesting to highlight the packing of this chromoggholrhe molecules are arranged in

headto-tail configuration forminga rod, as it can be observed in fiigure 1l 5b. The layers are
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IRUPHG WKDQNF WR VYKPDUME &+ ¢ LQWHUDFWLRQ LQ SDUDOOH(

between the molecular plas),despitethe hindering groups on the fluorene moidtig@re 1l 5¢).

a)

b) c)

Figure Il 5. a)D17&%n a general positioh) Packing between two layec$ Pile of chromophores
3. Linear optical properties of chromophores in organic solvents
For the dipolar chromophoressubject of this chapterthe linear and ncfinear optical
properties inmolecular solutionswere studied For an easycomprehension, because of the large

amount of compounds, the chromophores are compergerthree different viewpiots: the effect of

the acceptor, the effect of the pav¥aX EVW LW X HQW D Q@njwjdted bridgd.FW R1 WKH &

3.1.Effect of the environment

The influence of the environment on the photophysical properties invastigated by

studying both absorption and esisn in organic solvents, tuning the solvent polarity.

In Figure Il 6 is displayed the comparison between the absorption spectra measured for two

chromophores of the seriéd33"(a and d) increasing the solvent polarity from cyclohexane to
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dimethysulfoxide. As one can see th€T transition is not affected by the environmenggesting
that the main contribution to the ground state is given by the ndatral of the moleculelt is
important to notice that the chromophavith the dicyanovinyl miety as acceptorQ3#) in DMSO
displays a behavidhat isattributable to the retriEknoevenagel reaction that occurs in polar solvents,

which can contains traces of water that favor the hydrolysis.

a) b)

Figure Il 6. Comparison between the absorption spectra measured for the chromopig&saay

b) D31, increasing the solvent polarity

Contrarily to what we observed for absorptiahe increasef the solvent polaritystrongly
affects the luminescence propertiés.fact the tuning of the solvents from cyclohexane to DMSO
induces a marked bathochromic shiftthe transitionwith a consequent broadening of tmission
band(seeFigure Il 7) and a quenching of the fluorescence quantum yield, due to competitive non
radiative dec The positive solvatochromic behavior dsherent with an ICT transition that is
associated with a largesnhancement of the dipolar moment upon excitation, suggesting that the main
contribution to the excited state is given by the zwitterioidion, which is stabilized by the

interactions with polar solventtherefore the excited state lies to lower energy.

The hydrolysisalsostrongly affecs the emission. A it can be observed Kigure Il 7c,e,f, the
chromophores bearing strong acceptor such as cyan¢gsteicyanovinyl(d) and DETB(e) display
different properties compared to the expectatidiés isan importanissuethat will bediscussed in

Chapter 3.
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a) b)

<) d)

e) f)

Figure Il 7. Comparison between the emission spectra measured increasing the solvent polarity for
the chromophores &3 %&; b) D3¢; c) D3Y; d) D34, e) D3d and f)D3 €

Interestingly, the solvatochromic behavior can be fitted with a Ligdataga correlatipit

as the Stokes shift are found linearly dependent on the pgbaidyisability parameterfahe solvent

~

ul

_..6
Eql. & ok &alt 1%V, 3peBE?KIOP
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Where as em IS theenergyof the absorption (emission) maximugiven inwavenumberh
is the Planck constant,is the light velocity,a is the radius of the Onsager cavigssumed to be

spherical) 0 is the change of the dipole moment of the solute upon excitatin
; YF Sy 6 Fs
Eqil2.  ¢BLK'FAwyp oF @ F oWy A
where (s the dielectric constam,is the refractive indexfdhe solvent.

We can estimate the value of the phintduced chage of the dipole moment of the

chromophores by derivingd from the LippertMataga correlationEg 1l 1) using the Perrin

equatiodif?

. 6
Eqi3.  t 1¢%W, ;pL 5LA?EBKHIRENKIERBEBP  (derived from the

slope of the LipperMataga correlation)
Eqll4. =L 3R

Eqll5. RL C6w

Eqll6. ALl
X,T Fs
au
Table Il 1. Solvatochromism and anisotropy measurements on the
chromophores of the {series mesured in triacetin solutioat 20°C
Specific
Solvatochromic a) b ° v a® a
Cpd Shift <> [ng [ns] [A] A D]
[cm?]
D34 17.8 - 16 0.22 35 4.3 1018 6.2 20.7
D3t 15.6 - 16 0.35 1.1 7.1 1697 7.4 25.1
D3Y 17.0 - 16 0.36 0.8 6.9 1650 7.3 25.8

a) medium value of anisotropy measured in triacetin solution at 20°C, b) lifetime measured in triacetin at 20°C, c)
longitudinal rotational correlation time, d) volume of the molecule, e) Onsager cavity radius (approximated to be spherical)
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The largeslope values obtained underline an expected large increase of the dipolar moment in
the excied state for the chromophor&omparing the values dii in the same series (as displayed in
the Table Il 1), it can be noticed a marked enhancement of the phdt@wed change of dipole
moment passing from the aldehyde to the cyanoel®h ( D3t) as acceptor group. This behavior
is consistent with an increaséthe dipolar strength thaenerates highly polarized molecule in the
excited state. On the othkeand, replacing the acceptor group froto d does not affect strongly the

~

a.
3.2.Effect induced by the tuning of the acceptor group

In this paragraph are reported the results obtained in the photophysical properties by tuning the
acceptor groufrom aldehyde to DETE'in order to study the dependence of the properties from the
dipolar strengthFor an easy oveiew hereare comparethe members dfhree differentseries D11
D3"D3"MIn Table Il 2 are gathered the relevant data measured for the three families of chromophores
in CHC; solution. Chloroform waschosen asommonsolvent thanks to its mediulow polarity

charactefor further comparison with the moleesl confined in harenvironment

The chromophores of these three families display an absorption band located in the visible
spectral region ranging from blue to orange, depending on the accHEpointense band is ascribed
to an intramolecular charge transfer (ICT) transitizait could be associated witttambinationof n-
(Band &Bransitiors, while the band located in the UV spectral region can be attributed to the higher
H Q H U J EBvrisFioGEAs one can notice, Figure Il 8, this transition is emphasized in the families
D3"and D3"thanks to the presence of the tertbytigenyl as paraubstituent in the triphenylamine
moiety. From theFigure Il 8 one can clearly obserwbat an enancement of the dipolar strength
induces a marked bathochromic shift of the ICT band, associated with a narrowing of the absorption
band able Il 2), which indicates an increa®f polarization of the ground state, enhancing the
contribution of the zwitterionic state. One can expect that, after an iecofathe electron

withdrawing strength, with a consequent enhancement of the dipolar moment, the ICT transition is
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more probald, leading to higher molar extinction coefficigh{sThis is not what we can observe from
the Table 1l 2 and from theFigure 1l 8. While the trend of the famil{p3Tfollows the expectations
increasing the molar extinction coefficient from 3.9 to 51%* M cn! passing from the aldehyde
(CHO) to the 1,3iethyl-thiobarbiturate (DETB), in the other two families this behavior is not
REVHUY D gQrdaswel i ddloroform are comparable, ranging from 3.1 and18M* cni!

for D1"%and between 3.3 and 3.70* Mt cni?* for D31

Table Il 2. Onephoton otophysicadata measured in CH{3olution for
the chromophores of the famili®d b-d, D3%-d, D3'd-e.

Stokes

Cpd Er]m:]P ’ [;\)IBV |c_|n'\¢1] [10¢ " - [r:]?f]m shift f [ZI:IS]Q [1(59}1] [1|c(>3é1]
[10° cm?]
D1& 432 46 3.1 586 61 080 3.1 026  0.06
D1b 469 47 3.7 648 59 050 1.3(02)/2.7(08) 023 023
D1t 495 4.4 3.7 680 55  0.60 3.1 019 013
D18 521 4.0 3.3 706 50 055 3.0 018 0.5
D3% 441 47 3.3 607 62 080 3.4 024  0.06
D3t 503 46 3.7 705 57 040 25 016  0.24
D3H 530 42 35 748 55  0.25 15 017 050
D3 429 42 3.9 582 61  0.70 3.3 021 0.09
D3'd 525 3.7 45 700 48 025 1.9 013 039
D3'd 576 3.4 5.5 755 41 0.06 0.6 010 157
a) b)
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c)

Figure Il 8. Comparison between thenephoton absorption spectraneasured for the different
members of thelyefamily a) D1 % b) D3 %and ¢)D3"ih CHCL solution

As observed for the absorption propertibg luminescent properties of these famil@syes
are strongly affected by theture of theacceptor moietyasshownin Figure 11 9. An increas of the
dipolar strength indusa marked bathochromic shift in the emission band. Tuning the acceptor group
towards hifper electrorwithdrawing moiety we were able to covehe visible range from yellow to
nearinfrared (NIR). Concerning the fluorescence quantum vyield¥ for these chromophores in
CHCl; solution, one can observe from thable Il 2 that pushing the emission towards red or NIR
spectral region leads to a decreasing of thassociatedavith areduction of thefluorescence lifetime
This behavior can be ascribed # decreas of the radiative decay rates addition with an
enhancement of neradiative decay rates in the red/NIR spectral r(bhis important to underline
that there is one exception among the chromophores that | presented here, in fact the chromophore
D1b displays an unexpected decreasing offtherescence quantum yield associated with a lifetime
fitted with a biexponential decay. This behavior can be attributed to the presence of two different

conformations of the vinyhmide system in solution in the excited state.
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a) b)

<)

Figure Il 9. Comparison betweenormalized absorption (solid line) and emission (dashed line)
spectra measured for the different members oftitrefamily a) D1% b) D3%and ¢)D37h CHCk
solution €onsistent color code between the figures of the paragraph

3.3 EffectiQGXFHG E\ WMMXE VY\DLUDXHQW"~ RQ WKH WULSKHQ\ODPLQH

For an easy comparison of the effect on the photophysical properties upepléoement of
the substituent on the triphenylamiechose to compare two differesgriesof compoundseeping
constant the acceptor moiefy11D3 ¢ (cyanoesterandD1-D3'd (dicyano),which could help me to

give a complete overview of the behavior.

In Table Il 3 are gathered the relevant data measured fotwtheseriesof chromophores in

CHCls solution.

Both families display an intense ICT band placed in the cgaeen spectral region and as
already discussed beforehand, this transition is associated with a large molar extinction coefficient up

to 5.4- 10 M1 cnr?, as it can be observedHigure Il 10 and inTable 11 3.
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Basically the idea is similar to the one explained previously, an enhancement of tiripush
effect by increasing the strength of the dipole, induces a bathochromic shift of the absorption
transition. Indeed, as one can eb& inFigure 1l 10, the addition of two bromine atoniis para
position on the triphenylamine donor moiety induces an hypsochromic shift related to the slight
electronwithdrawing inductive effect. On the other hand, the replacement of the hydrogentarith a
butylphenyl group leads to a bathochromic shift of the ICT transition thanks to the slight electron
releasing behavior. As one could expect, an enhancement of the dipolar strength should induce an
hyperchromic effect of the absorption band althoughdt what was observedege Figure Il 1Q. In
both series, the higher molar extinction coefficient is displayed by the chromophore bearing bromines

as substituent, while the other two end groups lead to compapable

Table Il 3. Onephoton otophysical dataeasured in CHGIlsolution for
the chromophore®11D3t andD1™D31d.

em  Stokes

de maleA Q]ax max Shlft o 2 kl’ knr
-1, -1 1 1
[nm] [10*M1cm?l]  [nm] [10° cm] [ns] [10%s1]  [10°%s7)
D1t 495 3.7 680 5.5 0.60 3.1 0.19 0.13
D2t 483 3.9 652 54 0.75 2.8 0.27 0.09
D3t 503 3.7 705 5.7 0.40 25 0.16 0.24
D1'd 511 4.2 652 4.2 0.47 2.6 0.18 0.20
D2d 495 54 629 4.3 0.31 1.5 0.21 0.46
D3d 525 4.5 700 4.8 0.34 1.9 0.18 0.35

Concerning the luminescence properties, as can be observdune Il 11, the behavior
follows the one discussed for the absorption band. Tuning ftérto #Br is observable a blughift,
while the substitution otiH with tert-butylphenyl induces a bathochromic shift. However, the shift of
the bands is not large indicatingaththe dipolar strength is only slightly affected by the replacement
on the triphenylamine donor grouphe bromine substituent also seem to promote efficient -non

radiative decay processes (most probably intersystem crossing shie-¢obit couping effect) in the
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case ofD2'd, which is not observable for the chromophdref Fleading to smaller fluorescence

quantum yields and shorter lifetimes.

a) b)

Figure Il 10. Comparison between thenephoton absorption spectra measured for the different
members of theeriesa) D11D3%; b) D1MD3d in CHCL solution

a) b)

Figure Il 11. Comparison betweethe normalizecabsorption (solid line) and emission (dashed line)
spectra measured fahromophoresa) D11D3%; b) D1™D3d in CHCE solution (consistent

color code between the figuresthe paragraph

3.4 Effect of thetuning R 1 W-Kddju@ated connector

In this paragraph is discussed the influence of FKDQJHYVY RI WKH E EULGJH R
photophysical properties of the chromophores. As could be expected the nature of the connector can
strongly affect the behavior of the compound. Here are complareedipolar dyesD1%, D1%d and
D1"&%n order todisplay a complete overview of the behaviors. The important parameters to take into

DFFRXQW ZKHQ ZH ZDQW W &e MRFPS BRH) RMK B FEHBEW R H KDUDFWH
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electrons and the rigidity/flexibility. The studied conjugated connectbrs' ind n'"dre displayed in

Figure Il 12.

" 14 "R ‘TR

Figure Il 12. Dipolar pushSXO O FKURPR S KR U FHwnjlgtedudiig® betwdéid theeend
groups.

As you can observe iRigure 1112 DERYH WKH PDLQ FRPPR-QouBa(EY WLWXH C
bridge used for the comparison is thesthyil group, which is known as good charge transmitter with a
slight electrordonor characterWe played orboth the flexibility of the connector by replacifgs-
thiopheres with athienothiophene groymnd on the length of the bridge by inserting a substituted

fluorene core between the bi¢/ KL R S 8yBt€ridTIAS is aimed to enhance the linear and-liogar

response of the chromophore.

In the Table Il 4 aregathered the relevant photophysical data measured in organic solution

using chloroform as common solvent.

Table Il 4. Onephoton otophysical data measured in Ckli€blution for
the chromophore®11D1 14"

cpd maxlPA Grax matm SIOKES L2k Kar
-1, _1- 1 1
[nm] [10* M-lcm Y] [nm] [10° e [ns]  [10°%sY [10°sY
Dl1a 432 3.1 586 6.1 0.80 3.1 0.26 0.06
D1 417 3.9 534 5.2 0.84 2.8 0.30 0.06
D1Md 415 51 609 7.7 0.20 12 0.17 0.68

As displayed irFigure 1l 13a the rigidification of the connector inducesiygpsochromic shift
associated with alight hyperchromic effect due to a higher transmission character. The shift towards
lower wavelength can be due to the lower delocalization of the charge in the thienothidghene
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conjugated bridge compared with the-tiimphene. On the other hand the addition of the fluorene
core within the two thiophenes provokes a marked enhancement of the molar extinction coefficient

(from 3.1- 10 D1&to 5.1- 10* D1"4Y associated wht a blueshift of the ICT band.

Concerning the fluorescence properties, interestingly, by tuning the bridge towards higher
rigidity, one can observed a marked baleft of the emission band associated with a slight increasing
of the fluorescence quantum yield. As displayedale Il 4 this structural change does not affect
strongly the fluorescence lifetime as well as the radiative decay rate. While, the elongation of the
conjugation by adding the fluorene induces a broadening of the emission band. The elongation induces
also a markedecreas of the fluorescence quantum yield associated with an enhancement of the non

radiative decay rate compared with the chromopbxrg.

a) b)

Figure Il 13. a) Comparison between th@nephoton absorption spectra measured for the
chromophoresD1ID174%in CHCh solution b) Normalized absorption and emission spectra

measured for the chromophoi®3ID1T4fin CHCE solution

4. Non-linear optical properties of chromophores in organic solvents

Thanks to the emissive properties of these dipgiaomophoresywe were able to estimate the
two-photon cross sectionl) by measuring the twphoton brightness %1-5) with the twephoton

excited fluorescence (TPEF) technique widely discussed in the introductive chapter.

59



The measurements were done in a range bet@8@mm and 1160 nm using as references
Fluorescein (from 680 nm to 1000 nm) or Nile Red (from 1000 nm to 1160 nm). The range of

1PA
8

detection was chosen depending on th as well as the range of emission.

For an easgomprehensiorthis section will be divided in the same paragraphs that were used
LQ WKH SUHYLRXV VHFWLRQ HIIHFW RNV XWBEWHVDL AWEHESYWR UD KU M/ | HHF
connector. To simplify and make a complete overview, here will be displayestHmear optical
properties of the chromophores used for the linear characteriz&ince the chromophores are
solvatochromic, to have a good comparison with the results obtained upphatoa excitation, the

2PA measurements were done in chloroform.
4.1 Effect induced by the tuning of the acceptor group

As is displayed irFigure 1l 14 (one member for each series was takearesxample) and in
Table 11 5, the dipolar chromophores show an intense and structureghaton absorption band in
which the maxihum wavelength is almost twice theax™” suggesting that the ICT transition is
symmetrically allowed upon both opdoton and twephoton excitation. This behavior is expected for

noncentrosymmMH WU L FS»SSXO K FKURPRSKRUHV

a) b)
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c)

Figure Il 14. Superimposition between odoton (dashed line) and twahoton (colored point and
solid line) absorption spectra of chromophoreB&§; b) D34 and c)D3'din CHCE solution.

Since the onghoton absorption band is affected by the dipolar strengthcamosee a parallel
behavior upon excitation with twghoton. Increasing the electrenithdrawing character of the
acceptor engjroup leads to a marked bathochromic shift, which is associated with an enhancement of
the twephoton cross section, as it cam $een irFigure 1l 15. Interestingly, the hyperchromic effect
is much more pronounced for the twhoton process compared with the linear absorption, suggesting
that the charge separation upon {@ton excitation is more affected by the strength ofdipele

compared with the 1PA process.

Table II 5. Two-photon fnotophysical data measured in Ckl€blution for
the chromophores of the familied &-d, D3%-d, D3'd-e.

Cpd 2 maxtPA max2F A i maxg?PA k
[nm] [nm] [GM] [nm] [GM]
D1& 864 910 302 850 246
D1b 938 940 277 890 273
D1t 990 1050 343 980 301
D1d 1042 1090 492 980 268
D3& 882 940 422 850 280
D3t 1006 1050 647 980 490
D3H 1060 1090 813 980 340
D37 858 890 479 850 428
D37d 1050 1060 1402 980 813
D3¢ 1152 1120 2002 / /
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a) b)

<)

Figure Il 15. Comparison between thevo-photon absorption spectra measured for the different
members of the family &)1 % b) D3and c)D3 7 CHCL solution

42.(IITHFW LQGXFHG-¥EXBEWKWHL W& XDHUPW -~ RQ WKH WULSKHQ\ODPLQH

As observed in the previous paragrapiiie chromophores display an intense -pimton

absorption band related to the same transition observed in the linear piatdedI|(6).

Table Il 6. Two-photon fnotophysical data measured in Ckl€blution for
the chromophores of the familied b-d, D3%-d, D3"d-e.

Cpd 2 maxtPA max2FA i maxg?PA i maxa2F A k
[nm] [nm] [GM] [nm] [GM] [nm] [GM]
D3& 990 1050 344 980 301 890 250
D3t 966 1030 254 960 280 890 262
D3H 1006 1050 647 980 490 890 451
D3"d 1022 1050 1164 970 951 / /
D3'd 990 1050 778 960 933 / /
D3¢ 1050 1060 1402 980 813 / /
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The trend observed parallel the one already discussed in the previous paragraph, &oincreas
WKH GLSRODU VWUHQJWK L Q G X#&bbdiatBdpithHaCQotBoGHEdmiz HIRRWVAR | W K H
observed for the linear process, the shift caused by the replacing of tkeupstituent on the donor
moiety is not marked, as you can observ€igure 1l 16. Interestingly, the 2PA spectrum displays a
structured band in whickhe relative intensity of each siland depends on the electimbeasing
character of the substituent on the triphenylamine. While for chromopt&ké¢he more intense band
is placed at 960 nm, iRigure Il 16a one can see that the most+shifted band(1050 nm) is more
pronounced for the chromophdb8t. The same trend is followed by the chromophores displayed in
Figure 11 16b, the higher and more shifted band belongs to the chromophore bearingrtthe

butylphenyl group as para substituent.

a) b)

Figure Il 16. Comparison between the avphoton absorption spectra measured for the different
chromophores bearing the same acceptor maipty(cyanoester b) d (dicyanoviny) in CHCk

solution

4.3.Effect of thetuning R 1 W-Kddju@ated connector

In theTable Il 7 are gathered the relevant data measured for the series of chromdphares

in CHCL solution.

Interestingly, as you can observeRigure Il 17c, chromophoreD1"&"display a structured
absorption in which the most allowed transition band iskedly blueshifted compared with twice

the wavelength of the ICT band upon guteton processA bandcan be also observed at 840 nm,
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which is almost twice themax™® 7KLV ZDV QRW H[SHFWHS&XRW P KGIRFPRGKR U
because its a typical clhracter for centrosymmetric dye&ctually, this behavior can be due to

another electronic transitidimat is more allowed upon ofhoton absorption than upon typboton
absorptionthanks to the presence of the fluorene cone the other hand)1d andD1 % display the

expected behavior.

It is worthy to underline the fact that comparibgh andD1"&f each chromophore displays a
broad structured 2PA band in which the $@nds are superimposable with different relative intensity.
Moreover, the additio of the fluorene induces a strong enhancement of th@lheton cross section,
paralleling the behavior observed upon -pheton excitation. This hyperchromic effect is associated
to a marked blue shift due to the higher energetic most alloweephwaimn transition. The
ULJLGLILFDWbmuQate&dl bhiide Hpadsing from thienothiophene tethiigphene, induces a
hypsochromic shift.Contrarily to what was observed for the linear process, this effect is now

associated with a hypochromic effect.

Table Il 7. Two-photon photophysical data measured in GHGlution for
the chromophores of treeriesD1a

Cpd 2 maxtPA max2FA i maxg?PA i maxa2F A k
[nm] [nm] [GM] [nm] [GM] [nm] [GM]
D1%& 864 910 302 850 246 / /
D14 834 830 238 / / / /
D1Tal 828 890 467 830 526 720 814
a) b)
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c) d)

Figure Il 17. Superimposition between odoton (dashed line) and twahoton (colored point and
solid line) absorption spectra of chromophoreBah; b) D1Md& c¢) D1 ™ in CHCE solutionand
d) comparison between tt#PA spectra measured for the different members ofénesD1a.

5. Conclusion

In this chapter were discussed the changes of both linear aditheanoptical properties in a
VHULHV RI FRPSOBRBOQWBKUR®SRGK & themickl\stlcxueg Lpayling dhe
electronwithdrawing or electromeleasing strength of the end grouas well as the properties of the

@Eonjugateddridge.

All dyes display an intense odoton absorption band associated with a strong ICT tramsitio
with high molar etinction coefficient, up t&.5- 10* M cn. Moreover, the tsidiedmoleculesshow
a tunable emission band ranging from green PDE™) to red (i.e.D1t andD1'd) or even NIR (i.e.
D3H andD3%) associated with a high fluorescence quantum yieén for the NIR dyes (i.e; =

0.55D1H and - = 0.24D31).

The changes of the structure allowed us also to tunéniir@hoton absorption band in the
range between 700 nm to 1150 nm enhancingtWephoton cross section up to 2000 GM in

molecular solution.

In Figure Il 18 is displayed a flowchart that would resume the results obtained insCHCI

solution for the chromophores taken into account in this chapter.
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Gax 3.9- 10* M1 et

-1:0.84
%: 238 GM Rigidifyingthe
conjugated bridge
D1

Enhancing thexcceptor
strength

D1
Ghax 6.0+ 10* ML et
-1.0.37
2: 1194 GM
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Figure Il 18. Resuming flowchart of chromophoriesCHCE solutionstudied in this chapter
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CHAPTER 3:DIPOLAR CHROMOPHORES IN CONFINED

ENVIRONMENT

1. Introduction

The haneworld “is gaining an overwhelming role thanks to the versatility of the nanoobjects
especially when we speak about organic nanoparticles with which we can synthesize molecules with
expected properties in order to obtain nanoaggregates with specific behbwibiis chapter will be
describedthe morphological and botinear and nosinear optical properties of fluorescent organic

nanoparticles, so called FONs, prepared starting from dipolar chromophores disc@saotén 2.

The main peculiarity of dipolar ofecules is their tendency to form dipalgole interaction
in aggegated state, which can includighly concentrated solutionanoparticles and solid state. The
normal arrangement for dipoles is thecadled antiparallel configuration as displayedlinstration
Il 1; this distribution of chromophores leads to strong intermolecular interadtiis.antiparallel
arrangement of the molecules decreagesngly theoverall polarization of the systermoreover it

can also causan enhancement d@fitermolecularcharge transfer transition

a)

b) c)

lllustration 111 1. a) Antiparallel configuration of dipolar moleculesepresented by

arrows b) crystal packing db1t and c) crystal packing @1 74"
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Antiparallel configuration usually affectsstrongly the photophysical properties of the
molecular aggregates, therefore including nanoparticles.bBhiavioris well explained by the theory

of molecular excit

Once you approach two molecules they start to interact ftherngou have a system with four

combined states in which two of them are degenerate.

Scheme 111 1. Schematic representatiaf the excitonic splitting in a dimer where M1 and
M2 are the two dipoles that form the dimé&mrepresent the excited molecules and 2J is the
energetic difference between the two splitted states

The combinations between the two degenerate stategoke the excitonic splitting
depending on the arrangement of theleculesthere isa state at higher or lower engrgompared

with the starting state.

a) b)

Scheme lll 2. Schematic representation of the exciton band energy diagram for a molecular
dimer with a) parallel transition dipoles and bjlime transition dipolesWhere _ Jid _ H %
are the groud and the excited sSWHY < UHSUHVHQW WKH GLSRODU PRPHQW RI
M is the transition moment of the dimé&evised from Ref. 2
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The transition moment is given by the vector that is the sum of each transition dipole moment
of WKH GLPHU WKHUHIRUH ZKHQ ZH, $€aled HaggidgaiekFrhamels DUDOOH
2a), the allowed state will be the one at higher epgttyus we should observe a hypsochromic shift of
the ICT band associated with no luminescent propeiigeen wH KDY H WK-HD IOQHWLW BIPQ VR
called JaggregategScheme Il 2o), the allowed state will be the one at lower egetigus we should
observe a bathochromic shift of the ICT band, with respette monomer absorption, associated

with an enhacement and a red ishof the emissive propert

Scheme Il 3. Schematiaepresentation of the exciton band energy diagram for a molecular
dimer considering the anglebetween the single transition momenttere _ Ja¥id _

the grouml and the excited states

As it can be observed iBcheme Il 3 depending on the angle between the two dipole
momentsis allowed either the lower [e"or the higher|e™/state, influencing the photophysical
properties Experimentally it was observed that both states are reacineétating amore complex

aggregate in which the molecules are arranged with different relative angles between them.

The dipolar chromophores studied in this chapter are molecules based on triphenylamine as
electron releasing group. This moiety was choseraddition to what was discusses in the previous
FKDSWHU DOVR EHFDXVH RI WKH W\SLFDO -StacRigHetlichsVKDSH

between neighbor chromophores. Moreover, the replacing of thesplastituent on the donor group,
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in addition to the changing of the donating strength already discussed, allow us to study the behavior
of the chromophores with bulky groups within the nanoparticle, preventing the interchromophoric

interaction, which are deleterious for emissive propertiasg, increasing the colloidal and chemical

stabilit

The starting idea was to prepdull organic, biocompatible fluorescent nanoparti¢lESNs)
with an emission range that lies in the biological transparency winclo@Hapter 1), with high one

photon and twaphoton brightness in order to use them as fluorescent probasriraging.

2. Preparation of nanoparticles with their structural and morphological

characterization

To prepare organic nanoparticles (ONPs) was used the easy and fast method of
nanoprecipitationa process based on solvent exchamyetock solition of chromophore, witmM
concentrationwas prepareth a solvent fully miscible with water (such as THF, Acetone or DMSO)
anda small amount of the stock solution was injected in a large amount of water (typically 1% of
stock solution), in which the corapnd is not solubleThis process induces a fast nanoaggregation of

molecules dependinmainly onthe nucleation/aggregation procds# also on the diffusion of the

solvent in watm

Scheme lll 4. Schematic representation of thanoprecipitation process

After the preparation, th&ONs were characterized by transmission electron microscopy
(TEM) to study the size distribwin and the shape, as well as by zetametry to study the surface

potential, important parameter to predict the colloidal stability overtime (that will be discussed later in
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the chapter)In Table Ill 1 are gathered the relevant data concerning the morphkalggioperties of

the ONPs.

Table lll 1.  Morphological and structural data

Pl fom 101 i
D1& 36 4.0 -40
D1b 27 1.2 -62
D1t 40 3.9 -61
D1d 41 4.5 -68
D2%& 38 2.9 -73
D2b 66 13.1 -63
D2t 38 2.6 -69
D24 21 0.4 -68
D3%& 40 0.9 -81
D3t 32 1.3 -73
D34 45 3.9 -75
D17 42 5.7 -70
D17d 21 0.6 -74
D17 30 14 -67
D274 37 2.8 -85
D27d 39 3.0 -75
D27d 29 1.0 -75
D3%d 27 0.9 -72
D37d 32 15 -79
D37 32 1.2 -72
D1T&" 34 1.7 -73

a) Estimated number of dyes subupies ONPs based on their size

Theevolution ofnucleation/growth is of main importance in the nanoaggregptioressand
is not predictableAs displayed irFigure 1l 1, three chromophores of the same family bearhme t
same paraubstituent but different acceptor groupp, D2t andD2H) are compared in terms of

size distribution
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Figure Ill 1. Comparison between size distribution of nanoparticles prepared with chromophores
D2b (dark yellow) D2t (orange)andD2 H (red)

These nanoparticles were considered as example bethegedisplay an emblematic
behavior: a slight change of the chemical structure strongly affects the size. As said before, this
behavior is not predictable, thereforenist possible to generalize thgoperty.From these data we
can deduce that in the process of nanoparticles formation for the chrom@&thréhe nucleation is
the faster process compdt® the growth; on the other hand for the chromopli#® the growing of
nanoparticles is the prevalent st&vidently, this behavior affects also the number of chromophores
per nanoparticle(see inTable Ill 1) there are two orderof magnitude among the number of

moleculesof nanoparticles prepared wil2b andD2H: 13.1- 10* and 0.4 10* respectively.

As one can see from TEM imagesHigure Il 2, the shape of the obtained nanoparticles is
spherical; therefore, we could assume that the nanoobjects prepared are not crystalline. This was
expected since theolvent exchange is a kinetic process and the chromophores do not have enough
time to the full thermodynamic organization within the object. Anyway, the ONPs are not completely
amorphous, indeed a previous work of thﬂ&tasshown that on the surface of the nanoparticle,
which is in contact with water, the chromophores are organized in a short range while going deeper in

the bulk the molecules increase their disorder.
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a) c)

Figure lll 2. TEM images of ap2b, b)D2%, c) D24

3. Linear and nontlinear optical properties of FONs in water

After the confirmation of the nanoparticles formation, it was possible to go fuather
characterize the obtained nanoobjects urtther viewpoint of optical propertiesThanks to the
luminescent properties of the prepared ONPs, it alsspossible to estimate the twahoton cross

section of the chromophores upon naonfinement.

Due to the large number of samples, for an easy arat clemparison the FONs will be

compared in the same way usedor the chromophores dissolved in organic solvents.

To have a good comparison about the behavior of the molecule in both solution and
nanopatrticle, the molar extinction coefficient of the chophore within the nanoobject was measured
for the samples taken into account in this chapter. Furthermore, to confirm the value measured, |
evaluate the LambeRBeer dependency of the dye in FONs anBigure Il 3 are gatherethe results

obtained for €w molecules.

One can observe that the FONs follow the LamBesr law, indicating that the size of the

nanoaggregates is independent from the number of chromophores used to prepare the nanoparticles.
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a) b)

Figure Ill 3. LambertBeer dependency of nanoparticles prepared with chromophores of the series a)
D2%-d and b)D3&-d

3.1.Effect induced by the tuning of the acceptor group
3.1.1. Onephoton characterization

In order to study the changes in the photophysical propertiesdogasing the dipolar
strength, in this paragraph are compared three different series of BANBE! D3 prepared with

chromophoresbearing different acceptor group, from aldehyda) to DETB (€) passing through

cyanoamiddb), cyanoestefc) and di:yano(d

In Table |1l 2 are gathered the relevant data measured fandmbes of thethree families of

chromophoresipon nanoaggregation

The FONs of these three series display a broad and intense absorption band that lies from the
violet to the green visible spectral region depending on the acceptor group. As already discussed in the
previous chapter, the intense bdodated at lower energies is ascribed to an ICT transition, while the
KLJK HQHUJHWLF E D QG@trdn$ition. VW e UATEoA i @ssvtRte@Ewith a large molar
extinction coefficient ranging from 2.3 to 5.00* M* cn?, but a more exhaustiwdiscussion, which
include also the comparison with the results obtained for the chromophores in solution,faulhte

later in the chapteP@ragraph 4 Molecular Confinement

80



Table Il 2.

Photophysical data measured for the chromophores of the series
D1%&-d, D3%&-d, D3"d-ein FONs in water.

o el gy B AE
[10° cm?]
D1& 422 2.3 597 6.9 0.07 1.1(0.6)/35(0.4) 970 114
D1b 458 2.6 673 7.0 0.06 1.6(0.7)/4.2(0.3) 890 159
D1t 481 2.5 721 6.9 0.02 1.4(0.8)/4.1(0.2) 1070 207
D1 513 3.6 770 6.5 0.01 15(0.8)/4.9(0.2) 1110 460
D3& 441 3.1 587 5.6 0.12 1.3(0.5/4.2(05) 970 245
D3t 499 2.7 702 5.8 0.04 15(0.4)/3.8(0.6) 1050 336
D3Y 525 3.0 747 57 0.01 nd 1050 1150
D34 424 3.3 570 6.0 0.06 0.9(0.6)/3.8(0.4) 910 182
D3'd 507 5.0 714 5.7 0.02 15(0.5)/4.6(0.5) 1080 726
D3¢ 541 4.9 749 5.1 0.005 1.0(0.8)/3.0(0.2) / /
a) b)
c)

Figure Ill 4. Comparison between the oephoton absorption spectra measured for the different

members of the family &)1 b) D3%and c)D3Tlipon naneconfinement
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In Figure 11l 4 it can be observed a bathochromic shift induced by the increase of the dipolar
strength due to the enhancement of the elestitidrawing character of the acceptor egrdup. As

discussed for solution, the rstift measured is not associated with thpeeted hyperchromic effect.

The luminescent properties of these nanoparticles parallel the trend observed in absorption, an
enhancement of dipolar strength induces a marked telwifirds lower energies, s&égure 11l 5.

Indeed, tuning the acceptor groupmsas possible to obtain nanoobjects that cover the spectral range

from yellow to NIR

a) b)

<)

Figure Ill 5. Comparison between normalized absorption (solid line) and emission (dashed line)
spectra measured for tlONs prepared witthe family a)D1% b) D3%and c)D3"{consistent
color code between the figures of the paragdaph

It can be clearly noticed that, upon aggregation, the FONs undergo a quenching of
fluorescence but are still luminescent nanoparticles with a fluorescence quantury yaaiging from

0.005 to 0.12, which is wg important for the brightnessundamental data for bioimaging.
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Concerning the fluorescence lifetime, one can se@aiple Ill 2, that all the FONs displajwo

lifetimes; the shortelifetime, ranging from 0.9M3"d) to 1.6 nm D1b) is dominant with respect to

the otherong which is longer (from 3.0 to 4.9 nm). In each samible short lifetime can be attributed

WR WKH 3VKHOO" WKH VXUIDFH ZKLFK LV LQ FRQWDFW ZLWK ZD

nonradiative decays; on the other hatiw long lifetime can be attributed to the bulk of the particle.

3.1.2. Two-photon characterization

The behavior observed in FONs parallels the one observed in solution, all the dipolar
chromophores confined in naeovironment show a structured 2PA band in whigh?™* &

max’ "\ indicating that the transition is allowed in both processesHisgee I1l 6).

a) b)

<)

Figure Ill 6. Superimposition between oidoton (dashed line) and twahoton (colored point and
solid line) absorption spectra of chromophoresDd)b; b) D3t and c) D3d in confined

environment
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In these three series of FON&,can be observed that increasing the eleetvithdrawing
character of the acceptor egbup leads to a bathochromic shift, as observed uponrpboéon
excitation, associated with a marked enhancement of thehwimn cross sectiorAn interesting
behavior is displayed by FONs prepared with chromoptidié. Actually this sample does not follow
the generaltrend, becausehe ma?" " is blueshifted compared with FONmade fromthe aldehyde
(D1%). One can obseryén Figure Il 7, that there is a suband placed at 1060 nwhoserelative
intensity of it is much lowerthan that ofthe main absorption band (109 Gkhd 159 GM

respectively.

It is alsoworth underlinng that FONs bearing DETB as acceptor grobd-8%) show too
low fluorescence quantumigjd to perform reliable 2PEF measurementsherefore the data are

omitted

a) b)

<)

Figure Ill 7. Comparison between the tvphoton absorption spectra measured for the different
members of the family &)1 % b) D3%and c)D37ih FONSs in water
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3.2Effect LQGXFHG E\-WKBWWDWRHQW  RQ WKH WULSKHQ\ODPLQH
3.2.1. Onephoton characterization

Like the chromophores in solution, the molecules confined in-eamwonment display a
similar trend upon onphoton excitationby replacing +H with 8Br, a slight hypsoclomic shift is
observed while the addition otert-butylphenyl as pargubstituent increasehe electrorreleasing
character of the donor groughusinducing a weak shift towards lower energidhe ICT band
measured for these FONs is placed in the cygaren spectral region and it is associated with a large

molar extinction coefficient up to 6:1.0* M1 cm* as reported iable Il 3 (see alsd-igure Il 8).

a) b)

Figure Il 8. Comparison between the oepboton absorption spectra measured for the different

members of the series AL ID3 t; b) D1%-D37d in confined environment.

Table Il 3.  Photophysical data measured for tl@®Ns prepared with
chromophore®11D3t andD1"D3'd.

1PA & em Stokes 2 2 2PA L

de max 104 M -alx L max Shlft -f max GmMaX

[ml  [potMem?][oml g [ns] [hm] [GM]
D1t 481 25 721 6.9 0.02 1.4(0.8)/4.1 (0.2) 1070 204
D2t 476 2.7 688 6.5 0.04 1.4 (0.8)/3.8 (0.2) 1060 141
D3t 499 2.7 702 5.8 0.04 15(0.4)/3.40.6) 1050 336
D1%d 476 35 719 7.1 0.01 1.5(0.6)/4.0 (0.4) 1070 300
D27d 478 6.1 711 6.9 0.01 1.1 (0.7)/3.5(0.3) 1060 921
D31d 507 5.0 714 5.7 0.02 1.5(0.5)/4.6 (0.5) 1080 726
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Concerning the luminescent properties, it is worth to highlighb#ievior of these FONs: as
expectedreplacing the hydrogen with bromine inducdsypsochromic kift of the emission band hut
strikingly, no bathochromic shiftvas observetty adding the bulkyert-butylphenyl group Indeed, as
reported inTable 11l 3 as well asn Figure Il 9, FONs prepared with chromopho®8t andD3"d
are blueshifted compared with the respectilzd. This interesting behavior indicates thhe tert-
butylphenyl group within the nanoparticle does not work as donor, as obsers@dtion, but only as
hindering grouplimiting interchromophoric interactions. Moreover, this property induces a slight
enhancement of the fluorescence quantum yield, underlying our initial idea to prevei@®EI e

interaction in confined environmeby adding bulky groups.

Also in this case, as observed in the previous paragraph, the fluorescence decay can be fitted
with a biexponential decay giving two fluorescence lifegmEhe shorter and dominahtetime is
attributable to the chromophores thamfiathe surface, while the longenecan be ascribeatthe bulk

of the nanoparticle.

a) b)

Figure Il 9. Comparison between the normalized absorption (solid line) and emission (dashed line)
spectra measured for chromophore®afD3t; b) D17D3'd in nanoparticlegconsistent color
code between the figures of the paragfaph

3.2.2. Two-photon characterization

As could be expected, the properties of the chromophores upofcoafieement in water are

comparable with the behaviors observed for the chromophores in solution. As displ&jgrateénlil
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6 as example, also FONksplayedin this paragraph shotatthe position of the 2PA maximum is
comparable or slightly reshifted compared wittwice max"” indicating that the occurring transition

is symmetrically allowed upon both excitation egteoton and twephoton.

Contrarily to what was observed for solutidine chromophores in FONs display a structured
band butthe intensity does not depend the strength on the electrorleasing character (dfigure
Il 16). The trend of the serieBt in FONs follows theexpectation;the compoundsdisplay a
hyperchromic #ect passing from#r to 4 and to tert-butylphenyl. On the other hand, in series
D 'd, the FONs prepared with chromoph®@2'd show the highst two-photon response, indicating an

arrangement of the molecules within the nanoparticles that promote the 2PA enhancement.

a) b)

Figure Il 10. Comparison between the tvpthoton absorption spectra measured for the different

chromophores bearing the same atwemoiety a)c (cyanoester); bil (dicyanovinyl) in FONSs.

33.(IlHFW RI WKH Wocoqugadd BohnattoH &

3.3.1. Onephoton characterization

In this paragraph FONs prepared with chromoph®@##, D1'd and D1"&"are compared
Since the connectors between the -gnoups are not similar here | cannot generalize the properties, |

will just give an overview of the different behaviors thatcanl@ G XFHG E\ WKH-Gfiggp.QJH RI W

As reported inTable 11l 4 and displayed ifrigure Il 11a, the FONs prepared with a more

rigid system D1& : D1%) show a hypsochromic shift in the ICT band associated with a slight
87



enhancement of the molar extinction coefficient. Strikingly the same behavior is observable also by
adding a fluorene ce between two thiophenes, this structural change promotes, in FONs prepared
with D17&" a marked enhancement of the molar extinction coefficient with a slight blue shift of the

absorption band.

A parallel behavior can be observed in emissibhe substiition of a bisthiophene as
conjugated bridge with both thienothiophene andttiisphenefluorene induces a blue shift of the
band. As could be expected, in FONs the close interaction between neighbor molecules leads to a
decreasing of the fluorescenceagtum vyield, and as it is reported Tiable 11l 4 this quenching is

more pronounced in nanoparticles prepared Ritfd andD1"&"

Table lll 4.  Linear andnonlinear optical characterizatidor chromophores
D1ID17&fin FONSs in water.

1PA Y em Stokes 2 2PA L
de max 104 M _alx . max Shift o max GmMaX
pm potMenr)  fmg S ins] Ml [GM]
D1%& 422 23 597 6.9 0070 1.1(0.6)35(0.4) 970 114
D174 410 3.4 557 6.4 0050 1.2(0.5)/3.9(0.5) 910 395
730 634
LES

D17& 409 4.8 557 65 0035 29(05)08(05)  goo 93

a) b)

Figure Ill 11. a) Comparison between the opleoton absorption spectra measured for the
chromophoresD1ID174%in confined environment) Normalized absorption and emission
spectra measured for the chromophd@&$D1 "&in FONs in water
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3.3.2. Two-photoncharacterization

Similar to what was observed for the chromophores in solution, when the molecules are
confined in nanenvironment it can be notidehat in FONs prepared with1h andD1d the same
transition is allowed in both orghoton and twephoton process, as displayedFigure Il 12a-b.
However, contrarily to solutions, FONs prepared vidth’™d show higher two photon cross section,

suggesting an arrangement of chromophores withén rtanoparticles that improve the Horear

response.
a) b)
c) d)

Figure Ill 12. Superimposition between oipdoton (dashed line) and twahoton (colored point and
solid line) absorption spectra of chromophore®akh; b) D114f ¢) D174%in CHCE solution and
d) comparison between the typhioton absorption spectra measured for the different members of

the seriePla

On the other hand,salisplayed inFigure Il 11¢ FONs D1"&"show a broad twghoton

absorption spectra in which are present aowed states reachable upon fploton excitation. The
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most allowed band is markedly blshifted compared with twice the wavelength of the ICT band of

the linear process, paralleling the behavior observed in £ddQition.

Furthermore, it can be obsexvinFigure Ill 11d WKDW ZLWKLQ )21V WKH ULJLGLI
conjugated bridge as well as the addition of a hindered fluorene core in the connector, induce an

improving of the 2P response.
4. Molecular confinement

In this paragraph will be discussed tlitferences othe optical properties of chromophores in
both molecular solution and organic nanoparticles. So far, intensive studies were done to understand
the behavior of onghoton processes of molecules upon remfinement inducing either
aggregatia caused quenching (ACQ) or aggregation induced enhanced emissioEIE))Never
the dworld” of NLO is still to be fully discoveredAs discussed previously (cRaragraph 1
Introductior), the arrangement of moleculeghin nanoparticles can strongly aftebe photophysical

properties.

Here | would like to display a complete overview of the behaviors of dipolar chromophores
before and after the nanoaggregation process. Due to the big amount of dipolar dyes, | chose few

emblematic samples to give an exhaustive review of the observations done.
4.1.Linear optical properties
4.1.1. Emission in solid state and upon nanoaggregation

As | wrote earlier in the chaptécf. Paragraph 2), the nanoparticles arflermed under a
kinetic domain and guess that it isvorthto compare th@hotophysical behaviasf the molecules in
solid state (smeared powders, microcrystalline whignwas possible)and in nanoparticle. It is
interesting to highlight the fact that tleeshromophores, even in solid state, maintain their luminescent

properties without undergay anyquenching of fluorescence due to close intermolecular interactions.
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a) b)

c) d)

Figure Ill 13. Comparison between the normalized emission measureddrstate (blue line) and the
FONs (red line) fo the chromophores)aD1 & (smeared microcrystalline powdef)) D1t
(smeared microcrystalline powdec), D2t (smeared amorphous powdeard d)D3t (smeared
amorphous powder).

As one can observe frigure 11l 13, the trend followed by the different molecules in solid
state as well as in nanoparticles is not the same for all the samples. lindeedpe noticed that
tuning the chemical structusge havethe emission of FONsimilar (as in the casefd3t), or red
shifted (as in the case BiLT&a" D1t andD2t) compared with the solid state, suggesting the different

arrangement of the molecules in both states.

4.1.2. Behavior of the chromophaé solution and nan@nvironment

It is interesting tawompare the behavior of the chromoplsareboth solution and nanopatrticle
in order to study the influence of aggregation on the photophysical propefilese these
chromophores are solvatochromic, | will not discuss precisely the shift of both ahbsoaptio

emission band. | can say that for all chromophores we observed an hypsochromic shift of the
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absorption band associated with a bathochromic éhifcomparable emission i.©3t, D3H and
D3€) of the emission band, with respect to the measureafehe molecules in CHgkolution. This
behavior suggests that thlye part of the bulk in the nanoparticteas amore polar environment

comparedvith the chromophore in chloroform solution.

a) b)

c) d)

Figure Ill 14. Comparison between thenephoton absorption spectra measured in both CGHCI

solution (green line)and FONs(red line)for chromophores ap1t, b) D3H, ¢) D27d and d)
D17a"

Comparing the absorption spectra of the molecules in both organic solution and FONSs in
water, one canhserve inFigure Il 14a-b that most of the chromophores upon aggregation undergo
a marked decrease of the molecular response as can be ﬁmemterestingly, some of the
molecules (se€&igure 11l 14 c-d) display comparable or even higher respomsaancenvironment
compared to the solution. This behavior can be due to a cooperative effect due to the arrangement of

the chromophores within the FONs.
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Moreover, itcan be observed either a broadeningan asymmetric shape the absorption
band wherthe moleculs are confined iFFONs compared with the molecule in solution. This effect
can be ascribed to excitonic coupling, which is favored by the interchromophoric interactions between
neighbormolecules within the nanoparticl&s you can notice, thlayperchromic or hypochromic
effect upon nanoaggregation depends on the structure of the chromdpbkogtore is not possible to

generalize the behavior
4.2 Non-linear optical properties

As can be expected, the molecular confinement ofghaon responsivehromophores
strongly affects their 2PA behaviomdeed, dipolar interactianand consequent arrangement of
molecules when confined in naeoavironmentinfluence the twephoton response of polar and
polarizable chromopho As expected, the confinement of dyes within a nanoparticle induces a
marked decrease of the typhoton cross section per chromophore subunit, as discussed for the linear
process(see Figure 1ll 15a/d). On the other hand, the molecular arrangements as wetha
interchromophoric interactions in FONs prepared with @&l can lead to an hyperchromic effect in
the 2PA responsd-igure Il 15b) or can induce a modification in the vibronic structure as displayed

for chromophoré?2'd in Figure 11l 15c.

As onecan notice, the trend followed upon tphboton excitation does not parallel the one
observed in onghoton absorption.This underline the fact that predisig the behavior of

chromophores in nanoparticlissnot easy
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a) b)

c) d)

Figure Il 15. Comparison between the dwphoton absorption spectra measured in both GHCI
solution (green line) and FONs (red line) for chromophore®18, b) D34, c¢) D27d and d)
D17a"

4.3.0ne-photon and two-photon brightness

As widely discussed in the introductive gher,to have hypeibright nanoobject is a great
issue, especially if we would like to use our systems agptaibe in confocabndbr multiphoton
microscopy The brightness of nanoparticle takes into account the number of chromophoricssubunit
that form he object, therefore the molar extinction coefficient and thepiwaion cross section for
FONs were estimated taken into account ¢bacentration of nanoparticles, and not the moles of

chromophore in nanopatrticles.

In spite of the low fluorescence quamtwield of the nanoparticles due to the aggregation
caused quenching process, one can obserlalile 111 5, that our FONs display huge eploton (up

to 2.5- 10° M? cm?) and twephoton brightness (ranging from 0.02 to 1340 GM) surpassing all
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other types of nanoparticles including (&%

depending alson the cooperative/additive effecue

to the number of chromoph@@er nanoparticle (Se€able Il 1). Since the brightness is strictly

dependenbf the size of the nanoparticle, and soifas not possible to predict the size and the shape

of the FONsthe brightness of the nanoobjedssnot predictable either

Table Il 5.

brightness of FONs in water

Luminescence properties including gptleoton and twephoton

Cpd mac A ma®™  FWHM e y Ghax - 1% max?FA k-
[nm] [nm] [10°cm? [108M1cm? [109 [10° GM]

D1%a 422 597 3.0 0.07 0.7 970 03
D1b 458 673 2.8 0.06 0.2 890 0.1
D1t 481 721 2.6 0.02 0.2 1070 0.2
D1H 513 770 24 0.01 0.2 1110 0.2
D2% 424 575 3.1 0.14 1.1 970 0.4
D2b 451 653 3.0 0.06 2.5 900 1.4
D2t 476 688 2.7 0.04 0.3 1060 0.3
D2H 500 732 2.6 0.02 0.03 1060 0.02
D3% 441 587 3.1 0.12 0.3 970 0.8
D3t 499 702 2.6 0.04 0.1 1050 0.2
D3H 525 747 25 0.01 0.1 1050 0.2
D14 410 557 3.1 0.05 1.0 910 1.1
D1d 476 719 25 0.01 0.02 1070 0.02
D1d 517 754 25 0.004 0.03 / /
D24 407 541 3.0 0.05 0.5 890 0.8
D2d 478 711 25 0.01 0.2 1060 0.3
D2d 509 752 2.6 0.007 0.04 / /
D34 424 570 3.6 0.06 0.4 910 0.2
D3"d 507 714 25 0.02 0.4 1080 0.5
D3d 541 749 25 0.005 0.02 / /
D17&" 409 557 3.7 0.035 0.3 730 04

a)thevalues of onghoton and twgphoton brightness are reported taking into account the concentration of nanoparticles

Our systems are strongly bright with a tunable emission ranging from green to NIR, therefore

they could be nice tools for further applicaisan both onghoton or twephoton microscopy.
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5. Colloidal and chemical stability of FONs overtime

Another importantbehavior that we should consider when we speak about FONw is
stability of the colloidal suspension overtimghis property can affect strongly the possibility of

nanoparticlespplication in bieenvironment.

This behavior is connected with the value of the surface potethigatnore the nanoparticle
displays a negative surface potentigthe less is the probality of hanoparticles aggregation overtime.
As reported inTable 11l 1, all FONs prepared show a very negative surface potential 435 mV.

This indicates that the nanoaggregates could have a great colloidal statiktyd, this is what was

observed
a) b)
c) d)

Figure Il 16. Comparison between absorption (solid line) and emission (dashed line) spectra
measured overtime for FONs prepared with chromophoréxl ) b) D1t, c)D3&and d)D3t
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To study the colloidal stability, the evolution bbth absorption and emission spectra was

monitored overtime.

As one can observe iRigure Il 16 that passing fronD#& : ¢, so increasing the electron
withdrawing character of the acceptor group, there is an enhancemencofidigal stability In fact
D1%& display a marked decreas&the absorption band and a quenching of the luminescent properties
after one week, whil®1t after one monthonly shows a slight decreasof both absorption and
emission spectridicating the improvement of the stabilifarallel behawr can be observed adding
the tert-butylphenyl groups in the available para position of the triphenylarbihé (: D3%), these

bulky groups improve considerably the overtime stability as expgcted

This observation suggests that the stability is dependent from the chemical structure of the
chromophores. Strong electron withdrawing as well as bulky substituent lead to anémerof the

stability.

a) b)

Figure Ill 17. Comparison between absorption (solid line) and emission (dashed line) spectra
measured overtime for FONs prepared with chromopha)él & and b)D1 Mg

Moreover, 1 is worth to notice thaby addiion of D KLQGHUHG 10 Xéhjugatedd LQ WK
bridge leads to an enhancement of the colloidal stability of the FONs, indeed las atagerve in
Figure Il 17 with passing fronD1% to D17&" After three weeksthe absorption spectia FONs
D1"&"doesnot change while only a slight decreasf the emissive propertiés observediue to a

slow rearrangement of the molecules within the nanoparticle.
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In Chapter 1l Paragraph 3.1 (Effect of the environment) it was mentioned that
chromophores with strong acceptor group could undergo hydro§sise the condensation reaction
is an equilibrium, if the product molecule is surrounded by waler reaction could return back
towards the reagent8ctually, a retreKnoevenagel reactiowas observed for some chromoplsire
polar solvents, suchsaacetone, acetonitrile or DMSf. Figure 1l 6-7). After these observations,
one could think thad chromophore that couldndergoa retro-condensation ia water environment
like that of FONs should not be stable at all, therefore we should not be able to obtain nanoparticles of
these chromophores. Strikingly, a very interesting behavésr observedas displayed ifrigure 1
18. We were able to obtainanoparticles and, indeed, FONsre very stablén comparison with the

chromophore in DMS@fter addition of drop of water.

a) b)

c) d)

Figure 11l 18. Absorption spectra measured overtime for chromoph®@8 and D3¢ in DMSO
solution adding one drop of water (a and c respectively) and confined in nhanoparticles in water (b

and d respectively)
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The stability of these nanoaggregates suggests us a cooperative shielding effect that protect the
chromophores within the nanopaW LFOH IURP WKH 3DJJUHVVLYH ™ ZDWHU HQYL!

retroKnoevenageteaction.

6. Conclusion

In this chapterwere displayed the preparation and the morphological characterization of
fluorescent organic nanoparticles prepared starting frigonlat chromophores. We were able to

obtain colloidally stable spherical nanoparticles with an average size ranging from 21 nm to 66 nm.

On these FONs were studied the optical properties uporphlmten and twephoton
excitation. By tining the chemicasdtructure it was possible to tune the photophysical properties, as
already observed for the chromophores in organic solution. We were able to obtain nanopatrticles with
a tunable emission from green to deep red or even near infasgociated wittan aggegation
caused quenchinghenomenopnindeed the fluorescence quantum yieldF@MNs is lowcompared with
thatmeasured in CHGIsolution. In spite of the low (up to 0.14 for greegellow emitterD2 &), all
FONSs display a huge osghoton (ranging from 02 - 1% to 2.5- 1® Mt cm?) and twephoton
(ranging from 0.02 1 to 1.1- 1(° GM) brightnesswhich associated with the twphoton excitation
and the emission range in the biological transparency winslaggestinghese nanoparticlesiitable

to beusedfor both confocal and multiphoton microscopy.

Moreover, an interestingooperative shielding effect was observed in FONs that prevent the

hydrolysis for chromophores bearing strong acceptor groups.

99



Size: 42 nm
Ghax-1: 1.0~ 10° M-tentt
k-r 1116 GM Rigidifying the
conjugated bridge
D1'd

Enhancing thexcceptor
strength

D1%
Size:30nm
Ghax-1: 0.03- 10° Menrt

Enhancing the donor
strength

D3¢

Size: 32nm
Ghax-1: 0.02- :|.0S M-tcnt

Size: 40nm
Ghax-1: 0.3+ 10° M-tcn!
%-1:0.8-10° GM

D3%&

Enhancing the donor
strength

Size: 36nm
Ghax-1: 0.7 - 10° M2cnr?
%-1:0.3-10°GM

Enhancing thexcceptor

strength

D1&

Elongatingthe
conjugated bridge

D1"&"
Size: 34nm
@ax-1: 0.3+ 10° M-tentt
t-1:0.4-10°GM

Size:32nm
Ghax-1: 0.1+ 10° M2t
%-1:0.2-10°GM

D3t

Enhancing the donor

strength
Size: 40nm
Grax-1: 0.2+ 10° Mcntt
%-1:0.2-10°GM
D1t

Figure Il 19. Resuming flowchart of chromophores in confined environratrtied in this chapter
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CHAPTER 4 £HARGED DIPOLES

1. Introduction

In the last decadea large effort was mad® understand the cellular internalizatiof
nanoobjeﬁ while the knowledge is still limited concernittige distribution of nanoparties within
the bicenvironment in relation with their morpholegl and structural propertiesndeed, the

interaction of nanoparticles with celfsvitro andin vivois known to be strongly affected by theize

andtheir shap€*°land numerous studies shown that therface potentigplays a significant role in

cellular internalizatigf??4 For instance positively charged nanoparticles are usually internalized

fasterthanthe neutral and negative andoreover, it is interesting to explore this way because the
membrane otancer cells are mostly negatively charged thanks to anionic biomolecules in the double

layer.

So far, the surface potential of FONs prepared in the hostingidalalways negativig>>?

Therefore pur challengewnasto try to prepare organic nanopartichegth a positive surface potentiial
order to comparehte behaviors in bienvironment.n literature there are few examples of organic
nanoparticles prepared with organic i'ﬁ between therthe most knowrmtlass of nanomateriatse

the secallednanoGUWBOS (Group of Uniform Materials Based on Organic Salts) proposed by the

group ofWarnge>°

To prepare positively charged nanopartictag idea was to usemethykpyridinium and
methykquinolinium as acceptor group in dipolar chromophores with a similar structure compare to the
dyes displayed ihapter 2and3, ZLWK D WULSKHQ\ODPLQH DV GRQRWY PRLHW\
conjugated pathusing a lipophilic ad hindering counterio(Scheme 1V J. Heteroaromatic satiype
acceptor moieties display large electramithdrawing characterthat leadsto interesting optical

properties Moreover, methypyridinium and methyfuinolinium salts are gaining more and more
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interest inrecentyears thanks to their potential application in medical fféfthand in optoelectronics

materia

Scheme IV 1. Dipolar pyridine, quinoline, methypyridinium and methyQuinolinium
derivatives subjectsf this chaptemwith the resonance structure of the hemicyanine species
(DIp* specifically)

2. Optical properties of chromophores in organic solvents

The photophysical properties pf andq® chromophores in solution are compared with the

respective neutrgrecursors in order to haterms of comparison.

2.1.Effect of the environment

Solvent polaritycan strongly affect the photophysical response of chromoplamctshat is
why also for this new series of compour tsohatochromic behavior was studietoluene, THF,
DCM and @etonewere chosemas common solvents in order to dissalve dyesas well apreventing

protonation of the pyridine and quinoline moietshich influences the optical properties

It is interesting to notice the different behavidrttee chromophores of the two classes of the

series: the netdl dipoles and the hemicyanina Figure IV 1a-b one cansee thaDIp andDlIp
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show a norsolvatochromic absorption band and a positive solvatockromi emission associated

with a broadeningf the band,as expected for classical pystll chromophoresthis behavior is

explained by amarkedICT transition upon excitation that leads to emhancement of the dipole
moment. On the other hand, dye®Ip* and DIllp* (Figure IV 1c-d) display a negate

solvatochromism in absorptiamith the exception of DCM in which is observable a-shift of the

ICT band this behavior is known in literat{ff#® Concerning the emission one can obséhat a

tuning of the solvent polarity does not affect strongly the fluorescencesolvatochromicemission

is typical for this class of compou T

a) b)

c) d)

Figure IV 1. Comparison between absorption (solid line) and emission (dashed line) measured in
solvent of increasing polarity for chromophore®g), b)Dllp, ¢) DIp* and d)DlIp *

It is worth to highlight the emission band@fp ™ andDllp * measured in acetone, one cae
that in chromophor®Ilip * the band is markedly shifted towards higher energiggife IV 1d) while

for DIp™ it can be observed a shoulder bhiefted with resped the main bandRigure 1V 1c); this
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can be explainetly the separatiorof the ion p& in polar solventactually this behavior can be seen

also in THF fothe compoundDlip *.

2.2.Photophysical characterization in THF solution

As common solventwas chosen THRor the full photophysical characterization of these

chromophoresThe relevantlata are gatherad Table IV 1.

Table IV 1. Linear photophysical data for chromophores in THF solution

Cpd maxLPA Gr ™ B 2 r Kor
[nm] [10*M-lenmrY] [nm] [ns] [10°sY [10°s7
DIp 404 4.1 519 0.55 1.98 0.28 0.23
Dlq 406 2.7 558 0.11 1.18 0.09 0.75
Dllp 426 4.7 554 0.26 0.73 0.36 1.01
Dllgq 433 4.2 588 0.28 1.05 0.28 0.69
Dip* 500 3.1 745 0.03  0.48(0.8)2.17 (0.2) 0.05 1.76
Dig* 555 2.7 835 0.004 /
Dllp * 506 3.3 779  0.005 0.51(0.8)/3.28 (0.2) 0.01 1.62
Dlig * 557 3.1 / / /

All chromophores display a broad absorption btradlies between the violet and the green
yellow visible range depending on the dipolar strengfttthe dyes The band can be ascribed to a
strong ICT band associated with a large molar extinction coefficient ranging from 2.7-tb04 M
cmt. $Q HOR QJD W¢toRj@akdtpath kyladiing one thiophene in the bridge (1) induces a

bathochromic shift(Figure IV 2a) of the ICT band associated with the expected hyperchromic

effegf4*®| while the enhancement of the electron withdrawingrabter by changing the acceptor

group fromp to p* leads to a marked shift towards longer wavgtha with a decreassf the molar

extinction coefficient, contrarily to what was exp

(see alscChapter 2). Anyway, increasing
both WKH HOHFWURQ ZLWKGUDZLQJ FKDUDFWHU -eohjuyated pattr FHS W R |

induces a broadening of thabsorptiorband.
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a) b)

<)

Figure IV 2. Compaison between absorption baofidifferent chromophores studied in this chapter

(consistent color code between the figures of the chapter

It is interesting to underline the different behavior displayed by chromophores after the
replacement op with g andp* with g* (Figure 1V 2b-c). The elongation of the conjugation leads to a
shift of the ICT band towards lower energigsan be observed thtiis behavior is more pronounced
in hemicyanine chromophordbanks to the presence of a formal chaogethe acceptor group.

ORUHRYHU LW FDQ EH REV Haaftét QubBtit@ionr U glandp: Q §*R1 WKH 0

The luminescent properties generally parallel the behavior obsenveabsorption, the
elongation of the bridge by adding a sectimiényl groyp induces a bathochromic shiftassing from
Dip to Dllp we have a decreas# the fluorescence quantum yieldhile going fromDlqg to Dllq
induces a slight enhancement af Enhancing the strength of the acceptor group after alkylation of
the nitrogen irthe heteroaromatic ringp (: p* andq : Q%) leads to a marked reshift associated

with a broadening of the bandvioreover, 1 is interesting to highlight that the hemicyanine
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chromophores synthesized are near infrared emitters; unfortunatelyctines®phores display also a
marked quenching of the luminescent propertiegble IV 1) indicating that the relaxatiomainly
follows nonradiative pathwaysAs it can be seen iRigure IV 2b-c, the extra ring in the electron
acceptor moietyd : g andp® : %) induces a shift towards longer wavelengths as observed for the

absorption band.

a) b)

<)

Figure IV 3. Comparison between emission spectra of different chromophores studied in this chapter

Concerning the fluorescence lifetime, it is worth to underline that neutral dipolar
chromophores display a moeaponential decay with a lifetime between 0.73 and 1.98 ns, while

charged compounds showéiponential fluorescence decay.

2.3.Photophysical claracterization of hemicyanine dyes in SDS micellar solution

Since the idea is to use these chromophorekiarenvironment, one of the fundamental

requirements is water solubility. Unfortunately, these dyes are not soluble intivasertried to use a
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micellar solution of SDS in order to study their optical properties in this medarnfurther

comparison with the molecule confingdnanoparticles

Table IV2. Comparison between photophysical data of chromophores in
THF and SDS solution

cpd pwt o Gw et 2

[nm] [10* M-tcm] [nm] [ns]
(2:5’;) 500 3.1 745 003  0.48 (0.8)/2.17 (0.2)
(g'gé 477 3.9 650  0.14  0.90 (0.9)/2.04 (0.1)
(Q:j;) 555 2.7 835  0.004 /
([s)lgé 530 18 710 0.07 0.80
?T'LpF; 506 33 779 0.005 0.51(0.8)/3.28 (0.2)
(DS”[% 484 1.2 680  0.11 0.95
(DT'LQF; 557 3.1 / / /
ggg 534 2.4 754 0.03 0.51

The inner pocket of the micelles formed with SDS has a hydrophobic character therefore the
chromophores dissolved in SDS display an hypsochromic ahifipared with THF solution, even
though the environment is wateFigure IV 4a-b). This blue shift is more pronounced for the
emission bandwhich is associated with a large enhancement of the luminescent properties, for
example one can see Table 1V 2 thatthe -t of compoundDlip ¥, from THF to SDS$displays an

increaseof more than 20 time@rom 0.005 to 0.11in the NIR region

6WULNLQJO\ FRQWUDULO\ WR ZKDW ZDV REVHUYHG LQ 7+)
does not affect the ICT transitidrand, which is strongly affected by the change of the acceptor group
from the methylpyridinium to the methyfuinolinium. On the other hand, both structural changes
induce a shift of the emission band towards lower energies, as observed for the chresophor

dissolved in THF solution.
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a) b)

<)

Figure IV 4. Comparison between absorption and emission measured for chromoplips and
b) DIg* in both SDS and THF solution; absorption and emission measured for the hemicyanine

chromophores in SDS solution
3. Optical properties of chromophores when confined in nan@nvironment
The step further was the preparation of nanoparticles with these classes of chromophores to

study the behavior of the molecules upon nanoaggregation. The preparation method usedawes the s

as used and describbdfore: the nanoprecipitation.

3.1.Morphological and structural characterization of FONs

After their preparation, the nanoobjects obtained were characterized by transmission electron
microscopy, for the size and the shape, and byredtg to have an idea of the surface potential of
these nanoparticletlnfortunately, as one can seeTiable IV 3, it was not possible to obtain ONPs

with chromophoré®Ip ™.
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Table IV 3. Morphological and structural data of FONs

chd oy et
Dlp 104 82.4 -46
Dig 23 0.8 -64
Dilp 29 15 -49
Dliq 41 3.9 -70
Dip* / / /
Dig* 82 22.4 +54
Dilp * 55 6.5 +50
Dllg * 46 3.6 +53

a) Estimated number of dyes subyret ONPs based on their size
As discussed earlier in the manuscript, since the number of dyes per nanoparticles depends
stronglyon the size of the objectve can haverariousorders of magnitudéor FONs prepared with
different chromophores. For exampées displayed ifrigure 1V 5, ONPs prepared witDlp display
an average diameters of 104 nm with an estimated number of molecules per nanoparticles of 82.4
104, while replacing the pyridine with the quinolin@l¢)) one can observe an average diameter of 23

nm with a number of chrombpres of 0.8 10,

Figure IV 5. Comparison between size distribution of nanoparticles prepared with chromophores

Dlp (dark yellow) andDIq (blue)

Strikingly, the alkylation of the nitrogeaon the heteroaromatic ring induces an interesting

behavior: the nanoparticlggepared display a positively charged surfaefar observed only in few
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cases moreover, from the magnitude of lth-potential one could expegood colloidal stability

overtime.

As displayed inFigure IV 6, the shape of FONs prepared with the hemimgaudyesis

spherical with a broad size distribution, especiallyditr™,

b)

d)

f)

Figure IV 6. TEM images and size distribution of ONPs prepared with chromophoy®H&)*, c-d)
Dllp * and ef) Dlig *.
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3.2.Photophysical characterization ofhemicyanine dyes upon nanoconfinement

The FONs prepared with methgyridinium and methykquinolinium as acceptor group
display an intense and broad absorption band that lies in thaytder visible spectral region. The
molar extinction coefficient (ghered with the relevant photophysical dataTeble 1V 4) of the
chromophores after nanoaggregation is compatabler even highethanthe one measured in THF
solution.This behavior can be due tacaoperative effect induced by the packing of the madéscin

confined environment.

It is worth to notice the absorption band of FCDI#p *, whose unusuahape may be due to

the arrangement of chromophores and tewiors within the hanopatrticle.

Table IV 4. Photophysical data measured for the hemicyanine

chromophoresipon nanoaggregation

1PA Chrom b) FONSsc) em FONs _
de max ax ax max -4 ax f
[nm] [10* M-1cmY) [10° M-TcmY) [nm] [106 M-1cmrY)
Dip* / / / / / /
Dig* 553 4.8 11 830 0.002 22.0
Dllp * 468 3.2 21 771 0.002 4.2
Dllg * 545 3.7 1.2 889 0.0005) 0.6

a) Becauseof the low fluorescence quantum yield this data is an average between 5 independent measimements
estimated value taking into account the total concentration of chromophores in nanoparticles, c) estimated value taking into
account the concentian of FONs

As observed for the chromophores dissolved in THF or SDS, the ICT band is not affected by
the change of the electravithdrawing moiety, while it can be observed a bathochromic shift of the
emission band passing froBllp * to DIlg *. The shifttowards low energies is observed algith

H O R Q J D WebiGujawbickpiith @y .

Despite their low luminescent propertiesjstworth to underline the fact that these FONs
display strikingly high onephoton brightnesgup to 22 - 10’ Mt cm?), thanks tothe high molar
extinction coefficient estimateger nanoparticle, that associated with the NIR emissi@kethese
objectsuitablefor confocal microscopy.
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Figure IV 7. Comparison between normalized absorption and emission of FONs prepared with

hemicyanine dyes.

Moreover, from the comparison of the emission spectra of chromophoresHsdittion, in
SDS micellar environment and in FONs, one can observe that depending on the dye we have different
behaviors indicating different local environment seen by the molecule in confined environment. FONs
prepared withDIg* display an emission sinait to the one measured in THBlIp* within
nanoparticles have an environment slightly more ptilan SDS and it is also the case fédlq*

(Figure IV 8).

a) b)
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<)

Figure IV 8. Comparison between the emission spectrasomea for chromophores &)Iq*, b)

Dllp * and c)Dllg * in THF solution (red line), SDS solution (green line) and FONs (orange line)

3.3.Monitoring of colloidal and structural stability of FONs overtime

An important requirement that nanoparticles should satisfyetosal in bio-environment is
the colloidal stability. As discussed earlier, this property is relmdlde surface potential and since
these nanoparticles display a large absolute valugofential,thus onecould expect a good stability

of the colloidal susension overtime.

As displayed irFigure 1V 9, this expectation was disregardaddeed one can see that even
after one day there is a markedcdme of the absorption band. It ilso worth to point outthe
evolution of the absorption band measured=GNs prepared with chromophok®lp *. After one day
it displays a broadening associated with a slight bathochromidisaifnay indicag, in addition with
an aggregation processrearrangement of the chromophores within the nanopartiglesds a more
emissive structurenlfact after one day the structural change induces a marked enhancement of the
luminescent properties. As a consequence, also the fluorescence quantum yield displays an
enhancement from 0.00@easurecat t = 0 to 0.0lmeasuredat t =1 day, going from kinetic to
thermodynamic equilibriumContrarily to what was observed for FONHp *, the hypochromic effect
observedn absorption is associated with a quenching of luminescence, marked forIH@Nwith

respect to FONBIIq *.
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a) b)

<)

Figure IV 9. Monitoring of absorption and emission overtime of FONs prepared witlg), b)
Dllp * and c)DlIg *

4. Conclusion

In this chapterthe photophysicabroperties of hemicyanine chromophore in organic solution
and in SDS micellar solutiowere discussedIt wasshownthat the methylation of the nitrogen of the
heteroaromatic rings inducedamgebathochromicshift of the emission band yieldirdgep red to NIR
emissive chromophoredhis behavior is associated with a marked quenching of theeficence

quantum yield

We were able to prepare spherical organic nanoparticles, ranging between 46 and 82 nm size,
with a positive surface potentidbespite their low-¢ and theirpoor stability overtime they show an
interesting large onphoton brightness, up to 2:20" M cnt?, in the NIRspectral region; the step

further will be to study these nanoobjects in bioenvironment as fluorescent.probes
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CHAPTER 5 ARTICULATED DIPOLES

1. Introduction

Molecular confinement of a large number of chromophores gesestabeg intermolecular
interactions that can induce the-called aggregation caused quencﬁin@s already discussed in
Chapter 3, to prevent this problem one can use the molecular enginedasigning moleculewith
hindering group that OLPLW WKH GH OHWDHWILRXVU®EY SRQV L EddibtiviRl FRPSH
deay. Thepurposeis to prepare chromophores tlaae able to display AIE or AIEE and do this we
should take into account molecules that in solutionfi@eto rotate while in confined environment

some degrees of freedom are blocked in orddetweas¢he nonradiative decay rate, themhancing

the emissive properﬁ

WhenoneconsidersFODVV LFD O &GOSR DK ISRPEKSHRAUUHWANlY display
large intramolecular charge transfer (ICT) transition, a strong difiptde interactionis expected
hencean antiparallel packing of moleculedhis molecular arrangement can markedly affect both

linear and nodinear optical propertiﬂicf. Chapter 3).

lllustration V 1. Schematic represtation of multidipolar chromophores studied in

this chapter. The dipoles are represented by arrows
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To decreasehe probability of close interactions between neighbor dipoles, the idea was to
synthesize muliGLSRODU FKURPRSKRUHV LQ ZKLFK WKH DFWLYH VXE
conjugated bridge, as displayed litustration V 1. The propeller shape of thdiphenylamine
associated with the rotational motion of the different part of the molecules give us the opportunity to

study these chromophores upon nanafinement hoping an AIBIEE phenomenon.

The short dipoles were prepared using a substituted pheinglaaa donor moiety and either
aldehyde (CHO) or dicyanovinyl (DCV) as electwithdrawing endgroups. The dipolar subunits
were linked together by a fluorene or a biphenyl core in a quadrdp@aarrangement, or with a
truxene core in a octupohlike configuration.It was used as monomer a pymiil dipole linked
simply with a fluorenyl moiety. IrFigure V 1 are displayed the chromophores presented in this

chapter.

1Bis(F): A = CHO

1Mono: A = CHO 2Bis(F): A = CH=C(CN),

1Bis(BP): A = CHO

2Bis(BP): A = CH=C(CN), 1Tris: A=CHO

Figure V 1. Articulated dipoles chromophores studied in this chapter

On these chromophores was investigated the influendbeofiumber of dipolar subursit
regardingooth linear and notinear optical properties when the mol=iarebothin organic solution
andconfined in nanenvironment.
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2. Structural characterization of the articulated dipoles

The chromophores studied in this chapter wamethesizedoy Prof. JeaBaptiste Verlhac
(JBV), thus the chemical synthesis will not be explained in detail hefécHeme V1 you can find

the general synthetic route followed.

Scheme V 1. Synthetic route of the chromophores

2.1.Crystal characterization

In this paragraph are described the crystal structure obtained for the chromdBis(E}
2Bis(F) and 1Tris. As will be discussed, these molecules in the crystal packing did not display
specific interactios and, thanks to the presence of hindering psouhe close &Estacking is
prevented. Thus, one can expe&etak intermolecularinteraction that will be an advantagéor

photophysical properties, when the molecule is confined in nanoparticle.
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2.1.1. Compound.Bis(F)

Single crystals of chromophor&Bis(F) were grown by slow diffusion of MeOH in a
supersaturated solution of dye in THF. The compound crystallizes in a centrosymmetric monoclinic

P2/c space group.

As it can be observed Figure V 2a, the two dipoles connected the fluorene core are in
antiperiplanarconformatiorwith a torsion angle between the two CHO acceptor grotifh72.5°. It is
worthy to not the planarity distortion of the fluoren@bridge of 2° between the two phenyl rings.
Moreover, thewo butyl chains form a crodike structue with the core (89° the angle between the

main plane of the core and the plane of the alkyl chain), which is consistent with Iﬁrature

The hindering & RXSV SUHY-EQWQWKRIDWWERQYV LQ IDFW DPRQJ QH
can observe a CGHE LQWHUDFWLRQ EHWZHHQ D EXW\O FKDLQ RI D F
chromophore forming the second layg6 A) while the distance between two fluorene s@se7.5 A,

as displayed ifrigure V 2b.

b)

a)

Figure V 2. a) MoleculelBis(F) in general pdation and b) view of the crystal packing along the

axis
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2.1.2. CompoundBis(F)

Chromophore2Bis(F) crystallizes in a centrosymmetric monoclinic C2/c space group, and
single crystals suitable for XRD were obtained by slow diffusion of MeOH in a supersaturated

solution of2Bis(F) in CH.Cl..

As discussed before fdBis(F), also the molecule beariigCV as acceptor groyphe two
dipoles are arranged in an antiperiplananformationwith respect to the fluorene bridge, with a
dihedral angle of 106°. The planarity distortion of the fluorene core is 3.6° between the two phenyl
rings. As expected, the alkghains on the bridge are perpendicular (89°) with respect to the main

SODQH Rdnjugéted! lidker.

As observed irlBis(F), the intermolecular interaction 2Bis(F) in crystalline state are not
specific, the shortest GHE L Q WH U D FW L R Qthé& Mst metbylEio Vg BitaH @yl chandthe

substituted phenyl group of the diphenylamine, as displayEijime V 3b.

a) b)

Figure V 3. a) Molecule2Bis(F) in general psation and b) view of the crystal packing along the

axis

2.1.3. CompoundLTris

Single crystalsof 1Tris were obtained by slow diffusion of MeOH in an oversaturated
solution of the chromophore dissolved in THF. The compound crystallizes in a centrosymmetric

trigonal R3 space group.
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As one can observe ffigure V 4a-b, the dipoles ararranged in a synonformationwith a
dihedral angle between dipoles of 52°. The truxene core is distorted from planarity of 7.5° in each
branch and this distortion can be attributed to the presence of the butyl chains. The hindering alkyl

chains are digpsed in a croskke configuration with an angle between the main planes of 89°.

Thanks to a CH@nteraction (3.6A) between the alkyl chains and the truxene of a second
layer, it can be observed kigure V 4cthe formation of a dimer. Moreover, anotli&f- dinteraction
between a phenyl ring of the diphenylamine and the truxene induces the formation of the layer of

chromophores as displayedrigure V 4d.

b)

a)

<)
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d)

Figure V 4. MoleculelTris in general pdtion views along ap axis and b axis, ¢) dimer and d)

bi-layer in the crystal packing alor@gpxis

3. Photophysical characterization in organic solutions

3.1.Linear optical properties
3.1.1. Effect of the environment

The influence of the environment on the photophysical properties was investigated by
measuring both absorption and emission in organic solvent increasing the solvent polarity, from

cyclohexane to dimettsulfoxide.

As one can observe Figure V 5, the absorption spectra measured for the chromophores are
not affectedby the solventSina the dipole is short and the dipolar strength is not large, this behavior

was expected, suggesting that the main contribution to the ground state is given by the neutral form.

a) b)
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<) d)

Figure V5. Comparison between the absorption spectra meddor chromophores &Mono, b)

1Bis(F), ¢) 1Bis(BP)and d)1Tris

On the other hand, an increasf the solvent polarity strongly affecthe emission band
inducing a marked bathochromic shift associated with a broadening of the band, from cyclohexane to
DMSO (Sedrigure V 6). Interestingly, as it can be predicted that chromophbivé&sno and1Tris are
solvatochromic, for both dyelBis the behavioris not expecteddowever, the latter compoundlow
WKH W\SLFDO VROYDWRFKURP-ISK @68 KPKURWP RS KRVUBY GOQGEH USHRLK)
dipole moment upon excitation. This is similar to what was observed for some quadrupolar
chromogores that display symmetry breaking in the exciternis attitudecan be ascribed to
the presence of twW6LQGHSH@IGIROMDU VXEXQLW VL PBrugateR QiQudiatvVHG E\ L

works only as a rigid connector.

a) b)
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<) d)

Figure V 6. Comparison between the absorption spectra measured for chromophbkésna) b)
1Bis(F), ¢) 1Bis(BP)and d)1Tris

3.1.2. Full characterization in THF solution

To study the photophysicalroperties of the articulated dipol@$iF was used as common

solvent, for a later comparison with the molecules uponaggregation.

As one can observe ihable V 1, chromophores with CHO as acceptor group display a
intense absorption band, associatethwilarge molar extinction coefficient (up to 980 M cn?),
that lies in the near UV spectral region. This band can be ascribadntmeanolecular charge transfer
transition. As displayed inFigure V 7a, an increas®f the number of dipolar subusiwithin the
molecule induces a marked linear hyperchromic effectkgaee V 7b), which isconsistentvith an
additive effect. A slight bathochromic shift is observable from chromophdidsno going to1Tris
and 1Bis(F), this interesting effect will be discussed later in the chafaragraph 6 Articulated
dipoles: an essential state model descriptidbforeover, ahypsochromic shift associated with an
K\SRFKURPLF HIITHFW LV R E&6hhectaDlietvebid\digbEphs3idg Wokakd BP,
thanks to the fluorene that slighy increass the electrorreleasing charactgthereforeenhancing the

dipolar moment.

Tuning the acceptor group one can predict a bathochromic shift going toward stronger dipoles
(1Bis : 2Bis). The observed reshift is associated with a marked hyperchromic effégt up to 7.8

-10* Mt cm?) as could be expectday increasing the dipolar strengémd enhancing the probability
135



of the ICT transitionlt is worthy to underline that a similar behavim observedn chromophores

2Bis, in which a rigidification of the &ystem BP to F) induces an hyperchromic effect and a

bathochromic shift

Table V 1. Onephoton photophysical data for chromophores in THF

solution
Cpd max FA Q]_ax _ max®™ i, 2 kr Knr
[nm] [10* M-1cmY) [nm] [ns] [10°s?] [10°sY
1Mono 367 2.6 503 0.30 53 0.06 0.13
1Bis(F) 382 5.6 530 0.11 2.2 0.05 0.40
2Bis(F) 453 7.8 670  <0.01 / / /
1Bis(BP) 369 4.8 511 0.16 29 0.06 0.29
2Bis(BP) 448 6.8 653 <0.01 / / /
1Tris 376 9.5 508 0.39 53 0.07 0.12
a) b)

<)

Figure V 7. Comparison between oiphoton absorption spectra measured fopno, 1Bis(F)
and 1Tris, c¢) 1Bis and 2Bis (F and BP), b) linear dependency of the hyperchromic effect
increasing the numbesf dipolar sulbinits within the moleculedonsistent color code between the
Figures in this chapter
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Comparing bromophoredearing CHO as acceptor group one can sdagare V 8a that
1Mono, 1Bis(BP) and 1Tris display agood supemposition of the emisseih band, wHe 1Bis(F)
shows a redshift. The emission bands are located in the green spectral region with rdegium
fluorescence quantum yields for green emitters ranging from ABiS(f)) to 0.39 (Tris). A
decreasing of the luminescent propertiaabe observedh the quadrupolalike chromophore4Bis,
which can be consistent with the rotation motion of the system asadd@tivedeactivationpathway.
In fact, as it can be observedTiable V 1, the norradiative decay rate of chromophofdgis is much

higherthan that ofLtMono and1Tris.

a) b)

Figure V 8. Comparison betweemormalized absorption and emissiepectra measured for a)
1Mono, 1Bis(~BP) and1Tris andb) 1Bis and2Bis (F andBP)

Similar towhat was observed for absorption, the emisdiand is strongly affected by the
tuning of the acceptor group. Indea@placing the aldehyde with a dicyanovinyl granducesa
marked shift towards lower energiedtributable tothe increas of the dipolar strength. This
bathochromic shift is associated with a quenching of the luminescent propéntiegd the
chromophore2Bis(FBP) display a -+ lower than 0.01This marked decrea®f the emission could
be explained by the molecular motitvat affects more the chromophores with dicyanovinyl group as

acceptor moiety with respect to the CHO.
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3.1.3. Anisotropy measurement in vitrified MédF

To complete the linear photophysical characterizaganijtationanisotropy of chromophores
1Mono, 1Bis(F) and 1Tris was measured iwitrified Me-THF in order to study the ways of

depolarizatiorthat the three dyes can follow.

a) b)

<)

Figure V 9. Excitation anisotropy (red line) overlapped with the excitation profile (black line)
measured for chromophoresl&)iono, b) 1Bis(F)and ¢)1Tris in Me-THF at 77 K

The chromophoré&Mono displays the expected behavior: when exciting inside the ICT band,
the anisotropy is constant and close to 0.4 (collinear absorption and emission tratfipibien
moments). Anisotropy only lowers when exciting the highenergy band, suggesting an angle of

about 66° or 114° between the polarization directions of the two transitions.

More interesting are the anisotropy resultsdoromophorelBis(F) and1Tris, which can be

gualitatively explained by the excitonic model. Due to the small interaction between the dipoles, the
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splitting between the orexciton states is small. Nevertheless, when exciting in the blue edge of the
absorption band, we mainly popuwdahe higler-energy onexciton state, while upon excitation in the
red edge of the absorption band we mainly populate the {emengy oneexciton state. Since
emission alwaysarisesfrom the lowesenergy excited state, fluorescence anisotropy amourisito
upon excitation in the red edge, whitadepends on the relative polarizations of the two-exaton

states when exciting in the blue edgg.similar interpretation can be given for the trimer, the decrease
of anisotropy when moving the excitatioravelength from the red to the blue edge of the absorption

band is faster because in this case we have threexaiten states with different polarizations.

3.2.Non-linear optical properties

We were able to estimate the tphoton cross section of these chromophdmesneasuring
the twephoton brightness with the 2PEF technique. Since this method is based on the emission, it was
not possible to measure reliable data of chromopBesF) and2Bis(BP) in THF because of their

low fluorescence quantum yield.

Table V 2. Two-photon photophysical data for chromophores in THF

solution
S R =)
1Mono 734 750 103
1Bis(F) 764 740 144
1Bis(BP) 738 740 250
1Tris 752 740 225

Like for the molar extinction coefficient, also the twboton cross section is affected by the
number of dipolar subumsitvithin the same molecule. In fact, as can be observE@yure V 10a, the
increaseof thenumber of dipoles fromMono to 1Tris induces a hyperchromic effect, up to 225 GM.
Anyway, contrarily to the onrphoton process, the enhancement is not linear. Strikingly, chromophore

1Bis(BP)displays D K L JR¥thanthe respective dye with fluorene as connector.
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a) b)

Figure V 10. Comparison between twghoton absorption spectra of #Ylono, 1Bis(F) and1Tris, b)
1Bis(F-BP)

From the comparison between the responses in both processes, one can clearly observe in
Figure V 11 that the ICT transition is symmetrically allowed upon -pheton and twephoton
excitation. Thisfactis usual for norcentrosymmetricd S X-\6K @H@omophores, therefoitis very
surprising that chromophorelBis(F) and 1Bis(BP) also follow the same behavior. This can be
consideredasan additional proof of thbadcommunication between the dipolar chromophores within

the same dye.

a) b)
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<) d)

Figure V 11. Overlap between onrghoton (dashed line) and twahoton (colored poistand solid
line) for chromophores dMono, b) 1Bis(F), ¢) 1Bis(BP)and d)1Tris

4. Photophysical characterization of FONs in water

4.1.FONs preparation and morphological characterization

To prepare organic nanoparticles with the articulatgmbles the nanoprecipitah method

described irChapter 3was used

After preparationthe size and the shapef®Ns were characterizday transmission electron
microscopy (TEM) andonfirmed byatomic force microscopy (AFMWwhile the surface potential was
measured by zetametrifhe relevant data concerning the characterization of naregaggsare

reported inTable V 3.

Table V 3. Morphological and structural data

Cpd drem darm dremiarm® N -potential
[nm] [nm] [nm] [104 [mV]
1Mono 73.5 66.5 70 22.8 -54
1Bis(F) 33 27 30 1.1 -68
2Bis(F) 34 36 35 15 57
1Bis(BP) 60 50 55 9.6 -66
2Bis(BP) 36 48 42 3.6 -65
1Tris 44.5 51.5 48 2.8 -64

a) average diameter between TEM and AFM
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As discussed irChapter 3, it is not possible to predict the size and the shape of FONs
depending on thehemical structure of thehromophore. Indeed netake as example nanoobjects
prepared with dyedBis(F) and 1Bis(BP), one can observe that the siak FONs prepared with
1Bis(BP)is almost twice larger and there is almost one order of magnitude of difference between the
number of molecules that form thanoaggregates (1:10* and 9.6 10¢ respectively) Moreover the

NPspresented hereidisplay sphericdy shaped-ONswith sizeranging from 30 nm up to 70 nm.

Figure V 12. TEM and AFM images of FONs prepared with the articulated dipoles presanteel
chapter

4.2.0ne-photon characterization

After the morphological characterization, the linear optical properties of the chromophore

within nanoparticlesvere studied
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FONs formed by chromophores bearing CHO as acceptor group display a broad absorption
band locted in the near UV region. A similar behavior, already discussed for the dyes in solution, is
observed also uponanoaggregation: an increasfethe number of dipolar subunit inward the same

molecule induces a linear hyperchromic effect (Sgere V 13), ascribed to an additive action.

a) b)

Figure V 13. Comparison between oihoton absorption spectra measured foflpno, 1Bis(F)
and1Tris in FONs in water and b) linear dependency of the hyperchromic effect increasing the
number of dipolar sulinits within the molecule

While FONSs prepared withBis(FBP) show an absorption band that lies in the near UV, by
replacing the acceptor increasing the electuithdrawing characte-ONs 2Bis(F-BP) display the
expected bathochromic shift compared with thepeetive aldehydes associated with a large
enhancement of the ICT transition band (3able V 4). This shift towards lowenergies is also

observable for the emission bath@t from the bluegreenregion,shifts to the red visible region.

Table V 4. Onephoton photphysical data for chromophores confined in
FONSs in water

Cpd max'PA Q’l:’:lx _ maf™ iy a2

[nm] [10*M-lemY] [nm] [ns]
1Mono 370 2.3 488 024 1.9 (0.4)/6.5 (0.6)
1Bis(F) 378 4.8 512 0.13  1.5(0.4)/4.8 (0.6)
2Bis(F) 453 7.4 656 0.02  0.7(0.9)/2.8 (0.1)
1Bis(BP) 370 3.7 511 0.10 1.7 (0.4)/5.5 (0.6)
2Bis(BP) 444 7.0 643 0.03  0.9(0.8)/2.9 (0.2)
1Tris 375 8.3 499 020 1.6 (0.4)/5.7 (0.6)
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Figure V 14. Comparison between normalized absorption and emission spectra of chromdjidisres
and2Bis

Concerning thdluorescence quantum vyieldsne can observe from the comparison between
the chromophore iTHF solution and in FONsthat the aldehydes display comparalae slightly
lower -¢, while avery smallenhancement of the quantum yiédnoticedupon aggregatio for dyes
2Bis(F) and 2Bis(BP). This phenomenon indicates thhe deleterious&&ntermolecular interaction
are prevented by the hindering groups present in the chemical structure of the chromophores, as well
as the rotational motigrare decreased bygregation, which increase the radiative decay enhancing
the emissive properties of the dyes in FONSis interesting behavior was not observed for simple
GLSRODBXEG®V K KURPR S KR Ohapterlamt\ChhQtéV 4 tBuditQs a proof that the
molecular arrangement of mutipolar chromophores upon nanoaggregation leadgsdecreasef

the nonradiative processes that compete with luminescence properties.

All nanoparticles display two fluorescence lifetimes: the lormescan be attributed tthe
fluorescence decay of the bulkhile the shorter one is ascribed to the lifetime of the chromophores
that form the surface, in contact with the water environment, which leads to competitikadraiive

decays.

From the direct comparison between tleromophore in THF solution and upon
nanoaggregation, one can observeFigure V 15 an interesting behavioreven if upon nane

confinement there is a decreasf @ax (except for FONs prepared with dg@Bis(BP)), one can
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observe a broadening of the ICaru associated with a slight hyperchromic effect towards longer
wavelengths. Tisi behavior can be ascribed to awrcitonic coupling that occurs in confined

environment.

a) b)

c) d)

e) f)

Figure V 15. Comparison between the absorptigmectra measured in THF solution and FONSs in

water for all chromophores described in this chapter
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Both the luminescent properties and the excitonic coupling observed for these chromophores

upon aggregatiolsuggest that the arrangement of dyes within theoparticle $ not purely of J

11

]

aggregateyps

4.3.Two-photon characterization

Thanks to the enhancement of the luminespeoperties of chromophor@Bis within FONs
it was possible to estimate the twhoton cross section by measuring the TPEF on these saangles

reliable datavas obtained

Table V 5. Molecular twephoton response of chromophores confined in
FONSs in water

maleA maxsz bmax
Cpd hm]  [m] [GM]
iMono 740 750 87
1Bis(F) 756 740 157
1Bis(BP) 740 750 222
JBis(F) 906 940 727
oBis(BP) 888 900 816
1Tris 750 750 130

The behavior of FONSs isimilar to that ofthe dyes in THF solution max’™* § max" " thus
the ICT transition is allowed upon both opéoton and twephoton excitatior{seeFigure V 16a-b).
Since observed thibehavior wasalso observedfor nanoparticles prepared withBis and 2Bis
chromophores, it is interesting to underline that even in confingdomment the communication

between dipoles through fltene or biphenyl is negligible.

The comparisorof the two-photonresponse®f FONs prepared witiMono, 1Bis(F) and
1Tris revealsa different behavior with respect to what was observedlirtign. Moreover, the trend
is also different if considering the effect upon opéoton excitation: the twphoton cross section

measured upon naraggregation seents benot affected by the number of dipoles within the same
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molecule. Indeed, as displayedrigure V 16c, FONs prepared withBis(F) show highetwo-photon
responsethan 1Tris. We can attribute this behavior to therangement of chromophoregthin
nanoparticle thatproduce a less polarizable environment, which is more senditivbetwo-photon
HIFLWDWLRQ 1HYHUWKHOHVYV ZKHQ WKH FKURPRSKM®UHYV DUH F

alsodisplayed by chromophordBis(BP).

a) b)

c) d)

Figure V 16. Overlap between 1PA and 2PA spectra measured on FONs in water prepared with
chromophores a)Bis(BP)and b)2Bis(BP)

As expectedan enhancement of the electwithdrawing character of the acceptor group
induced a marked bathochromic shift of the absonpliand, associated with a strong hyperchromic

effect, as displayed iRigure 16d.

The 2PA band measured for the chromophore upon-ocamiinement is markedly broader
compare with the molecular response of the dye in THF solutAs one can observe Figure 16

the main trend upon aggregation is to undergo a hypochromic effect of the maximum value of cross
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section, except for FONs prepared witBis(F) ZKLFK H[KLE LW ckmhphkeH Withl the

chromophore dissolved in solution.

In spite of thedecreas of the twephoton response, it is wosthto underline thathe 2PA
spectra of FONs display a shoulder towdods energiessuggestingn excitonic couplingAccording
to these observations we can hypothesize the presence af intermediate arrangementf

chromophores within the nanopartitteat allowsboth transition bands.

a) b)

c) d)

Figure V 17. Comparison between the tvahoton absorption spectra measured in THF solution and
FONs in water for chromophores Hylono, b) 1Tris, c) 1Bis(F) and d)1Bis(BP).

4.4.Colloidal and structural stability overtime

To study the colloidal stability, as previousigscribedthe evolution of both absorption and
emission spectra of FONgas evaluatedvertime. Thanks to their negative surface potential, rangi

from -54 t0-68 mV, these nane@ypticles are expected to show a high colloidal stability. As one can
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observe irFigure V 18, FONs prepared witthe chromophorelMono are the less stabie the period
of monitoring It can be noticg a scattering of the absorption spectra that indicates the beginning of
aggregation process of nanopartictesbigger objects. Thenanoaggregateformed with the other

compoundglisplay a great colloidal stability over two weeks.

Monitoring the emissionpectra, one can hawn idea about the internal rearrangement of
chromophores within the nanopartgléOrganic nanoparticles are formed under kinetic domain,
thereforethey can be considereds soft objecs in which the molecules are able to rearrangér the

configuration toward more staldgstems.

a) b)

c) d)

149



e) f)

Figure V 18. Overtime monitoring of absorption and emission spectra of FONs prepared with the

articulated dipoles

Sometimes the internal rearrangem#mt occursduring theaging of the nanoaggregates
induces a decrea®sf theluminescence propertieas can be clearly observed for FONs prepared with
chromophoresLMono, 1Bis(F) and 1Tris. Great colloidal and structural stability can be observed

overtimefor FONs prepared witbhromophoredBis(BP)and2Bis(F).
5. Bioimaging and cytotoxicity of FONs
Multicolor imaging is a powerful technique in order to study complex phenomecta as

: This method is based on the introduction in thedsigironment of two or more

protein localizatid

live cell internalization of proteior simultaneous observation of different
lymphatic chann
fluorescence probes aitds necessary that these markers display good overlap between the excitation
spectra Wile they have to show different emission raingerder to distinguish the different functions

that are studied.

Organic fluorophoresreintensively used in multicolor imaging thanks to the wide range of
possible structures that can be prepared and their biocompatibility. On the other hand, the

photostability and bghtness in biological media avery low.

The confinement of the articuated dipoles within naneenvironment induces a

cooperative/additive effect that can strongly affect the brightness of FONs. Indeed, in spite of their
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low fluorescence quantum yield, these nanoobjects shows giaphoten (up to 14.810° M1 cnt?)
and tvo-photon (ranging from 0.2 to 5:0L0° GM) brightness, as displayed Trable V 6, suggesting
these nanoparticles asitabletools for confocal and multiphoton imaginBherefore their potential
application was investigatad vitro. In order to exploithe possibility to do multicolor imaging we

choselBis(BP) as green emitting FONs araBis(BP) as red emitting FONs, andOS 7 cells as a

model system

Table V 6. Luminescence properties including gpteoton and twephoton
brightness of FONs in water

Cpd molPA ™ FWHMeEm Grax- max"A L-F
[nm] [nm] [10° cm?] [108M-1cm? [109 [10° GM]

1Mono 370 488 3.6 0.24 14.8 750 5.0
1Bis(F) 378 512 3.8 0.13 0.7 740 0.2
1Bis(BP) 370 511 3.9 0.10 6.1 750 2.6
2Bis(F) 453 656 3.0 0.02 0.3 900 0.4
2Bis(BP) 444 643 3.0 0.03 0.9 900 0.6
1Tris 375 499 3.7 0.20 55 750 0.7

a) the values of orphoton and twephoton brightness are reported taking into account the concentration of nanoparticles

Both uptake and fluorescence properties of the nanoaggregatdsio-environment
(approximate20 pM concentrationof FONg were evaluated after 8 and 20 hours of incubalipn
two-photon fluorescencmicroscopy Strong fluorescence signal was observed after 8h of incubation,
particularly for the green FONs, the red omggpeaed less intense. This is in agreement with the
previously determined photophysical properties of the FONsptvaton brightness of 2.6 4GM for
1Bis(BP)and 0.9 186 GM for 2Bis(BP)in confined environmentAs it is displayed irFigure V 19,
both probes are broadly distributed in the cytosol, suggestingnspecific internalization process.

Indeed their small sizeouldlead to anuptake of the nanoparticles invailg both clathrinmediated

endocytoas well as passive internalizati@sodue to their soft chara
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The two FONs have spectral properties favorablesforultaneousmulticolor fluorescence
imaging: good overlap between the absorption bamalge stock shift and well separated emission

bands.

Figure V 19. Two-photon fluorescence images of COS 7 cells incubated for 20h with both FONs
1Bis(BP) and 2Bis(BP), imaging conditions fomn) 1BiS(BP) exc = 750nm, em = 450550 nm
and forc) 2Bis(BP) exc = 900nm, em = 600750 nm b) display the cdocalization ofboth
probes.

Investigaing the celocalization of the two probes within the cetise can observe iRigure
V 19b thatthe two FONsare fully calocalizedwithin the cells, although the green probeslight
brighter tharthe red oneThus, we provided tde for multicolor imaging in biological environments
by using probes of similar characteristic (size, surface charge, composition). The targeting of
biological species of interest with these nanoparticles will allow simultaneous visualization,
localization and study of their interactiont was previously shownin the hosnhg laboratorythe

potential of similar FONs for mtitolor singleparticles tracking in live c

In view of the potential application of the described FONs for bioimaging, we further
investigated their biocompatibility. The cytotoxic effect was evaluated by &SSRy, after 24h of
incubation with the COS 7 cellas displayed ifrigure V 20. None of the FONs proved to be tosic
the concentration used for bioimaging (approximately 20, gh® viability of the cells beingf about
100% in all conditionsThe safty of these FONs as well as their photostability and high brightness

indicate the great potential of these FONs in biomedical applications, including imaging and. sensing
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Figure V 20. Viability of COS 7 cells after 24h of incubation with the FONs, as assessed byedil T

6. Articulated dipoles: an essential state model description
The essential state model is an interesting that allowsto simplify the description of
electronic states, choosing the main resonance structures as basis states, for the investigation of linear

and nonlinear optical properties imolecules that are formed from electir@beasing and electne

withdrawing enegroups connded bya @onjugated bridge.

When dealing with dipolar dyes, the easiest descriptioto itakeinto account two basis

wavefunctionsthe neutral and the zwitterionic resonance stru¢ttiéds

lllustration V 2. Representative illustration of the two basis states of a dipolar dye:

the neutral 0 Z&and the zwitterionic <A

Both ground ) Aand excited ' Astate ofchromophorewill be linear combinations of these
two basis states, depending on #ieength of both the electramthdrawing and electrereleasing
moieties and on the specific structure, particulatg ability of the @onjugated bridge to make the
charge resonat& he energy gap between the two basis statets \swhile the mixingelement is
Fvt P
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The following equationsHq. V 1-2) describe the electronic Hamiltonian and its two
eigenstates

-
r FA R

EqV1. *L F__
FYIP t\

)AL ¥sF é 0AE ¥é <A

Eqva2 1 . _ .
"AL ¥é OAF ¥sF é <A

The parametert measures the weight of the zwitterionic state in the ground stadeghus

defines its polarity. Dipolar chromophores are considered neutral in ground state évlendvand

zwitterionic when é P r & In the limit case in whiché L r &y the system displaytwo basis states

(neutral and zwitterionicthat coexist with the same weighThis case is the swalled: Tyanine

limit [537

Thanks to the interesting properties observed experimentally for chromophgieaso,
1Bis(F) and 1Tris, the idea was to describe firstly the behavior of the chromophidieno as a
dipolar dye with the twetate model, then to consider the other chromophtBes(F) and 1Tris,
displayed inFigure V 21, as a combination of two or three dipolar units interactiagelectrostatic

interactions.

Figure V 21. Target molecules used for calculation, vidlstono, greenlBis(F) and magentaTris
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The program that | used during a period that | spent in Parma University was written by Prof.
Francesca Terenziani (Universita degli Studi di Parma). This program tdkeacitount different

parameters that can be divided in three parts:

x Electronic part
X Vibrational part

X Interaction with solvent

A more detailed description of the parametessdcan be foundn Table V 7.

TableV 7. Essential state model parameters

Description Paraméeer
g Half of the energy gap between the neutral stat 2
2 and the zwitterionic state expressed in eV 0
(]
5
w Mixing element of the Hamiltonian expressed in ¥ W
S Frequency of the vibration expressed in eV &ib
g
i)
© Related to theibrational relaxation energy, is
-‘g called electrorphonon coupling constant express g
in eV
Solvent Solvation relaxation energy expressed in eV Qr

contribution

Linewidth of the vibronic transition expressed ir |
ev €

Permanent dipole moment of theitterionic state
expressed in D

To describe the systertwo different approachesere usedor the fitting. In the first strategy,
electronphonon coupling was considered and eight phonon states were used for each dipolar unit to
reach the convergence in the calculated spectra. In the second approach, purely electronic states were
used, negleatig the effects of molecular vibrations: this allowed simplifying and accelerating the

calculations. In particular, for trimeTris calculations accounting for electr@monon coupling are
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too computationally costly and slow to pecessedNonethelesst was possible to fully describe the

behavior ofLMono and1Bis(F) with the vibronic patrt.

6.1.Description considering the electroAphonon coupling

The essential state model is a semipirical method, therefore | had to fix the parameters to
reproduce the pu@ously displayed experimental data, specifically absorption and emission spectra in
solvents of different polarity and the 2PA spectrum in THF. The parameters fixed correspond to a
highly neutral dye, withé r&w consistently with nosolvatochromic absorption argtrongly

solvatochromic emission.

2QFH WKH SDUDPHWHUV ZHUH VHW IRU WKH 3PRQRPHU" WK

IRU W K H 1B&(FR Whie adding the distance and mutual orientatiotheftwo dipolar units.

,Q RUGHU WR GHVFULEH WKH L QVWH B,RH GohoiXigpBramdteépswW HU D F W
are requiredthe length of the dipole (54 according tathe crystalstructurg, the distance between
the dipoles (9.7A according tothe crystal structurg¢ and the angle between the two dipoles
Concerning the anglé, was usedhe crystallographidorsion angle between the two dipolé32.5°.
However, this value did not allow to obtain the correct excitation anisotropy spectrum, cghich
instead be well reproduced with an angle of about 110°. While the specific value of the angle has huge
effects on the anisotropy spectrallowing to have a reliable estimation of the mean mutual
orientation, absorption and fluorescence spectraligfatlg influenced by the specific choice of this
angle. Indeed it was verified that the spectra obtained for the angle extracted from the crystal

structure, 172.5 have negligible differences with respect to those obtained f6r 110

As written just bebre, we wanted to keep the values fixed for chromoptdieno to
reproduce the experimental dataldis(F) (seeTable V 8). Actually we were forcedo change the
value of z passing froml1Mono to 1Bis(F), asto reproduce the slight rezhift experimentajl

observedin the ICT bandIn fact, independently of the distance and mutual orientation of the two
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dipolar subunits, the specific structure of the dimer does not allow to obtain attractive interactions
between the two dipoles, so that only biigfts can be expected as a result of Htelomophore

interactions. The decrease ¢fiz consistent with slightlynodified dipolar units, in particular a longer

conjugation length.

Table V 8. Parameters used to reproduce the experimentalwdttagood

agreement
Parameters 1Mono 1Bis(F)
20 1.585 1.495
¥ W 0.8 0.8
&ib 0.2 0.2
g 0.215 0.215
0.26 (cyclohex) 0.26 (cyclohex)
Or 0.585 (THF) 0.585 (THF)
0.855 (DCM) 0.855 (DCM)
el 0.04 0.04
0 27.8 27.8

In Figures V 22 is displayed the comparison of experimental and calculated spectra with
respect to the solvatochromic behavior. The agreement is gspeciallyconcerninghe position and
shape intuding inhomogeneous broadening; as one can ob#aevebronic structure in cyclohexane
is alsowell reproducedWe focused our attention on the(&transition band, therefore the shoulder

WKDW FDQ EH -tavdnslitbrEvth&navtakeD irie account in the calculation.

Furthermore, there is a good quantitative agreement between the experimental and the
calculated 1PA spectra in THF, thanks to the fact that the molar extinction coefficient follows a linear
hyperchromic dpendency (sdeigure V 23). A marked deviation is observed for the 2PA spectrum of

the dimer that experimentally is less than twice the one of the monomer. This behavior is not justified

in absence of strong interactions.
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Figure V 22. Comparison between both absorption and emission spectra measured experimentally
(dashed line) in solvent with different polarity and calculated with the essential state model (solid
line) for chromophore&Mono and1Bis(F)

Figure V 23. Comparison between 1PA and 2Rfiectra measured experimentally and calculated
with the essential state model, using THF as common solvent, for chromogihtoes and
1Bis(F)
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6.2.Description without considering the electronphonon coupling

In this casaoo, it was necessarp optimizeof the parameters for chromophdiglono since

we want to use this dye as prototype molecule.

For chromophorelBis(F) interaction parametersiere the sames previously discussed
(dipole length, distance and angle), while idrris the parametersvere extraced from the crystal

structure the length of the dipolis 5.6 A, andthe distance between the dipoie42.2A.

As can be observed ifable V 9, it was necessarp change the value of when going to

dimer and trimer species, in orderreproducehe slight experimentadhift observedn the absorption

band

Table V 9. Parameters used to reproduce the experimentalwdtitagood

agreement
Parameters 1Mono 1Bis(F) 1Tris
2 1.55 1.485 1.505
¥ W 0.7 0.7 0.7
&ib 0.2 0.2 0.2
g 0.21 0.21 0.21
0.305 ¢yclohex) 0.305 (cyclohex) 0.305 (cyclohex)
Or 0.615 (THF) 0.615 (THF) 0.615 (THF)
0.835 (DCM) 0.835 (DCM) 0.835 (DCM)
el 0.15 0.15 0.15

0 29.15 29.15 29.15
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Figure V 24. Comparison between absorption and emission spectra measured experimentally (dashed
line) in solvent with different polarity and calculated with the essential state model (solid line) for

chromophoredMono, 1Bis(F) and1Tris

As displayed irFigure V 24, in absence of the electrgghonon couplinghe spectra evidently
lost the vibronic structure observedRigure V 22, nevertheless the large experimental bathochromic

shift is appropriately reproduced as well as the broadening of the band towards higp pullants.

1PA and 2PA spectra are reported-igure V 25 using THF as common solvent. The trend
and the values upon oqpdoton excitation are well reproduced since the experimental hyperchromic
effect is basically additive, as discussedFaragraph 31.2 The calculated 2PA cross section

displays an additive tren@vhereasa reduction of 2PAver dipolar unit is experimentally observed.
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Figure V 25. Comparison between both 1PA and 2PA spectra measured experimentally and
calculated with the essential state modeipgisTHF as common solvent, for chromophores
1Mono, 1Bis(F) and1Tris

6.3.Anisotropy in vitrified Me -THF

As disclosd in Paragraph 3.1.3 it was possible tadequatelyreproduce anisotropy for dye
1Bis(F) in glassy MeTHF using anangle of about 110°diween the two dipolar units, whiahtows
to obtainthe excitation anisotropy smoothly changing from 0.4 (red edge) dowf {blue edgeps

displayed inFigure V 26. This result nicely confirms our modeling and interpretation.

Figure V 26. Comparison between thexperimental (dashed line) and the calculated (solid line)

excitation profile (black) and anisotropy (red)
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It is important to notice thahe angleof 110° corresponds to themneanmutual orientation of
the dipolar units, while a distribution of angles is possible in the sample; indeed, even if the medium is
vitrified, a staticdisorder is presenkloreover,the absence of source of inhomogeneous broadening in
our calculations forakus to increase the homogeneous linewidth of the vibronic transitions in order to

obtain broad fluorescence excitation spectra at low temperature (T =v@tdK,is estimated to be the

glass transition temperature oNReTH.

7. Conclusions

In this chapter were discussed the linear andlmaar optcal properties of a new class of
multichromophoric moleculedyearing from one to three dipoles connected by rigidiserhiJL G &
conjugated bridge, in both molecular solution and nanoparti€les.changes of the photophysical
propertiesof these chromophes were studiedy enhancing the acceptor strength by tuning the

electronwithdrawing endgroup from CHO to DCV.

The qotical characterization suggestie low/noncommunication between the different
subunis within the same molecule, and this hypothesis wanfirmed by the essential state model

calculation done in collaboration with Prof. Francesca Terenziani from Parma University.

We were able to obtain spherical nanoparticles with an average diameter ranging from 30 to
70 nm with excellent colloidal anchemical stability Interestingly, the molecules upon aggregation
display similar or even higheBis(FBP)) -+ compared with the chromophores in THF solution;
moreover he prepared FONs displayed a broadening of theptvadon absorption band ascribedato

pronounced excitonic coupling that occurgonfined environment.

Despite the low fluorescence quantum yielthe FONs display large osghoton and twe
photon brightneswith low cytotoxic activity, evaluated through MTT test after 24h of incubation

COS7 cells.
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Figure V 27. Resuming flowchart of articulated dipoles confined in nanopatrticles

163



BIBLIOGRAPHIC REFERENCES

D Hong, Y.; Lam, J. W. Y.; Tang, B. Aggregatiomduced emissionChemical Society
Review2011, 40, 53615388.

(2) Chen, J.; Law, C. C. W.; Lam, J. W. Y.; Dong, Y.; Lo, S. M. F.; Williams, I. D.; Zhu,
D.; Tang, B. Synthesidight emission, nanoaggregation, and restricted intramolecular rotation-of 1,1
substituted 2,3,4;8&etraphenylsilolesChemistry of Material2003 15, 15351546.

3) Luo, J.; Xie, Z.; Lam, J. W. Y.; Cheng, L.; Chen, H.; Qiu, C.; Kwok, H.; Zhan, X;
Liu, Y.; Zhu, D.; Tang, B. Aggregatieimduced emission of -inethy}t1,2,3,4,5pentaphenylsilole.
Chemical Communicatior001 0, 17461741.

4) Gierchner, J.; Luer, L.; MiliarMedina, B.; Oelkrug, D.; Egelhaaf, H. Highly
emissive haggregates or aggregatiorduced emission quenching? the photophysics dfatls para
-distyrylbenzeneThe Journal of Physical Chemistry Lett@®&13 4, 26862697.

(5) Terenziani, F.; Morone, M.; Gmouh, S.; Blanchafesce, M. Linear and
two : photon absorption properties of interacting polar chromophores: standard and unconventional

effects ChemPhysChe@006 7, 685696.

(6) Destri, S.; Pasini, M.; Botta, C.; PooziW.; Bertini, F.; Marchio, L. Synthesis and
crystal structure and optical properties of fluorerice oligomersJournal of Materials Chemistry
2002 12, 924933.

) Katan, C.; Tretiak, S.; Werts, M. H. V.; Bain, A. J.; Marsh, R. J.; Leonczek, N.;
Nicolaou, N.; Badaeva, E.; Mongin, O.; Blanch&rdsce, M. Twephoton transitions in quadrupolar
and branched chromophores: experiment and th@&bey Journal of Physical Chemistry2®07, 111,
94689483.

(8) Terenziani, F.; Painelli, A.; Katan, C.; Charldi.; BlanchardDesce, M. Charge
instability in quadrupolar chromophores: symmetry breaking and solvatochmodasirnal of the
American Chemical Sociedp06 128 1574215755.

(9) Katan, C.; Terenziani, F.; Mongin, O.; Werts, M. H. V.; Porrés, L.; Pons, T.; Mertz, J.;
Tretiak, S.; BlancharDesce, M. Effects of(multi)branching of dipolar chromophores on
photophysical properties and typtioton absorpdn. The Journal of Physical Chastry A2005 109,
30243037.

164



(10) Kasha, M.; Rawls, H. R.; BBayoumi, M. A. Theexciton model in molecular

spectroscopyPure Applied Chemistry965 11

(11) Wadrthner, F.; Kaiser, T. E.; SalMdller, C. R. Jaggregates: from serendipitous
discovery © supra molecular engineering of functional dye atarials. Angewandte Chemie
International Edition2011, 50.

(12) Hari Shroff; Catherine G. Galbraith; James A. Galbraith; Helen White; Jennifer
Gillette; Scott Olenych; Davidson, M. W.; Betzig, E. Dwgalor superresolution imaging of
genetically expressed probes within individual adhesion compléxeseedings of théNational
Academy of Sciences of the United States of Am2@ieg 104, 2030820313.

(13) Keller, P.; Toomre, D.; Diaz, E.; White, J.; Simons, K. Multicolour imaging of-post
Golgi sorting and trafficking in live cellfNature Cell Biology2001, 3, 143149,

(14) Kobayashi, H.; Hama, Y.; Koyama, Y.; Barrett, T.; Regino, C. A. S.; Urano, Y.;
Choyke, P. L. Simultaneous multicolor imaging of five different lymphatic basins using quantum dots.
Nano letter2007, 7, 17111716.

(15) Li, Y.; Shang, L.; Nienhausl). G. Supetresolution imagingrased single particle
tracking reveals dynamics of nanoparticle internalization by live ¢édisoscale2016 8, 74237429.

(16) Cao, Z.; Ziener, U. Synthesis of nanostructured materials in inverse miniemulsions
and their aplications.Nanoscale2013 5, 1009310107.

(17) Yang, K.; Ma, Y-Q. Computer simulation of the translocation of nanoparticles with
different shapes across a lipid bilaysature Nanotechnolog®01Q 5, 579583.

(18) Daniel, J.; Godin, A. G.; Palayret, M.; Lounis, B.; Cognet, L.; Blanciiesce, M.
Innovative moleculabased fluorescent nanoparticles for multicolor single particle tracking in cells.
Journal of Physics D: Applied Physi2z616 49, 84002.

(19) Mulliken, R. S. Moleculacompounds and their spectt, Journal of the American
Chemical Societ§952 74, 811-824.

(20) Painelli, A. Amplification of NLO responses: vibronic and solvent effects in fugh
polyenesChemical Physic$999 245 185197.

(21) Painelli, A. Vibronic contribution to static NLO properties: exact results for the DA
dimer.Chemical Physics Letted998 285 352358.

165



(22) Barzoukas, M.; Runser, C.; Fort, A.; Blanch&édsce, M. A twestate description of
(hyper) polarizabilities opushkpull molecules based on a tvimrm model.Chemical Physics Letters
1996 257, 531:537.

(23) Mishra, A.; Behera, R. K.; Behera, P. K.; Mishra, B. K.; Behera, G. B. Cyanines
during the 1990s: A ReviexChemical Review200Q 100,

(24) Wdrthner, F.; Achetti, G.; Schmidt, R.; Kuball, H. G. Solvesitfect on color, band
shape, and chargedensity distribution for merocyanine dyes close to the cyanimé IAngewandte
Chemie International EditioB008 47, 45294532.

(25) Metz, D. J.; Glines, A. Densityiscosity, and dielectric constant of tetrahydrofuran
between78 and 30.degredournal of Physical Chemisti4067, 71, 1158.

166



CHAPTERG

REDEMITTING QUADRUPOLES



168



CHAPTER 6 IRED EMITTING QUADRUPOLES

1. Introduction

So far, promising dipolar chromophores that, upon nanoaggregation, display interesting
behaviors in terms of linear and nlimear optical properties such as red to NIR emission associated
with large onephoton and twgphoton brightnessvere presentedThese propeaties make these
nanoobjectsuitabletools for bioimagingAs discussed i€hapter 3, the antiparallel arrangement of
dipolar chromophores in confined stateonglyinfluences the properties of FONs leadingenerally,
to a quenching of the luminescenbperties.One possibility to prevent the typical arrangement of
dipoles was discussed ®hapter 5, while adifferent way to overcome the problem of quenching

upon aggregationan be theiseof another class of interesting dyes: quadrupolar chromophores.

These dyes are basically symmetrical conjugated molecules bearing either two -electron
releasing or two electrewithdrawing enegroups, connected with a comhat can have acceptor or

donor character'V K U R XcbHjudat€l bridgdl(ustration VI 1).

a)

b)

lllustration VI 1. General configuration of a) BDEA-@ and b) AGD-@E&A
quadrupolar chromophore

From a direct comparison between dipolar and quadrupolar chromophores, the first things to
highlight, in terms of optical propereare the selection rules. In centrosymmetric molecules the one
photon allowed tnsition has to be antisymmetric while the t@wton allowed transition has to
reach an energetic level with the same symmeif the ground statendicating thait is possible to

study different excited state depending on the character of the trarfltistration VI 2 ). On the
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other hand, in norentrosymmetric molecules the transition between the ground and the final state is
allowed both upon onephoton and twephoton excitation; moreovequadrupolar chromophores
compared with the dipolar analoguisplayhigher twephoton cross sectidhanks to their periphery

to-core charge redistribution upon excit

lllustration VI 2. Energy level diagrams for general centrosymmetric and- non
centrosymmetric chromophoréshere Aand  Zare the gnund and the excited state
respectively, and the subscriptedy and u are gerade and ungerade symmetry
respectively.

In the last decades quadrupelike moleculeswere intensively studi the goal is to
design and synthesizguadrupolar systems witstrong emission anthrge twephoton brighness
1-¢) in the redNIR region.As discussed earlier for dipoles, also for quadrupoles the shift of both
absorption (onghoton and twephoton) and emission towards lower energies depends on the end
groups and the core as well as the conjugation ofdheecting bridge. Consideritige same doner
acceptor couple (at least with similar strengthlp O R-QohjddatedE patis needed to obtain strong
quadrupolar redNIR emitter, compared with dipolek the confined statethis may leado a higher

probability of interchromophoric interaction causiaglecreasef the emissive properties.

This chaptereportsa systematic study on quadrupolar chromophores, display@dure VI
1, usingtriphenylamine as common donor egibup and a benzothiadiazole (BR) as electron
withdrawing coreby eithertuning the length and the conjugation of the bridge or playing thith

strength of the core adding a sec@WDA moiety.
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Figure VI 1. Quadrupolar BA- @ chromophorestudied in this chapter

1.1.Structural characterization

1.1.1. CompoundlfvB;

Single crystals of chromophoi@fvB: were obtained by slow diffusion of acetone layered
over a supersaturated solution of the dye in DCM. The compound crystailiaesentrosymmetric
triclinic P-1 space groupJnfortunately, disordered DCMholeculespresent in the crystal lattic®uld

not be refinedand thus the SQUEEZE command was applied during the resolution.

As it is possible to observe Figure VI 2a, the double bonds connected to the acceptor core
are in anti configuration with rpect to the BTDA. The angle between the main planes formed by the
two fluorenes on the two molecular branches is. 6Bie alkyl chainsalso form a crosdike

configuration with an angle @&9° as already observed in the previous chapters.

Despitethe presace of hindering groups such as alkylated fluorenyl moiety and diphenyl
amine, the crystal packing of this chromophore is dominated by shortHbkractions,3.6 A
between one alkyl chain and the fluorenyl core of a second laper,@&®Enteractionsof 3.5 A

between two BTDA cores of two molecules forming the dirkegure VI 2b.
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a)

b)

c)

Figure VI 2. a) QfvB1in general position, bjimergenerated by the inversion center and c) view of

the crystal packing

2. Linear photophysical characterization inorganic solution

For an easy comprehension, the chromophores of this chapter are compared under two
GLIITHUHQW SRLQWYV RI YLHZ WKH FKDQJH RI WKH-c6fuBaédR SK\VLFL

path anda modification of the core by adding a sec&TDA.
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2.1.Effect of the environment

Thanks to thie symmetic structure quadrupolar moleculedo notdisplay permanentdipole
moment thusthese chromophoreshould not be affected kanychanges of the local electric fieldh
literaturethere are many examples of strong fluorescence solvatochromism indicating the existence of

dipolar excited staﬁ This phenomeno is known as symmetry breakingpon excitation,one

branch undergoes an electronic rearrangement inducing the formation of a dipolar /mdrtmis

strongly affected byhe natureof the envirmment.

In Figure VI 3, one can observe thatirting the solvent polarity does not affect the ICT
transition band indicating the neutral character of thieoutes in ground statejhile the environment
polarity induces a marked change in the luminescent properties indicating the break of the symmetry
in the excited state. One can see that all chromophores pbsitive solvatochromic characteas

could be expected

It is worthy to highiight the strange behavior of these chromophores in acéféhen the
chromophores are dissolved in acetomenew band appears thtlee emissionspectrais strongly
affected, particularlyit is markedly blueshifted compared with the expectation (except fo
chromophoreQfvB; in Figure VI 3b). Unfortunately,since it was not possible to go deeper in the
studydue to solubility problemsonehypothesis is that probably in polar solvent (at least observed in

acetone) it occurs interchromophoric interactiora thad to the unusual behavialserved

a) b)
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c) d)

e)

Figure VI 3. Normalized absorption and emissispectrameasured in solvent of increased polarity
to study the solvatochromic behavior of the quadrupolar chromophores discusseciapiés
(in the normalized absorpti@pectrahe high energ ED Q G D V F URRAhiBorwas ¢ out
for clarity)

22.(IlHFW R-toMjugatedBridge

In this paragraph are discussed the results obtained measuring the photophysical properties on
quadrupROHV E\ FKDQJLQJ W K HthE&Etwo R ErfgiiparithbViceeptdiQoren
order to compare how the bridge can affect the optical beh&Viemplayed with both the rigidity of
WKH E V\WWHP DV ZHOO DV WKH H[Wya® sthyRyQ aR/inyl\oK & thieRyQ M X J D W

linker to a fluoreneln Table VI 1 are gathered the relevant data.

The absorption spectra can be clearly divided in two main bands, the more intense band is
located at lower wavelength and can be ascribed to a higgye@&Rransition, while the less intense
band is red shifted and belongs to iaternal charge transfetransition the considered molar

extinction coefficient is related to th&CT band It is displayed inFigure VI 4 that the
174



functionalization of the fluorene with a conjugated link@fg, : QfvB,, QfeB; andQftB,) leads to

a bahochromic shift of the ICT banishdicating the extension of electronic conjugatiAe.expectﬁ
the changeof a triple bondby a double bond@feB: : QfvB:) inducesa shift towards low energies
linked to a markedhyperchromic effectin line with an increas of the conjugated path. Interestingly,
the replacement of a double botg a thienyl unit lads to a bathochromic shift associated,
unexpectedly, with a decrease of the molar extinction coefficidre lowaromaticity of the thienyl
moiety decreasethe gap between the ground and the excited state probably lowerin@The

transition.

Table VI1. Linear photophysical relevant data

C d maleA Q1ax maxem _ 2

P [nm] [10* M-lcmY [nm] f [ns]
QfB1 450 25 628 0.64 5.15
QfvB1 505 5.9 644 0.59 3.61
QfeBs 474 3.9 688 0.18 2.20
QftB1 528 4.5 675 0.45 3.88

The luminescenceroperties do not follow the trend observed for the absorptimteed
H O R Q J D Wdoqubatwdkhidddg, fror@fB1 to the other membsof the class, it can be observed a
bathochromic shift of the emission band, wuEigure IV 4b is displayedhat the replacement of the
ethynyl linker with the vinyl one induces an unexpectedstdtt associated with a marked increas
the fluorescene quantum yield (from 0.18 to 0.5%trikingly, the obtained chromophores, especially

QfvB1 andQftB 1, display good- ¢ in the red visible region.

It can be observed a shortening of the fluorescence lifetitle passingfrom the
chromophore withh D \tbiiEgeto theelongated onesvioreover one can notice that the substitution
of the double bond with a thienyl moiety does not affect the lifetime of the excited state, while

replacing the vinyl with the ethynyl linker leads to a marked decrease @ the
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a) b)

Figure VI 4. Comparison between a) opaoton absorption spectra and b) normalized absorption
DQG HPLVVLRQ VSHFWUD PHDVXUHG IRU WKH TXDGUXSROHV ZLWK GL
normalized absorption was cut out the higher energetic IaNd- U L E FEGN$tRN{GE clarity)
(consistent color code between the figures ottiapte)

2.3.Effect of the core

Another way to increase the charge transfer character of madésuie try toenhancehe
strength of the donor or the acceptor mmtyo do so,we tried to increase thgeriphery to core

chargetransfer byadding a seconelectrewithdrawinggroupin the core of the quadrupole

As observed in the previous paragraph, the most intense band is related ty @reghetic
& Etransition, while the more interesting internal charge transfer band is lying at lower energies.
Indeed both chromophores display a brobil' absorptionband located ithe blue spectral region.
Theydo not show significant changes related to theteadof the second BTDAuch as shift of the
ICT bandor changes of the molar extinction coefficieRrobably the strengthening of the core does
not affect the ground state leading in no strong differences, except a slight hypochromiwidifect

passing ifom B; to Bo.

Table VI 2.  Linear photophysical relevant data

C d maxl PA Q]a)( maxem _ 2
P [nm] [10* M-1cmY) [nm] f [ns]
QfeB. 474 3.9 688 0.18 2.20

QfeB2 477 3.4 718 0.03 0.79
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a) b)

Figure VI 5. Comparison between a) opéoton absorption spectra and b) normaliadédorption
and emission spectra measured for the quadrupoles increase the number of benzothiadiazole in
7+) VROXWLRQ LQ WKH QRUPDOL]HG DEVRUSWLRQ ZIE FXW RXW WK|
transition for clarity) ¢onsistent color code betwettre figures of thehapte)

On the other hand, the addition of a second benzothiadiazole indstightdathochromic
shift of the emission ban@feB, max™ = 718 nm)associated with a marked decread the
luminescence quantum yield (s€able VI 2). The marked shortening of the lifetime of the excited

VWDWH QV : sthaptie relaxdtibH patkiwagainly follows nonradiative decays.

3. Non-linear photophysical characterization in organic solution

Thanks to their emissiveropertieswe were able to evaluate the tphoton cross section of
these quadrupolar chromophores by measuring thepheton excited fluorescenc®ue to their
emission from orange toNIR, the measurements were done in a range betwémm and 1160

using Fluorscein and Nile Red as reference chromopfigjres

3.1.Effect of the bridge

The chromophomestudied in this paragraph displaitensetwo-photon absorption spectra
with the twoephoton cross section ranging from 880 GM up to 2972 GM. As discussed in the
introductionof the chapter, the 2PA band is markedly kbhédted in relation with the linear ICT band,
underlying that upon twphoton excitation the reached excited state is different compared with the

onephoton transition.
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From the comparison between the 2PA s@edisplayed irFigure VI 6e one can clearly see
that the elongaton of the conjugation with an additional linkeRfB:1 : QfvB1, QfeB: and QftB1)
induced a slight reghift of the ICT band associated a marked hyperchromic effect, paralleling what
was obse/ed upon onghoton excitationlt is interesting to underline that the additioneshynyl,
vinyl or thienyl moiety in the conjugated bridge induces also the structuration of the band that cannot
be observed for chromopho@B.. The substitution of thethynyl linker with the vinyl one leads to
an increas of the twaephoton cross section linked to the enhancement of the conjugated character of

the bridge. Moreoverthe replacement of the double bond with the thienyl group induces a marked

bathochromic sift of the ma2r™

Table VI 3.  Nonlinear photophysical relevant data

de 2 maleA malePA L ma: X22PA L
[nm] [nm] [GM] [nm] [GM]
QfB1 900 820 880
QfvB1 1010 820 2972 890 2244
QfeB:1 948 820 2445 890 1884
QftB1 1056 840 2783 890 2850

a) b)
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c) d)

Figure VI 6. ad) Comparison between 1PA (dashed line) and 2PA (colored point and solid line)
VSHFWUD PHDVXUHG IRU FKURPRSKRBIIVY irE THW 30@tio® Je)WKH & EULG.

Comparison of 2PA spectra of the chromophores of the family.

3.2 .Effect of the core

These chromophores display séructuredintense twephoton absorptionband with the
maximum markedly blushifted compared with the double of thead " asexpectedcf. Paragraph
1: Introduction). Interestingly, in both 2PA spectra is visible a kledocated at low energies that
can be ascribed to the ephoton allowed transitiomhe addition of the second BTDA in the core of
the molecules does not affect the absorption band in terms of shift, but it is interesting to underline the
unexpected dzeag R | W.KaH mdZ™* measured passing froB to B, while is observable a slight
hyperchromic effect at low energies. The latter behavior is probably related to tpbaioa allowed

transition more pronounced in the chromophore with double core.
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Table VI4.  Nonlinear photophysical relevant data

Cnod 2 maxl PA malePA ) max22PA i)
P m]  om]  [GMl [nm]  [GM]
QfeBs 948 820 2445 890 1884
QfeBz 954 820 1740 890 1600

Figure VI 7. Comparison between twghoton absorption spectra measured for chromopl@ie:
andQfeBz in dissolved THF

4. FONSs preparation and morphological characterization

The nanoparticles were prepared with the already described nanoprecipitation method. The
size and the shape of the obtained nanoaggregates were evaluated using the transmission electron
microscopy (TEM), while the surface potentials were measured by zetameffgbla VI 5 are

gathered the relevant data concerning the FONSs.

Table VI5.  Morphological and structural relevant data

cpd e o e
QfB1 52 4.9 -67
QfvB1 26 0.5 -64
QfeB: 39 1.7 -74
QftB: 57 4.9 70
QfeB2 19 0.2 -66
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The prepared FONs display a spherical shape with a diameter size ranging from 19 nm to 57
nm. Since the nanoparticlegre spherical,one can assume an internal disordand sono specific
interactiors should occubetween neighbor chromophoré&sirthermore, awidely discussed earlier in
the manuscript, the number of chromophopes nanoparticles is an important data in order to
evaluate the overall brightness of the nanoobject and this number is directly teladgtl the size of

the nanoparticles and the molar weight of the molecule.

a) b)

c) d)

e)

Figure VI 8. Size distribution (left panel) and TEM image (right panel) of FONs prepared with a)
QfB1, b) QfvB1,c) QfeB1,d) QftB1 and e)QfeB2.

5. Linear and non-linear optical characterization of FONs

The next step after the preparation of FONs was to study their photophysical properties in
order to see if these nanoobjects can be usqarades in bioimagingAlso in this paragraph the

description will be divided taking into account the conjugated path and thgtstie the core.
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5.1.(11HFW R-toWju§dtedBridge

5.1.1. Onephoton characterization

Following the trend observed for these chromophores in solutienelongation of the
conjugation also induces a bathochromic shiftf the absorption band upon nanoaggregatio
Concerning the molar extinction coefficient, we have a parallel behavior: a marked hyperchromic
effect fromQfB: to QfeB1 and therto QfvB;, while we observed decreas of the Gax by replacing

the vinyl linker with a thienyl moiety.

Table VI 6. Linearphotophysical relevant data

de maleA Q1a>< maxem o 2
[nm] [10* M-1cmY] [nm] [ns]
2.4(0.3)
QfB1 458 2.7 600 0.32 5.4 (0.7)
45(0.1)
QfvB1 505 9.5 650 0.09 1.6 (0.7)
0.58 (0.2)
4.6 (0.4)
QfeB: 477 3.1 621 0.04 1.0 (0.3)
17.5 (0.3)
1.1 (0.5)
QftB1 534 4.9 690 0.08 2.4 (0.5)

Comparing the quadrupoles in both solution and confined environment osee&anFigure
VI 9, an hyperchromic effect displayed upon nanoaggregation, excepDféd:, indicating a
cooperative effect between the neighbor chromophores within the nanoparticle. Moreover, one can
observe a broadening of the ICT band that can be ascribed to an excitonic coupling after
nanoconfinement. The excitonic coupling is more pronedno FONSQfvB;, in fact one can see the

formation of a shouldesuggesting an intermediate molecular arrangement between the two limit; J

and H aggregaﬁ
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a) b)

c) d)

Figure VI 9. Comparison between oiphoton absorption spectead normalized emissianeasured
for chromophores &fB1, b) QfvB1,c) QfeB1,d) QftB1 in both THF solution and FONSs in water.

In Figure VI 10is displayedthe comparisometween the emissiapectra measured for the
quadrupoles in confined environment. Contrarily to what was observed for the chromophores in
solution, the FONs follow the trdmbserved in absorptiokVith extending the conjugatiothere is a
shift of the emission band towardRZ HQHUJLHV 3comudated biRiQe Wekmdre@ble to
obtain FONs with emission ramg from orange to deep red with strikingly good fluorescence
quantum vyield (from 0.32 foQfB; to 0.04 forQfeB;) even if aluminescence quenchingan be
observedupon aggregatianinterestingly,the values of-; do not follow the same tendenag the
emission band, idact the nanoaggregat@repared witlQfeB; were weakly emissivelhis behavior
is probablydue to intermolecular interactionsddeeG W KH UL JL Gbnugated bvidgeHcodd
SURPRWH V& VRWQENHadEIo adecreasef the luminescenceroperties From a direct
comparison between themissiondand measured in THF solution and in FONs in water one can see

that the chomophores do not display the same behavior, deperatirthe chemicalstructure,the
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emission of FONs can be blgaifted, similar ored-shifted compared with theand measured in THF
solution. Since the chromophores are solvatochromic, the behavidreofmolecules within the
nanoparticle suggesthatthe polarity of the environmertf chromophoreQfvB1 (Figure VI 9b) is

comparable to thaneasured in THF solution, while chromoph@&B; (Figure VI 9c¢) encounters

an environment upon nanoconfinement less polar than THF

Figure VI 10. Normalized emission spectra of the quadrupolar chromophores upon nanoaggregation

5.1.2. Two-photon characterization

Within nanoparticls, the moleculedave asimilar behaviorthan thatalready observeih
solution as expectedvhen the molecules are confined in n@mvironmentthe excited state reached

with the nonlinear process is different compared with the one reached upguhoten excitation.

Contrarily to what was observed in epkoton absorption the comparison between the
spectra measured for the quadrupoles in THF solution and in FONs in didteot show the
cooperative effect that enhance the 4ptmton cross section at the maximum wavelengloept for
nanoparticles prepared wiQfB:. However,all the dye within nanoparticles display a broadening of
the absorption band with the formation of a shoulder (marke®feB. and QftB 1), towards low
energies, suggesting the excitonic coupliaigo observed in the linear process. Moregvthe

comparison alsshowsthat the sulbands of the 2PA spectra are well superimposed between solution
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and nanoparticlesbut with relative intensity changes: typically thmost intense bandor the

nanoconfinedjuadrupole is reghifted with respecotthe chromophore in THF.

a) b)

c) d)

Figure VI 11. Comparison between the 2PA spectra measured for the quadrupoles in both THF

solution (green colored point and solid line) and FONs in water (colored gmiststent color
code between the figudes

Table VI 7.
de 2 maleA malePA J2 max22PA ]2
[nm] [nm] [GM] [nm] [GM]
QfB1 916 840 1247 880 519
QfvB1 1010 820 1764 890 1877
QfeBs 954 820 1210 890 1650
QftB1 1068 840 1945 890 2383
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5.2 .Effect of the core

5.2.1. Onephoton characterization

By increasing the electrowithdrawing character of the coree can observe the same trend
as forthe chromophores in solutiom Figure VI 12a a hypochromic effedt can be noticeafter the
addition of the second BTDA in the coessociated with a slight reshift of the ICT bandMoreover,

a decreaseof the molar extinction coefficientt can be observed upon nanoconfinemémt
chromophoreQfeB;, as observed previously for the quadrupole with one BIHigure VI 12b and

Figure VI 9c respectively)

Table VI 8.  Linear photophgical relevant data

C d maleA Q1ax maxem _ 2
P [nm] [10* M-1cmY) [nm] f [ns]
4.6 (0.4)
QfeBy 477 3.1 621 0.04 1.0 (0.3)
17.5 (0.3)
4.8 (0.4)
QfeB2 484 2.8 652 0.03 0.9 (0.3)
17.8 (0.3)

Concerning the luminescent properties, increasing the numledeaifon acceptanoietiesin
the core of the quadrupole induces a bathochromic shift but, interestingly, the fluoeegaantum
yield is not affectedOn the other hand, compariqfeB; in both THF solution and FONs in water
displayed inFigure VI 12b, one can see that the nanoconfinement leads to an hypsochromic shift of
the emission band hutmarkably the FONs prepared do not display the quenching observed for all

the other chromophores of the series.

As reported inTable VI 8 both dyes in confined environment display three lifetimes in the
VDPH UDQJH LQGLFDWLQJ WKDW LQ DGGLWLRQ ZLWK WKH
chromophores in the core and in the shell, these two dyesupom aggregatiom third emissive
system that iprobablyrelatedto a particular arrangement of moldes organized in a short range,

which display a long lifetime in the range of 17 ns (5akle VI 8).
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a) b)

Figure VI 12.a) Comparison between absorption and normalized emission specthe ¢fONs
prepared withQfeBi2; b) Comparison between oihoton absorption spectra and normalized

emission measured for chromoph@&eB2 in both THF solution and FONSs in water

5.2.2. Two-photon characterization

The molecules upon nanoconfinemant the one dissolved in organic solveisplay similar
properties. Indeedas shown in Figure VI 13a, the maximum wavelength of the twdoton
absorption spectra is markedly bisieifted compared with twicemax™”, indicating that, even in

nanoparticlesthe excited stateeachedupon twephoton excitation is not thene reachedafter the

absorption obnephoton

Table VI9.  Nonlinear photophysical relevant data

C d 2 maxl PA maxl2PA 12 ma><22PA ]2
P m  [m]  [GM [om]  [GM]
QfeB: 954 820 1210 890 1650
QfeB: 968 820 1140 900 1320

It can be notice in Figure VI 13b thatthe addition of a second BTDA in the core induces a

weakhypochromic effect does not affecting significantly the absorption band.

From a direct comparison between the {ubmton absorption spectra measurfed the
chromophorefeB; in both THF solution and FONSs in watgisplayed inFigure VI 13c, one can see

that both spectra show a structured band and it is interesting to highlight that the relative intensities of
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both subbands is different, specifically thmostintense band measured in FONs correspond to the
lessintense band measured for thee in THF, causing a bathochromic shift of the,”" " Moreover,

It is worthy to underline thatvith passing from molecular solution to nhanoconfinement a pronounced

shoulderappears adbw energis, suggesting mexcitonic couplingupon aggregation.

a) b)

<)

Figure VI 13.a) Overlap between ofghoton absorption (dashed line) and {plwton absorption
(solid line and colored points) measured for chromoph@feB. in confined environment;
comparison between 2PA spectra measured on FQMe8:> and § comparison between

normalized 2PA spectra measured@eB: in both THF solution and FONs in water

6. Biological studies

As widely discussed in the previous chapteise confinement of a large number of
chromophore in nanoparticles induces additive/ceogtive effects that lead to high eplkoton and
two-photon brightness. We were able to test the nanoparticles prepare@fwih and QfeB; in

COS7 cells in order to study theability of internalization and their luminescent properties in
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bioenvironmentThe images were taken after 24h of incubation of the FONs inusilg DAPI as

label of nuclei

Table VI 10. Luminescence properties including gpteoton and tw-photon

brightness of FONSs in water

Cpd mac A ma®™  FWHM e y Ghax - 1% max?FA k-
[nm] [nm] [10°cm? [108M1cm? [nm] [10° GM]
QfB1 458 600 5.2 0.32 4.2 840 194
QfvB1 505 650 4.4 0.09 0.4 890 0.9
QfeB1 477 621 4.9 0.04 0.2 890 11
QftB1 534 690 4.2 0.08 1.9 890 9.3
QfeBz 484 652 53 0.03 0.01 900 0.07

a) the values of brightne@isoth onephoton and twephoton)are consideredsing the concentration of nanoparticles

In Figure VI 14-15 are displayed the experiment of goigoton microscopyatc) and twao
photon microscopyd-f) using as prolmethe FONs prepared witlQfvB: and QfeB, respectively,

underlying that these nanoparticles are suitable for both techniques.

It is worthy to highlight that, contrarily to what was observedimapter 5 for FONs prepared
with chromophoredBis(BP) and2Bis(BP), in this case the nanoparticles a broadly distributed

in the cytosol but seein belocated in particular compartments close to the nucleus.
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Figure VI 14.COS 7 cells incubated for 24h with FOREvB1 and stained with DAPI to label the
nucleia) exc QP DeQE600 QP B QP DeR#£460475 nm; c)co-
ORFDOL]IRDWLRQQB DREL00 QP & QP DeRE460475 nm; f)
co-localization >)21V@ 8§ SO

Figure VI 15.COS 7 cells incubated for 24h with FONgfeB2 and stained with DAPI to label the
QXFOHt D QP DeRE600 QP ke QP DeR#460475 nm; c) co
ORFDOLIDWLRQQB DRGE00 QP & QP DeR460475nm; f)
colocalization >)21V@ 8§ SO
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Moreover, we evaluated the biocompatibility of these FONs by checking dimtoxic
activity by MTT assay after 24h and 48h of incubatiéis displayed irFigure VI 16 these FONs
proved to be notoxic even afted8h of incubation. This property in addition with the high brightness
observed in biological medimake these nanoobjectgood candidate for applicatiorss potential

biomedical probes.

a) b)

Figure VI 16. Viability of COS 7 cells after 24h and 48h of incubatiwith FONs prepared with a)
QfvB1 and b)QfeB:

7. Conclusions

In this chapter were discussed the optical properties of newmé@ting quadrupolar dyes in
both molecular solution and nanocolloidal suspension. The tuning of the photophysical properties was
REWDLQHG E\ SOD\LQJ RQ WKH OHQJWK DQG ULJLGEWUpRI WKH
and the benzothiadiazole acceptor core, as well as by increasing the elétttdsawing character of

the core adding a second BTDA moiety.

The comparison between the photophysical properties measured in solution and nanoparticles
suggest that upon nanoconfinemt#r arrangement of the molecules induces a general hyperchromic
effect of both molar extinction coefficient and tphoton cross s#ion, indicating a excitonic

couplingbehavior
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Thanks to the large brightnesponboth one and twphotonabsorption and the emission in

the biological transparency window of these nanoparticles it was possible to use them

bioenvironment as fluoresnt probes, wheitthey showedow cytotoxic activity

QfvB,

Size: 26nm
Quax-1: 0.4- 10° M-lcntt
%-10.9-1°FGM

Decreasingherigidity
of conjugated bridge

Qfe Bl

QfeB,

Size: 19nm
Gnax-1: 0.01- 10° M-t
%-1:0.07-10° GM

Enhancing the acceptor
strength

Size: 39nm
Ghax-1: 0.2+ 10° M2cn?
k-1 1.1-10°GM

Figure VI 17. Resuming flowchart of some chromophores, described in this chapter, in FONs in water
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CHAPTER 7 -5ENERAL CONCLUSION

This manuscript can be inserted in the wide topic, very active nowadays, towards the
achievement of new bright probssitable for imaging in biological media. | focusey workin the
designthe synthesisandthe photophysical studiesf new chromophorefor the further preparation of
full organic fluorescent organic nanoparticles (FONgje work presentedn this Thess showfour
different classes of new chromophores with tunable photophysical properties, specifically with tunable
emission that covethe visible range towards NliRegion neutral dipoles Ghapter Il and Il ),

charged dipolesCGhapter IV), articulated diples Chapter V) and quadrupolehapter VI).

| demonstrate that @areful molecular design leatb chromophores with expted properties,
preventing strong molecular interactjomeleterious for the emissive propertiaad improving the
colloidal and structural stability of the nanoobjects prepared. Moreover, was displayed an
additional/cooperative effect of the chromophores upon Hsantinement, leadindo large molar

extinction coefficiers as well as large twphoton cross section of FONs.

Comparng these nanoparticles with the commercially available chromophares
nanoobjemit can be noticé that the prepared FONs display at least one order of magnitude higher
brightness (onephoton brightnessQDs & °> M! cm'; &DUERQ 1D QRAWR'WMW? §

IDQRGLDPRRE&EM!IESOH[D °>MN*!cm? two-photon brightness 4'V §' GM).

The final purposes to use these systems in biological environment for eitheipboton or
two-photon microscopySince some of thé-ONs display largeone and twoephoton brightness
associated with an emissiomthe red/NIR region, whickalls in the biological transparency window,
it is possibleto use these nanoparticligsbioimaging using COS7 cellss bieenvironmentThe nice
results obtained openew perspective for future works such #e functionalization of these

nanoobjecten order to target specificallsomeorganellesf the cells fotheranostic purposes.
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Concluding I will not say that one class of studied FONs is better than the wtherms of
properties thusthis following flowchartwould bean overview of thanost promisingnanoparticles

for biological applications.

D3t D147
Dig*
1Bis(BP) 2Bis(BP)
QfvB, QftB,
Cod drem -potential maxPA max" } Ghax - 9 maZ™A -1
P [nm] [mV] [nm] [nm] " [aeMtemy [nm]  [1C°P GM]
D3t 32 -73 499 702 0.04 0.1 1050 0.2
D1Md 34 -73 409 557 0.035 0.3 730 0.4
DIlg* 82 +54 553 830 0.002 0.22 - -
1Bis(BP) 55 -66 370 511 0.10 6.1 750 2.6
2Bis(BP) 42 -65 444 643 0.03 0.9 900 0.6
QfvB1 26 -64 505 650 0.09 0.4 890 0.9
QftB1 57 -70 534 690 0.08 1.9 890 9.3

a) Onephoton and twgphoton brightness are considered taking into account the concentration of FONs

1) Johnson, |.; Spence, M. T. Z.heMolecular Probes Handbool 1th ed.; Life Technologies, 2010.

2) Reineck, P.; Francis, A.; Orth, A.; Lau, D.; Nixoruke, R.; Rastogi, I.; Razali, W.; Cordina, N.; Parker, L,;
Sreenivasan, V.; Brown, L.; Gibson, B. Brightness and Photostabilignudrging Red and NearlR Fluorescent Nanomaterials for
Bioimaging.Advanced Optical Material2016 4, 15491557.

3) Larson, D. R.; Zipfel, W. R.; Williams, R. M.; Clark, S. W.; Bruchez, M. P.; Wise, F. W.; Webb, W. W. \#altgvle
Quantum Dots for Muiphoton Fluorescence Imaging in Vivecience2003 300, 14341436.
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ABBREVIATIONS

AFM = atomic force microscopy

BTDA = benzothiadiazole

CHO =adehyde

'$3, f-digthylamidine2-phenylindole
DETB = 1,3 Diethyl-2-thiobarbituate
FONSs = fluorescemirganicnanopatrticles
FWHM = full width at half maximum

IC = internal conversion

ICT = intramolecular charge transfer

ISC = intersystem crossing

NIR = near infrared

NLO = nonlinear optics

ONPs = organic nanoparticles

TEM = transmission electron microscopy
TPEF = twoephoton excited fluorescence
2PA = twoephoton absorption

2PM = twaphoton microscopy
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TARGET M OLECULES

Chapter 2-3

Chapter 4
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Chapter 5

1Mono: A = CHO

1Bis(BP): A = CHO
2Bis(BP): A = CH=C(CN),

Chapter 6
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1Bis(F): A = CHO
2Bis(F): A = CH=C(CN),

1Tris: A=CHO
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EXPERIMENTAL PART

1. Materials and methods

1.1.Synthesis

Commercially available reagent (purchased from Aldrich, Alfa Aesar and TCIl) were used
without further purification. Dry solvents were distilled from the appropriate drying reagents
immediately before use. Compounds already described in the literaturehaeaeterized bjH NMR
spectra and melting points and compared to reported data. Atiraivatersensitive reactions were
carried out under argon. Column chromatography was performed using Fluka silica gel S680 (40

um, 233400 mesh).
1.2.Chemical characterization

Melting points were determined in a STUART SMP 10 digital melting point instrument.
Infrared spectra were measured on a Perkin Elmer Spectrum 100 Oitiand *C NMR spectra
were recorded on a Bruker Advance Il 200 (400) spectrometer gg¢R0) MHz and 50 (100) MHz
respectively. Mass spectra were performed by the CESAMO (Bordeaux, Franes).dXfraction
measurements on single crystdaldb, D1t and D2b were performed on a Bruker APEX Il
diffractometerat CESAMO platform (Bordeaux, Bnce) while measurement on single crysta" &
1Bis(F), 2Bis(F), 1Tris, QfvB1 andQfeB: were performed on a FR Rigaku diffractometer at IECB
(Bordeaux, France)The structures were solved with SHELXS97 and refined by anfattix least
squares method on? Eising SHELXL—QU All non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were placed at calculated positions using suitable riding
models. Their positions were constrained relative to thaient atom using the appropriate HFIX
command in SHELXE97. Additional disorderedolventmolecules were found in the lattice tbt
(THF) and QfvB1 (DCM), unfortunately they could not be refined and thus the SQUEEZE command

was applied.
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1.3.Nanoparticles daracterization

TEM was carried out using a HITACHI H7650. The copper grid coated with a carbon
membrane was pretreated using the Glow discharge technique to yield positively charged hydrophilic
carbon surface to allow stronger interaction between the sample and theseafidnd thus easier
imaging. One droplet of the dilute aqueous suspension was deposited on the grid and the excess liquid
was dried off with a paper. A staining procedure using uranyl acetate was then used to enhance the
contrast AFM analysis, 20 ul okuspension of FONs was deposited onto freshly cleaved mica disks
DQG OHIW WR GU\ DW URRP WHP SH Y BtamidFerceMigsdscopetbpefated LPHQ V|
in peak force mode, available at SISM (Bordeaux) was used. ScanAsyst (Bruker) probeswvere
employed, with a set point of 500 pN and the scan rate 0.250 Hz. The images were processed with
NanoScope Analysis 1.5 progragetapotential analysis was performed with the same instrument, 20
measurements were realized for each sample accordiagptedefined operating procedure. The
global concentration of the dye in the FONs suspension was determined by taking an aliquot of the
suspension, which was further Iyophilized then dissolved in the same volume of. CH@l
concentration was then derivédm the absorbance and the value of the molar extinction coefficient

in CHCk by using the LambeiBeer law.
1.4.Photophysical characterization

All photophysical studies have been performed with freshly preparedjailibrated solutions
at room temperaturg298 K). UV/Vis absorption spectra were recorded on a Jas&yQV
spectrophotometer. Steadiate measurements were carried out on a Fluordnsaectrofluorometer
and time resolved fluorescence measurements were carried out on a Fluorolog spectraéudroene
emission spectra werenrrected for the wavelengtensitivity of the detection unit, and they were
obtained under excitation at the wavelength of the absorption maximum. Fluorescence quantum yields
of dilute dye solutions and of the FONs suspemsi were measured according to literature

procedurmusing ‘&0 - LQ (We2#43nm) 1LOH %O XH in-EtOH, exc=
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200610 nm rage), Cresyl Violet - LQ OHR= QP ,QGRF\DQLQH *UHHQ -
in DMSO =678 nm), Rhodamine * - in EtOH, exc =488 nm) or Fluorescein in NaOH

0 - in NaOH 0.1 M exc = 474 nm) depending on the emission rﬂ'lg'ehe reported
fluorescence quantum yield values obtainedthia method are within £ 0.005. In Eqisldisplayed
the equation used to calculate theof the sample taking into account the refraction indexhe

absorbancé and the integral of the emissibn

A A @P@%?SEWDE‘ 1 © Apk paf [0
Eq 1. Qad Qs @M

ay 5?512[395li vK paR RO X

<}

pz]

Fluorescence decays were measured in a-tonelated single photon counting (TCSPC)
configuration, under excitation from a NanoLEB70 nm,455 nmor 570 nn). The instrument
response was determined by measuring the light scattered by &lsudmension. The lifetime values
were obtained from thdeconvolutionfit analysis of the decays profilethe quality of the fits was

MXGJHG E\ WKH UHGX%BHG $0 OO XHHSRUWHG OLIHWLPHYV DUH ZLW

Anisotropy measurements were carried out on a Fluorolog spectrofluorometer using triacetin

at 20°C (293.15 K) or on a Fluorom&wusing 2MeTHF at-203.15°C (70 K)

Two-SKRWRQ DEVRUSW L RQwefeUdRigrvhingcHfFow [tHe QAghotdn excited
IOXRUHVFHQFH 73() FUPOQGC WAKW LRYRUBVFHQFH TXDQWXP \L*F
sections were measured relative to Fluorescein in 0.01 M aqueous NaOH in-@068@m spectral
range and relative to Nile Red in DMSO in the 1000 nm spectral range, using the method
described byXu and Wehkp and the appropriate solverglated refractive index corrections. The
quadratic dependence of the fluorescence intensity on the excitation power was cheaked at
wavelengths. Measurements were conducted using an excitation source delivering fs pulses. This
allows avoiding excitedtate absorption during the pulse duration, a phenomenon, which has been
shown to lead to overestimated twhoton absorption crosection values. To scan the 68080 nm

range, a Nd:YVO4%umped Ti:Sapphire oscillator was used generating 140 fs pulses at a 80 MHz rate.
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To span the 1008200 nm range, an OPO (PBBO) was added to the setup to collect and modulate
the output signal ofiie Ti:Sapphire oscillator. The excitation was focused into the cuvette through a
microscope objective (10X, NA 0.25). The fluorescence was detected in epifluorescence mode via a
dichroic mirror (Chroma 675dcxru) and a barrier filter (Chroma e62@$pby acompact CCD
spectrometer module BWTek BTC112E. Total fluorescence intensities were obtained by integrating
the corrected emission. The experimental uncertainty of the absorptionsenties values

determined from this method has been estimated to B +10

1.5.Cellular imaging and cytotoxicity

For the fluorescence imaging experiments, COS 7 cells were cultured on glass disks, using
DMEM supplemented with 10% Fetal Calf Serum, as culture medidhen the cells reached 30%
confluence, the FONs were added to tudture medium at a final concentration of dye of 1 pM
(equivalent to a M concentration of nanoparticles). After 8h of incubatitve cells were abundantly
washed with PBS, fixed with 4% pafermaldehyde and mounted using a Fluorom8inhedia
(Sigma). The fluorescence imaging was performed at Bordeaux Imaging Center using a Leica
DM6000 confocal microscopeFor the cdocalization experiments, the cells were incubated
simultaneously with both FONs, at equimolar concentration (final concentrationdmaphore of

1uMm).

For the toxicity test, cells were pleated in 96 wells culture plate and gro@NEM culture
medium until approximately 80% confluence. At this point, the culture medium was replaced by a new
one, enriched with FONs at a final concendratof dye of 1uM. The cytotoxicity was determined
after 24h of incubation with thEONs by MTT assaypased on the conversion of tetrazolium salt

(MTT) into a purple formazan prodyetsing the iMark™ microplate reader (BioRAD)
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2. Synthesis
2.1.Synthesis ofchromophores D1&-d, D2%&-d and D3%&,cd

The synthesis of the chromophobE & was carried out optimizing a literature reported

E while chromophore2a and D3& were prepared according to an earlier described

Scheme ExpPart General reactioffiollowed for the synthesis of chromophoi@s &-d, D2 %-d
andD3%,cd

General method of Knoevenagel condensation

-acid GHULYDWLYHYV HT WKH FRUU H VataRirig GdatlyticD O G H K\ (
amount) were dissolved under Ar in absolute EtOH (or dryG@Hfor D1-3& compounds) and
refluxed overnight. The reaction mixture was cooled down to RT and the solidilireted over

Buchner and dried under vacuum to yield the corresponding product.

2-cyano3->-fi- GLSKHOQ\ODPL QRbifhOEhenSG-@l>1 1fimethylacrylamide

(D1b): Following the general procedure usind & as aldehyde and 1-dimethylcyanoacetamide as

.-acid derivatives to yield compourll b as a bright red solid (yield = 62%).

Monocrystals suitable for -Xay diffraction were obtained by slow evaporation of a toluene solution.

Melting Point: degradation over 125°C
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IH NMR (200 MHz, DMSQd6): 8.03 (s, 1H,)7.77 (d, J = 4Hz1H); 7.6247.49 (m, 5H) 7.46 (d, J =

4Hz, 1H); 7.374.29 (m, 4H) 7.1247.04 (m, 6H) 6.93 (d, J = 8HZ2H); 3.02 (br, 6H) ppm.

13C NMR (CDCl, 50 MHz) 164.0, 148.0, 147.3, 146.1, 145.7, 145.2, 13B8,5] 134.1, 129.4,

127.2,127.1, 126.6, 124.8, 123.6, 123.5, 123.3, 12328, 100.5, 38.1, 35.5 ppm.

FTIR (ATR) &ro‘h{HC:C) 3070 Crﬁ, 1 83)17) 2917 Cl’nl, &A1 l,F P& 2

cnrl.

HRMS (m/z) [M]calcd for G:H2sN:0S: 531.14390found: 531.14600.

Methyl-2-cyano-3-> -fi- GLSKHOQ\O D P L Q Rbithkphén| G-@acryate (D1E): Following

the general procedure usibilh DV DOGHK\GH DQG P HWacdalEnRtyds DoRtieM/ D W H

compoundD1t as a bright red solid (yiekd 80%).

Monocrystals suitable for-Xay diffraction were obtained by slow evaporation of a THF solution.

Melting Point: degradation over 178°C.

IH NMR (200 MHz, DMSQd6) 8.55 (s, 1H)8.03 (d,J = 4Hz 1H); 7.6447.58 (m, 4H) 7.48 (d,J =

4Hz, 1H); 7.374.29 (m, 4H) 7.0947.04 (m, 6H) 6.97 (d,J = 8Hz 2H); 3.82 (s, 3H) ppm.

13C NMR (CDCls, 50 MHz) 163.6, 148.2, 148.1, 147.2, 146.9, 146.4, 139.5, 133.8, 133.7, 129.4,

127.7,126.9, 126.6, 124.9, 124.0, 123.6, 123.4, 123.0, 116.2, 96.7, 53.2 ppm.

FTIR (ATR) &HHC=C) 3080 crt; 2 &} 2950 cml; &A1 LEP & 2

cnl.

HRMS (m/z) [M]calcd for GiH22N20.S,: 518.11227, found: 518.11021.
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2-[ > -9[4-(diphenylamino)phenyl] > -Hithiophen] -5-yl] methylene] malononitrile (D1#):

Following the general procedure usibdd DV DOGHK\GH DQG REDODRQK\|BEWULOH D

yield compound1H as a dark red solid (yield = 39%).

Melting Point: 183°C

IH NMR (200 MHz, DMSQd6) 8.61 (s, 1H)7.90 (d,J = 4Hz 1H); 7.69 (d,J =8Hz, 2H); 7.65 (d,J

= 8Hz, 2H); 7.51 (d,J = 4Hz 1H); 7.374.30 (m, 4H)7.1347.04 (m, 6H) 6.97 (d,J = 8Hz 2H) ppm.

3> --(bis4-EURPRSKHQ\O DP L GoRhi&KdhG-VID-2-cydho 1 1-1

dimethylacrylamide (D2b): Following the general procedurgsing D2#& as aldehyde andl 19

GLPHWK\OF\D QR BRé&idHAerDRIES td Vi compourdlb as a bright red microcrystals

(ield = 88%).

Monocrystals suitable for-Xay diffraction were obtained by slow evaporation of aClksolution.

Melting Point: 148°C.

IH NMR (200 MHz, DMSQd6) 8.04 (s, 1H)7.78 (d,J = 4Hz 1H); 7.64 (d,J = 8Hz 2H); 7.57+.46

(m, 7H), 7.05%6.97 (m, 6H) 3.02 (br, 6H) ppm.

FTIR (ATR) &HHC=C) 3065 cr; 1 &)b) 2964 cmi; &A1 LEP & 2

cnl.

HRMS (m/z) [M]calcd for GoH23BrN:0S: 686.96493, found: 686.96550.
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Methyl-3- > -Ml-bis(4-bromophenyl)amino)phenyl}  %ithiophen-5-yl]-2-cyanoacryate D2¥%):

Following the general procedure usingh DV DOGHK\GH DQG PHWaKitl@éivRtigegRDFHW DV

to yield compoundd2t as bright red solid (yield = 81%).

Melting Point: 226°C.

IH NMR (200 MHz, DMSQd6) 8.55 (s, 1H)8.03 (d,J = 4Hz 1H); 7.684.59 (m, 4H) 7.54%.46

(m, 5HY 7.0556.98 (m, 61): 3.82 (s, 3H) ppm.

13C NMR (75 MHz, CDC}) 147.84, 147.07, 146.49, 145.95, 134.18, 133.97, 132.58, 128.14, 127.69,

126.87, 126.00, 124.09, 123.80, 116.30, 116.18, 53.23.

FTIR (ATR) &sHC=C) 3025 cd; 2 &) 2948cm; &A1 LEP & 2

cnrl.

HRMS (m/z) [M] calcd for GiH20Br2N20.S,: 673.93329, found: 673.93211.

2- > >(M(bis(4-bromophenyl)amino)phenyl}  $Bithiophen)-5-yllmethylene]malononitrile

(D2H): Following the general procedure usidd DV DOGHK\GH DQG P&ZORQRQLW

derivatives to yield compourd2 8 as a deep purple solid (yield = 96%).

Melting Point: 224°C.

IH NMR (200 MHz, DMSQd6) 8.61 (s, 1H)7.89 (d,J = 4Hz 1H); 7.7047.63 (m, 4H) 7.55%7.46

(m, 5H) 7.046.98 (m, 6H) ppm.

13C NMR (CDCl;, 50 MHz) 150.1, 149.5, 147.3, 147.2, 145.9, 140.3, 133.6, 133.2, 132.6, 128.5,

127.8, 126.9, 126.1, 124.2, 123.9, 123.6, 116.4, 114.4, 113.5, 75.7 ppm.

FTIR (ATR) &HHC=C) 3021 cm; &A1 1EP
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HRMS (m/z) [M] calcd for GoH17BraNsS;: 640.92306, found: 640.91988.

Methyl-3- > -@-(bis-  $ert-butylbiphenil -4-y)amino)phenyl)-  %ithiophen-5-yl]-2-

cyanoacryate D3%): Following the general procedure usinp3h as aldehyde and

PHWK\O F\D Q R-&cHdativiativeld tdyield compoumB t as dark red solid (yield = 78%).

IH NMR (300 MHz, (CD}):CO-d6): 8.46 (s, 1H); 7.98 (d, J = 3t8z, 1H); 7.72#7.60 (m, 11H); 7.55%

7.49 (m, 6H); 7.24 (d, J = 8t3z, 4H); 7.18 ¢, J = 8.4Hz, 2H); 2.80 (s, 3H); 1,36 (s, 18H).

13C NMR (75 MHz, CDC}) 163.61, 150.04, 146.11, 137.61, 136.15, 133.84, 133.80, 127.89, 127.76,

127.23, 126.71, 126.40, 125.75, 124.88, 124.01, 123.48, 34.55, 31.39.

FTIR (ATR) &ak{HC=C) 3085 cri; 2 &)} 2948 cnt; &A1 1EP & 2

cnrl.

HRMS (m/z) [M] calcd for GiH4eN20.S,: 782.30007, found: 782.29934.

2- > >(M(bis- Kert-butylbiphenil -4-yDamino)phenyl)-  $ithiophen)-5-yl] methylene]

malononitrile  (D3H#): Following the general procedure usinp3®h as aldehyde and

PHWK\O F\D Q R-&cH dativiativeld tdyield compoumB H as dark grey (yield = 83%).

Melting Point: 205°C.

IH NMR (400 MHz, CDCY): 7.74 (s, 1H), 7.62 (d= 4 Hz, 1H), 7.497.54 (m,10H), 7.46 (d, J = 8.3
Hz, 4H), 7.40 (d, J = #z, 1H), 7.26 (d, J = #iz, 1H), 7.23 (d, J = #z, 1H), 7.22 (d, J = 8.Biz,

4H), 7.16 (d, J = 8.8z, 2H), 1.36 (s, 18H) ppm.
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13C NMR (CDCl;, 100 MHz)150.3, 150.2, 149.9, 148.4, 148.0, 146.2, 140.4, 13B&.7, 136.5,
133.3, 133.2, 128.7, 128.1, 127.1, 127.0, 126.6, 125.9, 125.2, 124.2, 123.9, 123.6, 114.6, 113.8, 34.7,

31.6 ppm.

FTIR (ATR) &sHC=C) 3025 cm &A1 L FP

HRMS (m/z) [M] calcd for GoH4aNsS,: 749.28984, found: 749.28866.

2.2.Synthesis of chromophore D14

Scheme ExpPart Rlultistep synthetic route follone ®ynthesize chromophotzl &"

2,7 «iiodo 9H fluorene (2): Fluorene(1) (0.12 mol, 1 eq.), 100 mL of acetic acid, 2.8 mL of sulfuric

acid and 7 mL of distilled water, were added in a round bottom flask and the temperature was
increased to 75°C under stirring. After the dissolution of fluorene, at the reaction mixture wenle add
iodine (0.063 mol, 1 eq.) and periodic acid (0.031 mol, 0.52 eq.) and the reaction was stirred for 1h.
When the time was over another amount of iodine (0.063 mol, 1 eq.) and periodic acid (0.031 mol,
0.52 eq.) were added to the reaction mixture with hQOof acetic acid, and the reaction was kept at
75°C under stirring. After the"2hour of reaction, the temperature was slowly cooled to RT and

filtered over Buchner. The solid was mixed with dichloromethane and a saturated solution@f NaS
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in an Erlemeyer flask and was stirred for 1h neutralizing thia lexcess. The mixture was filtered
and the solid washed with dichloromethane and dried at 85°C overnight. A brown solid was obtained

(yield = 63%).

Melting Point = 152°C;

IH-NMR (300 MHz, CDCY): 7.89 (s, 1H); 7.72 (d, 1H, J = 8Hz); 7.51 (d, 1H, J = 8Hz); 3.86 (s, 1H)

ppm

2,7 diiodo 8,9 Hiisopentyl 9H fluorene @): In a solution of KOH (0.189 mol in 15 mL of water)

was added-Bu:NBr (3.75 mmol, 0.2eq.) and the mixture was stirred at RT for 15tmiMihen the

time was overat the reaction mixture were add2¢19.3 mmol, 1 eqg.)l-broma-3-methylbutane (115

mmol, 6 eq.) and 261L of toluene. The mixture was stirred at 65°C for 2h, iheras coolediownto

RT and left reacts for 24h more. The reaction was quenched with water and extracted with
dichloromethane. The organic phase was dried under reduced pressure. The crude was purified by a

column chromatography (S¥Jpetroleum ether). A dark olive solidas isolated (yield = 46%).

Melting Point = 155°C

IH-NMR (300 MHz, CDCY): 7.67(d, J = 7.9 HzAH); 7.42 (d,J = 7.9 Hz2H); 1.2 (m, 4H); 1.3

(m, 2H); 0.2 (d,J = 6.6 Hz12H); 0.8 (m, 4H)ppm

%9,9diisopentyl 9H fluorene®,7 diyl) dithiophene (4): In a Schlenk flask were insert Mg

(8.14 mmol, 4.55 eq.), one crystal of iodine and 32 mL of dry THF, under Ar. While stirring the
temperature was decreased4’C, at the mixture were added dropwise bromothiophene (8.14 mmol,
4.55 eq.) and the reton was left at40°C for 1h30. In the meanwhile in another Schlenk flask were

introduced3 (1.79 mmol, 1 eq.) and Pd(dppf}@D.054 mmol, 0.03 eq.). After 1h30 the solution of
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the first flask were added under Ar in the second flask and the reaction was left in reflux for 48h. The
reaction was quenched with ice and extract with diethyl ether. The organic phase was dried under
reduced pressure. The crude was purified eaystallization in cyclohexané\ white solidwas

isolated (yield = 88%).

Melting Point = 138-139°C.

IH-NMR (300 MHz, CDCY): 7.72 (d, J = 7.9 Hz, 2H), 7.65 (dd,3J1.6 Hz, 3= 7.9 Hz, 2H), 7.61 (d,
J = 1.6Hz, 2H), 7.42(dd, Y= 1.1 Hz, 3= 3.6 Hz, 2H) ,7.33(dd & 1.1, = 5.1 Hz, 2H), 7.16(dd,*J

= 3.6 Hz, 3= 5.1 Hz, 2H), 2.09 (m, 4H), 1.35 (m, 2H), 0.74 (d, 6.6 Hz, 12H), 0.62(mpgin)

13C-NMR (CDCl;, 100 MHz): 151.63, 145.24, 140.33, 133.33, 128. 125.05, 124.57, 122.91,

120.136(2C), 55.07, 38.31, 32.57, 28.28, 22.42.ppm

5 €9 9«iisopentyl # thiophene® ¥1) 9H fluorene 2 ¥l) thiophene® arbaldehyde 6): 8 mL

of dichloroethane were added under Adtd..48 mmol, 1 eq.), PO€{2.97 mmol, 2 eq.) and distilled

DMF (12 mmol, 8 eq.) at 0°C. The reaction mixture was warmed to RT and stirred for 4h, then it was
heated up to reflux for 20h. The reaction was quenched with the addition of 45 mL of a saturated
solution of sodium acetatéhe crude was extracted with dichloromethane, and then concentrated
under reduced pressure. The crude was purifiegtnystallization in iPrOHA yellow-green crystals

wereisolated (yield = 42%).

Melting Point = 161162 °C.

IH-NMR (400 MHz, CDC}): 9.93 (s,1H), 7.78 (d, J = 4Hz, 1H), 7.75 (d, J = 7.9Hz, 1H), 7.73 (d, J =
7.9Hz, 1H), 7.70 (dd.\¥ 1.6 Hz, 3= 7.9 Hz, 1H), 7.66 (dd1& 1.6 Hz, 3= 7.7 Hz, 1H), 7.64 (d, J =

1.6 Hz, 1H), 7.59 (d, J = 1.6 Hz, 1H),), 7.49 (d, J = 4 Hz, 1H),7.41 {dd1Hz, 3 = 3.6 Hz, 1H),
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7.33 (dd, 3= 1 Hz, 3 = 5.1 Hz, 1H), 7.16 (dd1E 3.6 Hz, 3= 5.1 Hz, 1H), 2.07 (m, 4H), 1.33 (m,

2H), 0.72 (d, 6.6Hz, 12H), 0.58 (m, 4ppm.

13C-NMR (CDCI3, 50 MHz):182.72, 155.20, 151.91, 151.88, 144.95, 142.36, 14239470, 137.53,
134.00, 131.79, 128.16, 125.63, 125.17, 124.83, 123.84, 123.14, 120.60, 120.54, 120.36, 120.16,

55.18, 38.19, 32.57, 28.21, 22.38 ppm.

5 £7 £5 d4odothiophene® Il) 0,9 diisopentyl 9H fluorene 2 yl)thiophene 2 £arbaldehyde 6):

In a round babm flask were added 20Q. of water, 300 L of acetic acid, 6.6 L of sulfuric acid,5

(0.206 mmol, 1 eq.) and periodic acid (1.44 mmol, 7 eq.) under stirring. In the meaasbiilgion of

iodine (0.206 mmol, 1 eq.) in 1.1 mL of carbon tetrachloride was prepared and added dropwise to the
reaction mixture. The temperature was increased to 80°C for 1h, then was cooled to RT and the
reaction was kept under stirring overnight. Tleaction mixture was neutralized with a saturated
solution of NaHC@® and extracted with dichloromethane. The organic phase was washed with a
saturated solution of N&O; and dried under reduced pressufellow-greencrystalswere obtained

after recrysthization from iPrOH(yield = 74%).

Melting Point = 168169 °C.

IH-NMR (300 MHz, CDC}): 9.93 (s, 1H), 7.79 (d, J = 4 Hz, 1H), 7.72 (m, 3H), 7.64 (d, J = 1.5 Hz,
1H), 7.55 (ddJ = 1.6 Hz, # = 7.9Hz, 1H),7.50(d, J =1.6Hz, 1H), 7.49 (dJ =4Hz, 1H),7.28(d, J
= 3.6 Hz, 1H), 7.08(d, J =3.6 Hz, 1H), 2.06 (m, 4H), 1.33 (m, 2H), 0.7d, J =6.6 Hz, 12H), 0.56

(m, 4H)ppm

13C-NMR (CDCls, 75MHz): 182.75, 155.09, 151.99, 151.96, 150.93, 142.36, 142.13, 140.18, 138.02,
137.55, 133.09, 132.00, 125.71R4.8, 124.56, 123.93, 12.65, 120.62, 120.49, 119.99,72.34, 55.23,

38.17, 32.59, 28.22, 22.39 ppm.
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5 £7 £4 {diphenylamino)phenylthiophene® 1) 9.9 +liisopentyl 9H fluorene® ¥thiophene+

2 xarbaldehyde D1"4J: 6 (0.153 mmol; 1 eq.),~4diphenylamino)pheylboronic acid (0.184 mmol;

1.2 eq.), KCO; (0.383 mmol; 2.5 eq.) and Pd(dppf)Cl A3 mmol; 0.05 eq.) were placed in a
Schlenk flask with a stirring bar. After drying with a mechanical pump, 10 mL of 1/1 mixture
toluene/Methanol degased with Ar weadded in the flask. The temperature was increased to 85°C
and kept for 24h. After slow cooling to RT, the reaction mixture was filtered over celite and washed
with dichloromethane. The filtrate was evaporate under reduced pressure. The crude wasyihrified
chromatography column (S¢Odichloromethane/petroleum ether, 70/30g dark yellow powder was

recrystallized from acetondé bright yellowmicrocrystalline powdewas isolated (yield = 60%).

Monocrystals suitable for Xay diffraction were obtaintkby slowdiffusion of pentane layered over a

solution of CH.Cl>.

Melting Point = 161-162 °C.

H-NMR (300 MHz, CDC}¥): 9.93 (s, 1H); 7.79 (d] = 4 Hz,1H); 7.74 (m, 3H)7.64 (m, 1H); 7.60
(m, 1H); 7.54 (d, J = 8.8 Hz, 2HJ,50 (d, J = 3.8 Hz,1H); 7.38 (d, J = 3.8 Hz, 1H); 7.32 (m, 4H);
7.26(d,J = 3.8 Hz,1H); 7.18 (m, 3H); 7.15 (m, 2H); 7.12 (m, 3H);06 (m, 1H); 2.08 (m, 4H); 148

(m, 2H); 0.8 (d,J = 6.8 Hz12H); 0.8 (m, 4H) ppm.

13C NMR (75 MHz, CDCk): 182.71, 155.21, 151.88, 147.547.45, 147.36, 143.61, 143.17, 142.38,
141.99, 139.57, 137.54, 133.98, 131.72, 129.34, 129.27, 128.29, 126.43, 126.38, 125.62, 124.69,
124.57, 124.07, 123.81, 123.62, 123.20, 123123,02,120.57, 120.54, 120.31, 119.63, 77.23, 55.15,

38.20, 32.55, 281 22.39, 22.36.

HRMS (m/z) [M]calcd forCsoHa7N10:1S,: 741.30991found:741.31082
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3. Crystallographic data

3.1.Dipolar chromophores

Cpd D1b D1t D2b D1T&"
Space
group P 2/c c2 P 2/n P 2/c
cell a=18.8153 (7) a=17.8098 (16)  a=7.2850 (2) a=21.720 (6)
ength P =87012(3) b = 7.2828 (6) b = 36.5610 (3) b = 9.403 (3)
9 ¢ =16.5157 (7) €c=20.9176 (19)  c=12.0100 (9) c = 20.647 (5)
Cell = 107.007 (5)
angles
Cell
2676.82 2695.21 3176.47 4032.40
volume
R-factor
(%) 3.46 5.12 5.14 5.19
Density 1.319 1.278 1.531 1.222
3.2.Articulated dipoles
Cpd 1Bis(F) 2Bis(F) 1Tris
Space o 50 C 2c R-3
group
Cell a=15.2311(3) a=11.1243(2) a =24.50(3)
lenath P = 11:4426(2) b =14.9629(3) b =24.50(3)
9 ¢ =20.5705(14) ¢ =25.5681(18) ¢ =31.71(6)
Cell 3.360(7) 7.586(7) 0
angles 120
Cell " 357893 4218.61 16483
volume
R-factor
(%) / 552 5.14
Density / 1.204 0.763
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3.3.Red emitting quadrupoles

Cpd QfvB1

Space 4

group
a = 13.2049 (2)

|ecne|tlh b = 15.3857 (3)
9 c=17.0773 3)

Cell
angles

Cell 3151.42
volume

R-factor
(%) 5.12

Density  1.223
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