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In this thesis, I report the results obtained during my PhD, which 
has been focused on organic semiconductors for photovoltaics 
and photodetecting applications. Initially, I worked on the 
control of the morphology in binary blends of small organic 
molecules and fullerenes using the so called latent pigment 
approach. Subsequently, I investigated the charge accumulation 
and polarization effect occurring at the interface between water 
and a polymeric semiconductor used as optical component in 
retinal prosthesis by means of inorganic colloidal nanocrystals 
featuring a ratiometric sensing ability for electron withdrawing 
agents. As a last part of the work, I focalized on the applications 
of these nanocrystals as ratiometric sensors for intracellular pH 
probing and pressure optical monitoring. 

Specifically, during the first part of my PhD, I worked in the field 
of organic photovoltaics on the morphology engineering of the 
active layer of small molecules bulk-heterojunction solar cells.  I 
demonstrated a new strategy to fine tune the phase-segregation 
in thin films of a suitably functionalized electron donor blended 
with fullerene derivatives by introducing in the system a post-
deposition thermally activated network of hydrogen bonds that 
leads to improved stability and high crystallinity. Moreover, this 
process increases the carrier mobility of the donor species and 
allows for controlling the size of segregated domains resulting in 
an improved efficiency of the photovoltaic devices.  

This work revealed the great potential of the latent hydrogen 
bonding strategy that I subsequently exploited to fabricate 
nanometric semiconductive features on the film surface by using 
a very simple maskless lithographic technique. To do so, I 
focalized a UV laser into a confocal microscope and used the 
objective as a “brush” to thermically induce a localized hydrogen 
bonding driven crystallization with diffraction limited 
resolution. 

My work on organic semiconductors continued with a study on 
the surface polarization driven charge separation at the 
P3HT/water interfaces in optoelectronic devices for biologic 
applications. In this work, I probed the local accumulation of 
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positive charges on the P3HT surface in aqueous environment by 
exploiting the ratiometric sensing capabilities of particular 
engineered core/shell heterostuctures called dot-in-bulk 
nanocrystals (DiB-NCs). These structures feature two-colour 
emission due to the simultaneous recombination of their core 
and shell localized excitons. Importantly, the two emissions are 
differently affected by the external chemical environment, 
making DiB-NCs ideal optical ratiometric sensors. 

In the second part of my PhD, I, therefore, focalized on the single 
particle sensing application of DiB-NCs. Specifically, I used them 
to ratiometrically probe intracellular pH in living cells. With this 
aim, I studied their ratiometric response in solution by titration 
with an acid and a base.  Subsequently, I internalized them into 
living human embryonic kidney (HEK) cells and monitored an 
externally induced alteration of the intracellular pH. 
Importantly, viability test on DiB-NCs revealed no cytotoxicity 
demonstrating their great potential as ratiometric pH probes for 
biologic application. 

Finally, I used DiB-NCs as a proof-of-concept single particle 
ratiometric pressure sensitive paint (r-PSP). In this application, 
the emission ratio between the core and the shell emission is 
used to determine the oxygen partial pressure and therefore the 
atmospheric pressure of the NC environment.  
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1 Post-Deposition Activation of Latent 

Hydrogen Bonding 

Small conjugated molecules (SM) are rapidly gaining 
momentum as a valid alternative to semiconducting polymers 
for the production of solution-processed bulk heterojunction 
(BHJ) solar cells, as they allow to overcome current limitations 
imposed by the intrinsic polydispersity of long conjugated chains 
and low batch-to-batch reproducibility. The major issue with 
SM-BHJ solar cells is the low carrier mobility due to the scarce 
control on the phase segregation process and consequent lack of 
preferential percolative pathways for free carriers to the 
extraction electrodes. In this work of thesis, I demonstrate a new 
paradigm for fine tuning the phase segregation in SM-BHJs 
based on the post-deposition exploitation of latent hydrogen 
bonding in binary blends of functionalized electron-donor 
moieties mixed with PCBM. The strategy consist in the chemical 
protection of the hydrogen bond forming sites of the donor 
species with a thermo-labile functionality whose controlled 
thermal cleavage leads to the formation of highly crystalline, 
stable, phase-separated molecular aggregates. This approach 
allows for the fine tuning of the nanoscale film connectivity and 
thereby to simultaneously optimize the generation of geminate 
carriers at the donor-acceptor interfaces and the extraction of 
free charges via ordered phase-separated domains. As a result, 
the PV efficiency undergoes an over twenty-fold increase with 
respect to control devices. This strategy, demonstrated here with 
a binary mixture of diketopyrrolopyrrole derivatives with PCBM 
can in principle be extended to other molecular systems for 
achieving highly efficient, stable, small-molecule BHJ solar cells.  
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1.1 Introduction 

 

1.1.1 Bulk heterojunction solar cells 

The field of OPV took a major step forward in 1986, when Tang 
at Kodak published in Applied Physics Letters his results on the 
first bi-layer heterojunction solar cell. 1 He proposed a new 
approach to OPV based on two organic materials with different 
electronic properties (a p-type semiconductor or “electron 
donor” and a n-type semiconductors or “electron acceptor”) and 
discovered that that the splitting of the photogenerated exciton 
in elementary charges is facilitated at the heterointerface between 
the organic materials, thus improving the photovoltaic 
performance. The donor-acceptor (D-A) hetrojunction 
described by Tang has become the central part of all efficient 
organic solar cells.2 Following observations clarified that only the 
excitons generated within a certain distance (diffusion length) to 
the donor and acceptor interface participated in the photovoltaic 
process.  

Therefore, the bi-layer geometry imposes an intrinsic limit to the 
generation of the photocurrent. Specifically, for a bi-layer, to 
efficiently produce separated carriers it is necessary that the 
donor and acceptor layers are thinner than the diffusion length 
(typically 10-20 nm), which clearly limits the optical absorption 
of the active layer. Blending donors and acceptors in an 
intermixed layer forming a distributed BHJ, rather than keeping 
a bi-layer geometry, allow to overcome this issue by maximizing 
the interfaces area and thereby minimizing the distance between 
the exciton generation spot and the D-A interface. 

The ideal structure of a BHJ solar cell is shown in Fig.1.1a and 
consist of two continuous domains of donor and acceptor phases 
interpenetrated in a double comb configuration, this assures a 
large interfacial area and the existence of effective percolation 
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pathways for electron and holes, connecting the electron 
acceptor phase to the cathode and the p-type donor region to the 
anode. In this design, the size of the domains should never 
exceed twice the value of the diffusion length. Over the last years, 
several studies have dedicated to the realization of this design, 
but the creation of interpenetrated molecular domains require 
the use of expensive and time-consuming lithographic methods 
which increase the device complexity and rise the fabrication 
costs.  

 
Figure 1.1 a) Schematic representation of the ideal interdigitated 
BHJ solar cell and of the photophysical processes underpinning cell 
operation: 1. exciton formation, 2. exciton migration, 3. exciton 
splitting, 4. charge percolation. b) Schematic representation of 
phase segregation in a distributed BHJ solar cell. 
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For these reason, spontaneous phase segregation of donor and 
acceptor species is commonly exploited to produce a distributed 
junction over the bulk of a blended film as shown in Fig.1.1b. 

In this system, absorption of a photon generates an exciton (1) 
which migrates within the diffusion length through the domain 
until it reaches the D-A interfaces (2). There, the strong local 
electric field, generated by the abrupt changes of the potential 
due to the offset between the lowest unoccupied molecular 
orbital (LUMO) (for electrons) and the highest occupied 
molecular orbital (HOMO) (for holes) of the donor and acceptor 
molecules, promotes the ultrafast process of charge separation 
(3). The free charges can now migrate to the corresponding 
electrode (4) producing a photocurrent on an external circuit.3 
The energy diagram of a typical D-A interface is reported in 
Fig.1.2, showing the process of exciton splitting.  

 
Figure 1.2 Energy diagram of the process of exciton splitting: a) 
Exciton is localized on the donor, b) charges are separated at the 
interface with the acceptor. Because of the offset between the 
LUMOs of the donor and of the acceptor, the electron is transferred 
to the acceptor molecules. 

The current-voltage characteristics of a solar cell in the dark and 
under illumination are shown in Fig.1.3. In the dark, there is 
almost no current flowing for potential lower than the open 
circuit voltage, above which a small current flows through the 
device. In contrast, under illumination conditions, the device 
generates power (between (a) and (b)), which appears as a shift 
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of the IV curve in the fourth quadrant. At maximum power 
point (MPP), the product of current and voltage is the largest.  

 
Figure 1.3 Current-voltage (I-V) curves of an organic solar cell (dark, 
dashed line; illuminated, continuous line). The characteristic 
intersections with the abscissa and ordinate axis are the open circuit 
voltage (VOC) and the short circuit current (ISC), respectively. The 
largest power output (Pmax) achievable is determined by the point 
where the product of voltage (VMPP) and current (IMPP) is maximized. 
Division of Pmax by the product of ISC and VOC yields the fill factor FF. 

The processes described above determine the power conversion 
efficiency (PCE) η of a solar cell defined as  

 

𝜂 =
𝐹𝐹 𝑉!"  𝐽!"

𝑃!"
 

 

where FF is the fill factor, VOC the open circuit voltage, JSC the 

short circuit current density and Pin the power density of the 
incident light. Generally, the PCE is measured and reported 
under standard AM 1.5 G illumination conditions.4,5 The fill 
factor is defined as the ratio of the actual maximum power 
output to the theoretical power output if both current and 
voltage are maximum.  
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𝐹𝐹 =
𝑃!"#
𝐼!"   𝑉!"

=
𝐼!"" 𝑉!""
𝐼!"   𝑉!"

 

 

 

IMPP and VMPP are respectively the current and the voltage 
corresponding to the maximum power production, while ISC is 
the short circuit current (Fig.1.3). 

The origin of VOC is not yet completely understood in organic 
solar cells. On the one hand, some experimental observation 
reported dependence by the work function of the electrodes6,7, 
while on the other hand it was observed to be independent from 
the choice of the cathode materials.8 Although a deeper 
understanding of VOC is needed, it is commonly accepted that it 
primarily depends on the offset between the HOMO of the 
donor and the LUMO of the acceptor.2,6,9 On the basis of a 
statistical analysis, a simple empirical formula describing the 
dependence of VOC on the energy of the HOMO of the donor has 
been obtained using Phenyl-C61-butyric acid methyl ester 
(PCBM) as acceptor:10 

 

𝑉!" =
1
𝑒 𝐸!"#"$!"#" − 𝐸!"#$!"#$ − 0.3 

 

Where e is the elementary charge, E!"#"$!"#" and E!"#$!"#$ are 
respectively the energy of the HOMO of the donor and the 
LUMO of the acceptor and 0.3 is an empirical constant. 
Obviously this correlation is simplified as other important 
factors should be taken into account for a rigorous discussion, 
such as molecular structures and film morphology.11,12 JSC is the 
density of current flowing in the cell when no voltage is applied 
to the cell. It depends on the rate of charge separation and on the 
mobility of the free carriers. Hence, it gives information on how 
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many excitons are split at the interface and how efficiently the 
charges are removed from the active layer.  

The short circuit current (Isc) is determined by the product of 
the photoinduced charge carrier density and the charge carrier 
mobility within the organic semiconductors: 

 

𝐼!" = 𝑛𝑒𝜇𝐸 
 

Where n is the density of charge carriers, e is the elementary 
charge, μ is the mobility, and E is the electric field.13 Therefore, 
for a given material, ISC is limited by the mobility. The mobility is 
not only a material property, but it depends on the nanoscale 
morphology of the active layer and therefore it should be 
considered a “device parameter”.14,15 

The benchmark donor materials for BHJ solar cells are 
conjugated semiconducting polymers such as poly 3-
hexylthiophene (P3HT) and its derivatives. As for the acceptor 
materials, the performances of fullerene derivatives, such as 
PCBM, are unsurpassed and only marginal research is devoted to 
the development of substitutes.16,17 

In polymer based BHJs, phase segregation is a spontaneous 
process determined by low entropy of mixing between 
conjugated polymers and fullerene derivatives. However, 
polymers are affected by intrinsic problems such as chain length 
polydispersity, batch-to-batch variation, difficult purification, 
and indistinct intermolecular packing that hinder the 
reproducibility of the devices on a large scale.18 A way to 
overcome these problems is to replace polymers with small 
conjugated molecules, which are characterized by a well defined 
molecular weight as well as the fact that they can be easily 
synthetized with high purity. 

  



 14 

1.1.2 Small molecule solar cells 

Small molecules solar cells do not suffer the problems of 
polymeric ones because they can be synthetized with high purity 
and monodisperse molecular weight. As a result, small molecules 
are gaining interest as candidates for a new generation of 
efficient BHJ solar cells. Over the last few years, a large variety of 
donor materials based on conjugated small molecules has been 
synthetized.19 However, despite their potential, small molecules 
have two major drawbacks that have to be overcome for reaching 
the performances of state of the art polymeric solar cells. The 
first issue is that the high entropy of mixing with fullerene 
derivative makes the process of phase segregation no longer 
spontaneous.20 Therefore, new approaches have to be developed 
to induce phase segregation necessary to the production of the 
BHJ with controlled nanomorphology. In this regard, a widely 
used strategy is to exploit π-π interactions between the 
conjugated moieties. For example, morphological studies on 
molecular bends show that π-π interaction can be controlled by 
varying the length of the alkyl the substituents on 
diketopyrrolopyrrole (DPP) molecules.11,21 However π-π 
interaction are typically weak and the resulting aggregate are 
unstable. Furthermore secondary interactions are barely strong 
enough to provide a driving force for effective phase segregation.  

The second issue is that charge-transport in organic 
semiconductor solids is via intramolecular hopping. Each 
hopping step, from a molecular site to the next, takes a finite 
time to occur, which results in low mobility. This limit is 
typically circumscribed to donor species, since fullerene 
derivatives exhibit relatively high electron mobility (∼10-1 cm2 V-1 

s-1 measured in field effect transistors).22 Therefore, the challenge 
is to obtain high mobility donor materials.23 Once again, 
controlling π-π interactions between the donor molecules is the 
most common strategy to promote molecular assembly resulting 
in a higher mobility.  
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1.2 The latent pigment strategy 

With respect to traditional silicon solar cells where free charges 
are generated directly upon photoexcitation, splitting of excitons 
in organic semiconductors requires to overcome a larger 
potential barrier (exciton binding energy >50 meV)24,25 owing to 
the lower dielectric constant of the medium. In BHJ solar cells, 
this is typically achieved by mixing materials with different 
electron affinity and oxidation potential, so as to form 
distributed interfaces where excitons are split in geminate 
electron-hole pairs by ultrafast charge transfer processes26-29. 
Because of the typical homopolar conductivity of organic 
materials, the transport of electrons and holes to the respective 
electrodes requires preferential percolation pathways of p- and 
n-type character that are formed by separating the donor and the 
acceptor moieties in phase segregated domains. In order to 
optimize the photovoltaic efficiency it is therefore pivotal to 
finely balance the degree of mixing: on the one hand, a fine 
interpenetration assures that the size of segregated domains does 
not exceed the exciton diffusion length, which would suppress 
exciton splitting into geminate e-h pairs at the donor/acceptor 
interface; on the other hand, phase separation into highly 
conductive crystalline domains, promotes efficient long-range 
geminate charge separation and transport30-33. 

In polymer-fullerene blends, phase segregation happens 
spontaneously due to their unfavourable entropy of mixing, 
yielding highly interpenetrated phase separated domains (10-20 
nm in size)34 whose extent can be further controlled through post 
processing techniques, such as thermal or solvent vapour 
annealing35-37. In contrast, phase separation in SM-BHJs lacks of 
entropic contribution and therefore requires an additional 
driving force to occur. In order to address this issue, several 
groups have adopted various approaches including the 
exploitation of different solubility of the blend constituents in 
the processing solvents38, the insertion of additives39 and the 
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adoption of post-processing procedures such as solvent vapour 
and/or thermal annealing12,21. Phase segregation can be further 
promoted by increasing the dipolar character of the donor 
species or by exploiting π-π interactions between neighbouring 
conjugated moieties that result in intermolecular aggregation 
and the formation of close packed crystalline domains40,41. Even 
when successful in inducing phase-separation, these approaches 
typically introduce no cohesive forces capable of stabilizing the 
processed blend in a desired optimized morphology. The 
resulting phase separation is therefore inherently unstable and 
subject to changes due to temperature or to the exposure to 
environmental agents, such as moisture or solvents. To date, fine 
control of phase separation represents the most critical challenge 
for boosting the efficiency of SM-BHJ solar cells. Specifically, in 
contrast to polymer BHJs where the film morphology and 
segregation can be finely controlled through simple annealing 
procedures owing to the low molecular mobility of long 
polymeric chains, thermal annealing of small-molecule BHJs 
leads to rapid and therefore less controllable segregation that 
may results in suppression of exciton splitting and consequent 
reduction of photovoltaic activity42. 

In this work, I demonstrate a new paradigm for external fine 
control of phase segregation in SM-BHJs that rises the device 
efficiency of over twenty times with respect to unprocessed 
devices. The strategy consists in the post-deposition activation of 
a network of latent hydrogen-bonds (H-bonds) between 
functionalized donor molecules blended with PCBM through 
thermally induced decomposition of labile protecting groups 
that prevent the H-bonding from occurring in the as-deposited 
films. This “latent pigment” concept was initially introduced for 
increasing the solution processability of molecular pigments43,44 
and, more recently, it has been applied to increase the charge 
mobility in ambipolar organic transistors through the formation 
of highly ordered molecular arrangements45-48. The key aspect of 
the approach, schematically depicted in Fig.1.4, is the temporary 
“deactivation” of the H-bond-forming sites of the donor 
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molecule by its protection with a thermally labile functionality. 
This makes the donor miscible with PCBM in common solvents, 
allowing for the use of conventional solution-based deposition 
methods on transparent conductive substrates. The formation of 
phase-segregated domains is successively finely tuned by thermal 
cleavage of the protective group and consequent activation of the 
H-bonding sites.  

 
Figure 1.4 Schematic representation of the latent H-bonding 
strategy in the fabrication of SM-BHJ solar cells. A solution of 
protected donor and acceptor molecules are deposited on 
transparent conductive substrates via simple solution processing 
(i.e. pin coating, roll-to-roll printing). The post-deposition thermal 
treatment removes the thermolabile protective functionalities 
thereby activating the latent H-bonding sites. As a result, the donor 
moieties network leading to a fine controlled phase segregated 
polycrystalline film. Deposition of the extraction electrodes is carried 
out by standard procedures. 

Through this approach, Ican control the blend morphology from 
the initial kinetic structures formed during film deposition (i.e. 
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evaporation of the solvent during spin coating) all the way to 
thermodynamic macrophase-separated materials and thereby 
access intermediate morphologies that simultaneously optimize 
the charge separation efficiency at the donor/acceptor interfaces 
and charge mobility through the formation of interpenetrated 
phase separated percolation pathways. 
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1.2.1 Materials 

The material I used in my work is a functionalized 
diketopyrrolopyrrole (DPP) derivative as electron donor blended 
with a conventional PCBM acceptor. DPP derivatives have 
recently received considerable attention as efficient donor 
materials thanks to their high polarizability and good self-
assembly properties arising from their planar conjugated bi-
cyclic structure that promotes π-π interaction in the solid state49. 
Furthermore, the electron withdrawing DPP core can be 
functionalized with electron rich substituents, which confer to 
the molecule a donor-acceptor-donor (D-A-D) character. The 
resulting intramolecular charge transfer process provides an 
additional mean to tune the absorption spectrum so as to cover 
the whole visible spectral region18,21. 

My molecule of choice is di-tert-butyl3,6-di(biphenyl-4-yl)-1,4-
dioxopyrrolo[3,4-c]pyrrole-2,5(1H,4H)-dicarboxylate (hereafter 
referred to as DPPH), a D-A-D functionalized DPP whose 
lactamic nitrogens are protected by tert-butoxycarbonyl (t-BOC) 
groups (highlighted in red in Fig 1.5). The decomposition of the 
t-BOC functionalities into gaseous species (CO2 and isobutene) 
triggers the formation of H-bonds between neighbouring DPPH 
molecules leading to the desired phase segregation.  

 
Figure 1.5 Activation of latent H-bonding in di-tert-butyl3,6-di([1,1'-
biphenyl]-4-yl)-1,4-dioxopyrrolo[3,4-c]pyrrole-2,5(1H,4H)-
dicarboxylate (DPPH). At 170°C the ter-butoxycarbonyl (t-BOC) 
protection group (highlighted in red) is converted in carbon dioxide 
(CO2) and isobutene (C4H8). 
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Morphological and structural analyses reveal the gradual 
evolution of the amorphous and uniform pristine film into a 
mosaic of segregated crystalline domains. The separation of 
donor and acceptor species is confirmed by spectroscopic 
measurements that show the progressive increase of the DPPH 
luminescence in thermally treated (“deprotected”) films, index of 
slightly reduced ultrafast exciton splitting that instead 
completely quenches the emission of the pristine “protected” 
blend. Despite the partially suppressed exciton splitting in phase 
segregated films, the improved charge mobility leads to a 
dramatic increase of the short circuit current, and thereby boosts 
the power conversion efficiency up to twenty times that of 
pristine devices. In order to unambiguously ascribe the observed 
improvement of the PV performances to the activation of latent 
H-bonding network, a control molecule, 3,6-di(biphenyl-4-yl)-
2,5-bis(2-ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione was synthesised  (referred to as DPPC, Fig 1.6) with similar 
structure to DPPH except for the protection of the lactamic 
nitrogens which, in this case, is provided by 2-ethylhexyl alkyl 
chains that are stable at the processing temperature and thus 
unaffected by the thermal treatment. Thermal annealing of the 
control blends leads to minor changes in the film structure that 
remains amorphous and to the disruption of the photovoltaic 
activity, most likely due to uncontrollable complete segregation 
of DPPC molecules in nearly pure amorphous domains.  

 
Figure 1.6 Structure of 3,6-di([1,1'-biphenyl]-4-yl)-2,5-bis(2-
ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPPC).  
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1.2.2 Results 

Thermal activation of intramolecular aggregation 

I start the study by providing evidence of controlled thermal 
decomposition of the t-BOC protective functionality and 
consequent formation of intermolecular DPPH aggregates. In 
Fig.1.7 I report the thermogravimetric analysis (TGA) of DPPH 
powder and the respective mass release curves as obtained 
through coupled mass spectroscopy measurements on the 
exhaust gases. At 200°C, a first 29% weight loss is observed with 
concomitant emission of CO2 and C4H8, as expected for the 
thermal cleavage of the protective t-BOC group. DPPH is 
otherwise stable up to 500°C where a further 40% mass loss and 
corresponding CO2 emission indicates the degradation of the 
DPP core.  

 
Figure 1.7 Thermogravimetric analysis (TGA) of DPPH powder 
performed under nitrogen atmosphere (upper panel) and related 
mass release curves (lower panel) identifying the emission of CO2 
(red line), C4H8 (green line) and C5H10O2 (black line). The green curve 
has been shifted upwards by 10 times for clarity. 
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The thermogram provides an indication of the thermal budget 
necessary to convert DPPH into its deprotected form. In order to 
fine tune the thermal activation of hydrogen networking, Ichose 
to provide the required thermal budget by heating the samples at 
170°C, which is slightly below the peak deprotection temperature 
of ~200°C. This allows me to slow down the hydrogen 
networking process and thereby to control its extent through the 
duration of the thermal treatment, hereafter expressed in terms 
of thermal treatment time (tTT). 

Thermal deprotection and consequent activation of H-bonding 
sites is confirmed by Fourier transform infrared (FT-IR) 
transmission measurements that allow to monitor the evolution 
of the functional groups in the film at different stages of the 
thermal treatment (Fig.1.8) through the intensity of their 
characteristic vibrational modes.  

 
Figure 1.8 IR transmission spectra of pristine (red line) and fully 
converted (tTT = 1000s , blue line) DPPH:PCBM films (1:1 wt%) 
showing the drop of the C=O stretching mode upon thermal 
deprotection. Inset: IR transmission spectra in the 2800-3300 cm-1 
region characteristic of N-H stretching mode. 

Upon annealing, the characteristic signal of the C=O stretching 
mode at 1740 cm-1 is reduced to below 50% of its initial intensity, 
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indicating the successful removal of the t-BOC protective groups 
(the residual signal is due to the C=O bond of PCBM). Most 
importantly, the characteristic signal of the N-H stretching mode 
between 3000 cm-1 and 3200 cm-1 concomitantly grows, 
confirming the activation of H-bonding sites. As a result of 
thermal deprotection, DPPH moieties progressively aggregate 
both in pure and blended films.  

 
Figure 1.9 Absorption spectra of a pure DPPH film for increasing 
treatment time, tTT. The photoluminescence spectra of the pure 
DPPH film excited at 400 nm are shown in the inset together with the 
photographs of the samples before (yellow films) and after 1000s 
thermal treatment at 170°C (red films). 

Figure 1.9 shows the absorption spectrum of a pure DPPH film as 
a function of the thermal treatment time, tTT =0-1000 s. The 
pristine DPPH film  shows an absorption spectrum with a first 
band at about 2.7 eV that well resembles the absorption profile of 
the diluted solution (Fig.1.10) and is therefore ascribed to 
non-interacting DPPH molecules.  
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Figure 1.10 UV-Vis absorption spectrum of a diluted solution of DPPH 
in chloroform. 

The thermal deprotection induces a progressive drop of the 
2.7 eV absorption feature with increasing tTT, accompanied by 
the growth of a lower energy band at 2.2 eV ascribed to 
molecular aggregates, with a clear isosbestic point at 2.5 eV. 
Accordingly, the DPPH photoluminescence (PL) is progressively 
quenched (inset of Fig.1.9), possibly due to increased exciton 
mobility in the aggregated film that allows excitons to rapidly 
reach non-radiative quenching sites or to the lower emission 
efficiency of aggregates. 

Similar evolution of the absorption spectrum is observed for a 
1:1 DPPH:PCBM blended film where the absorption profile of 
DPPH is overlapped to the absorption spectrum of PCBM 
(Fig.1.11). Also in this case, the thermal treatment leads to 
progressive growth of the absorption band at 2.2 eV, thus 
confirming that DPPH moieties aggregate following deprotection 
also in the blended film.  
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Figure 1.11 Absorption spectra of a DPPH:PCBM (1:1 wt%) blend film 
for increasing treatment time, tTT. The photograph of the sample 
before (yellow films) and after 1000s thermal treatment at 170°C 
(brown-red films) are shown in the inset. 

In contrast, UV-Vis absorption measurements on control films 
of pure DPPC and DPPC:PCBM 1:1 blend show no aggregate 
band at any tTT (Fig.1.12), thus confirming the key role of H-
networking activated by thermal removal of the t-BOC 
protection as a driving force for intermolecular aggregation in 
the solid state. 
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Figure 1.12 UV-Vis absorption spectrum of a film of a) pure DPPC and 
b) DPPC blended with PCBM (1:1 wt) as a function of tTT. 

 

Morphological and structural analyses 

As mentioned above, the key advantage of the proposed strategy 
is the ability to externally tune the film morphology and phase 
segregation through the thermal activation of latent H-bonds. To 
demonstrate the control over film morphology and crystal 
structure I performed atomic force microscopy (AFM) and X-ray 
diffraction (XRD) measurements on pure DPPH and blended 
films at different stages of thermal treatment. Figure 1.13a and 
1.13b report the AFM images and XRD patterns of a 100 nm 
DPPH:PCBM (1:1) film on a Si(100) substrate both as-spun and 
for tTT up to 510 s. The pristine film shows uniform morphology 
with roughness (rms) below 1 nm and no evident diffraction 
signal, indicating a substantially amorphous state. After a 30 s 
thermal treatment, the film surface becomes structured with the 
formation of elongated lamellar domains with thickness of about 
1 nm. The surface roughness undergoes a three-fold increase 
with respect to its initial value (Table 1). 



 27 

 
Figure 1.13 Development of crystalline phase segregated  domains 
through activation of latent H-bonds in DPPH:PCBM blends. a) AFM 
surface topography of DPP:PCBM (1:1 wt%) films on Si(100) 
substrates as measured at room temperature after thermal 
treatments performed for the time reported on the top-right of each 
panel. The white scale bar corresponds to 400 nm. The 
corresponding surface roughness is reported in Table 1. b) X-ray 
diffraction patterns collected in Bragg-Brentano configuration for 
the same films as in ‘a’ showing the XRD peak corresponding to the 
out-of-plane spacing d = 1.12 nm of the crystal phase of 
unprotected DPPH. c) Evolution of the integrated intensity of the 
peak with thermal treatment time. The same colour code applies 
throughout the figure. 
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 Roughness (nm) 

tTT (s) pure 
DPPH DPPH:PCBM 

0 3.30 0.41 
30 11.26 2.43 

150 9.71 3.18 
270 8.37 8.05 
390 11.39 8.56 
510 13.15 8.25 
630 18.24 6.91 
750 15.39 8.63 
870 9.00 5.17 

 
Table 1 Roughness of pure and blended DPPH films calculated on 
3x3 μm2 images. 

The XRD pattern shows a sharp diffraction peak at 2θ = 7.6° 
(with replicas up to the fifth order) which are indicative of the 
development of a crystalline phase with the highest out-of-plane 
periodicity with spacing of 1.12 nm, consistent with the 
morphological features observed in the respective AFM image. 
Extended treatments up to tTT=270 s induce a further increase in 
crystallinity and the formation of 10-20 nm three-dimensional 
crystalline domains. Importantly, while the volume fraction of 
the crystalline phase grows, resulting in more intense XRD 
signal, the diffraction peak is substantially broader with respect 
to shorter treatments, which indicates the polycrystalline nature 
of the film. Longer annealing has a further effect on the surface 
morphology as the XRD signal broadens and drops in intensity 
accompanied by a substantial blurring of the morphologic 
features. The whole process is in any case fully reproducible and 
thus controllable at any required treatment timescale. The same 
evolution of the film structure is observed for pure DPPH films 
while pure PCBM films are unaffected by the thermal treatment. 
This suggests that the presence of PCBM does not sensibly 
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interfere with the thermal activation of the H-network, in 
agreement with the optical absorption measurements reported in 
Fig.1.11. 

To further investigate the structural changes of the film during 
the thermal treatment that result in a non-trivial behaviour of 
the crystallinity, I performed differential scanning calorimetry 
(DSC) and grazing incidence wide angle X-ray scattering 
(GIWAXS) measurements at different stages of thermal 
treatment on pure DPPH samples.  

 
Figure 1.14 Differential scanning calorimetry of pure DPPH.  

The DSC measurement reported in Fig 1.14 shows three separate 
features that identify three different aggregation stages. The first 
exothermic features at ~150°C is ascribed to the thermally 
activated crystallization of the DPPH molecules in their original 
chemical structure (crystalline phase 1).  In agreement with the 
thermogram reported in Fig.1.7, the endothermic feature at 
~200°C is ascribed to the cleavage of the t-BOC functionality and 
it is immediately followed by an exothermic feature at ~210°C 
associated to the crystallization triggered by the activation of the 
hydrogen bonds in the system (crystalline phase 2). In this 
framework, the aforementioned behaviour of the crystallinity 
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observed in XRD analyses performed at different stages of the 
thermal treatment can be explained as follows: I) before the 
thermal treatment the film is smooth (see AFM images) and 
amorphous; II) During the first stages of the thermal treatment 
the first crystallization process takes place, the film roughness 
increases and phase segregation occurs (when in blend with 
PCBM). At this stage the film is in the first crystalline phase and 
no hydrogen bonding is present in the system; III) After the 
removal of the t-BOC functionality, the cohesive forces 
introduced by the hydrogen bonding drive the transition to the 
second crystalline phase which, cannot be detected by XRD 
analyses in Bragg-Brentano configuration as the cristallization is 
mostly on the film plane. As a result, the film morphology 
changes and the diffraction signal associated to the first crystal 
phase dims. 

To demonstrate the presence of two crystalline phases and to 
investigate their properties I report GIWAXS measurements 
performed at different stages of the thermal treatment during the 
phase transition between the two crystalline structures (Fig 1.15).  
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Figure 1.15 GIWAXS measurements on pure DPPH films at different 
stages of thermal treatment.  All the samples were pre-annealed at 
150°C for 1 minute to induce the first phase transition from the 
amorphous state to phase 1.  The following thermal treatment has 
been performed at 170° for: a) 0 min, b) 5min, c)10 min, d) 20 min. 

The diffraction pattern reported in Fig1.15a, recorded on a 
sample pre-annealed at 150°C, shows a peak at qz=0,5 Å-1 
indicating an out-of-plane periodicity of 1.10 nm. This is the 
same feature observed during XRD measurements reported in 
Fig.1.13 which is ascribed to the first crystalline phase in which 
the DPPH still preserve its original chemical structure.  In panel 
b, I report the diffraction pattern recorded after an additional 5 
minutes of thermal treatment at 170°C. Here, the diffraction 
peak at qz=0,5 Å-1 becomes more intense due to the 
crystallization of the residual amorphous material and another 
diffraction pattern with in-plane periodicity featuring a peak at 
qxy=0.3 Å-1 with a replica at qxy=0,6 Å-1 appears. This pattern can 
be ascribed to the second crystalline phase observed in DSC 
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measurements. After 10 minutes of thermal treatment at 170° the 
peak ascribed to the out-of-plane periodic structure dims as the 
phase transition to the H-bonded crystalline phase takes place. 
The diffraction peak along qxy grows and a second order replica 
appears at qxy=0.9 Å-1. At tTT=20 minutes the film is entirely 
converted into crystalline phase 2 and the diffraction pattern of 
phase 1 is almost completely vanished. Importantly, this 
measurement explains the non-trivial behaviour observed in 
XRD. The two measurements are consistent in detecting the first 
crystallization from the amorphous phase to the crystalline phase 
1 with out-of-plane periodicity while only GIWAXS 
measurements can detect the presence of phase 2 because of its 
in-plane periodicity that is not detectable using Bragg-Brentano 
geometry. 

Importantly the film morphology and crystallinity are preserved 
for shelf times up to 6 months. As shown in Fig.1.16, the XRD 
pattern of a representative DPPH:PCBM film stored in air under 
ambient illumination for over 6 months shows an intense 
diffraction peak at 2θ = 7.6° and surface morphology as a blend 
measured immediately after the thermal deprotection (Fig.1.16).  

 
Figure 1.16 Diffraction patterns of DPPH:PCBM (1:1 wt%) films on 
silica substrates at tTT=270 s after a shelf time of 6 months (pristine - 
black line, treated for tTT=270 s - red line). The inset shows the AFM 
surface topography of the same sample. The scale bar corresponds 
to 400 nm. 
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This further emphasises the ability of the thermally activated H-
network to stabilize the blend nanoarchitecture for extended 
periods of time in lighting conditions at room temperature. 
Furthermore, as a result of the strong cohesive forces introduced 
by the H-bonds, the processed blend becomes essentially 
insoluble in common solvents (Fig.1.17), similarly to what 
observed with latent pigments used in inks and varnishes.43   

 
Figure 1.17 UV-Vis absorption spectra of pristine (blue) and treated 
(tTT=270 s, red) DPPH:PCBM films before (continuous line) and after 
(dotted line) washing in various solvents. The spectra of the films 
washed in water and ethanol have been shifted up for clarity. 
Deprotected blends are essentially insoluble in any of the solvents 
tested due to H-networking that introduces strong cohesive forces 
which dramatically improve the stability of the film with respect to 
common untreated films. 

Specifically, in Fig.1.17, I report the optical absorption spectra 
of pristine and deprotected blends before and after washing in 
water, ethanol and acetone. Remarkably, while the pristine films 
are dissolved by ethanol and acetone, their deprotected 
analogues are unaffected by the washing procedure.  
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Organic field effect transistors 

To investigate how structural changes affect the electrical 
properties of the material, I fabricated organic field effect 
transistors (OFET) in bottom gate/bottom contact configuration 
embedding DPPH in the active layer and tested them at different 
stages of thermal treatment. The OFETSs have a channel length 
of 1 cm and a channel width of 10 μm.  

 
Figure 1.18 OFET characteristics of a device embedding DPPH at 
tTT=20min at 170°C. Transfer characteristics (upper panel) measured 
at Vd=-40V. Output characteristics (lower panel) measured at Vg=0V, 
-10V, -20V, -30V, -40V. 
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Representative transfer and output characteristic of an OFET 
embedding DPPH at ttt=20min at 170°C are reported  in Fig.1.18. 
The transfer curves (upper panel) show a turn on voltage of  -
10V, a small hysteresis and an ON/OFF current ratio of  ~5�103. 
The output characteristics exhibit very small hysteresis and good 
linearity at low Vd due to negligible contact resistance. 

In Fig.1.19, the mean saturation hole mobility (μsat) of crystalline 
DPPH calculated over 5 samples for each stage is reported as a 
function of the thermal treatment time at 170°C. All the devices 
were previously annealed to so that tTT=0min the material is in 
the first crystalline phase which exhibits an hole mobility of 10-

6cm2/Vs. OFETs embedding pristine amorphous DPPH show no 
electrical response and therefore non-measurable hole mobility. 

 
Figure 1.19 Mean saturation hole mobility of OFET embedding DPPH 
at different stages of thermal treatment. The mean values are 
calculated over a set of 5 samples for each step. All samples were 
pre-annealed at 150°C for 1 minute to convert DPPH into the first 
crystalline phase.  

The progressive conversion into the hydrogen bonded crystalline 
promotes a two orders of magnitude increase of the hole 
mobility which reaches μsat=10-4cm2/Vs at tTT=10 minutes. Longer 
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thermal treatments further increase the hole mobility possibly 
due to morphologic changes in the film structure.  

 

Hydrogen-networked SM-BHJ solar cells 

To experimentally validate the concept of post-deposition 
activation of latent H-bonding for improving the performances 
of SM-BHJ solar cells, I fabricated and tested simple proof-of-
principle devices consisting of a 100 nm DPPH:PCBM (70:30 wt) 
film at different stages of thermal treatment sandwiched between 
an ITO/PEDOT:PSS anode and a LiF/Al cathode (1.5 nm LiF, 90 
nm Al).  

 
Figure 1.20 Current-voltage (IV) responses of SM-BHJ solar cells 
incorporating a 100 nm thick DPPH:PCBM (70:30 wt%) film treated 
for tTT = 0, 30, 60,150, 270, 300 s under AM 1.5G illumination 
(100mW/cm2). The curve corresponding to tTT=300 s is shown as 
dashed line to distinguish it from the positive trend in PV activity 
observed for shorter treatment times. Inset, zoomed-in IV response 
of unprocessed device. 

The electrical response of the devices under AM 1.5G 
illumination is reported in Fig.1.20, showing negligible 
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dependence of the open circuit voltage (VOC) on tTT, a further 
evidence that the conjugated structure of the DPPH core is 
preserved upon thermal deprotection. Remarkably, the short 
circuit current density (JSC) shows a 30-fold increase upon 
annealing for tTT =270 s, resulting in the concomitant growth of 
the power conversion efficiency (PCE) to ~0.15%, which is over 
20 times larger than the efficiency of the pristine device 
(Fig.1.21). 

 
Figure 1.21  Evolution of the short circuit current density (triangles) 
and power conversion efficiency (PCE, squares) with tTT. Schematic 
diagram of the energy levels of DPPH and PCBM are reported in the 
inset. 

The electrical characteristics of the best performing device of 
each set are reported in Table 2.  
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tTT (s) VOC (V) JSC (mA cm-2) η  (%) FF 
0 0.88 0.0232 7.1456e-3 0.35 

30 0.63 0.4860 0.0949 0.31 
60 0.60 0.7003 0.1387 0.33 

150 0.57 0.6920 0.1341 0.34 
270 0.61 0.8232 0.1506 0.30 
300 0.63 0.1729 0.0229 0.21 

 
Table 2 Characteristics of the best performing device of each set for 
different thermal treatment times of the active layer. All 
measurements are performed under AM 1.5G illumination, 100 
mW/cm2. 

The same study performed on control solar cells based on a 
DPPC:PCBM (70:30 wt) blend shows that, while the pristine 
device has similar PCE to its DPPH:PCBM counterpart, the 
device treated for tTT=270s exhibits no PV activity (Table 3).  

tTT (s) VOC (V) JSC (mA cm-2) η  (%) FF 
0 0.62 0.31 0.047 0.23 
0 0.61 0.28 0.042 0.23 
0 0.57 0.26 0.037 0.23 
0 0.53 0.27 0.036 0.24 

270 0 0.032 0 -- 
270 0 0.028 0 -- 
270 0 0.023 0 -- 
270 0 0.023 0 -- 
270 0 0.023 0 -- 

 
Table 3 Characteristics of control BHJ solar cells incorporating 
DPPC:PCBM blends for different tTT of the active layer at 170°C. All 
measurements are performed under AM 1.5G illumination, 100 
mW/cm2. 

This unambiguously demonstrates that the deprotection of the 
DPPH molecules and the consequent H-networking plays a key 
role in improving the PV performances of the solar cells. I note 
that these proof of principle devices have not been optimized for 
high absolute efficiency in terms of the active layer thickness, 
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electrodes work functions and donor/acceptor ratio. Improved 
performances can potentially be achieved by tuning the DPP 
energy levels and optical gap, so as to better cover the solar 
spectrum and improve charge separation. In fact, as shown by 
the energy levels diagram in Fig.1.21, the highest occupied 
molecular orbital (HOMO) level of DPPH is slightly lower than 
the HOMO of PCBM (-6.22 eV vs. -6.1 eV) which results in poor 
charge separation at the hetero interface. Several examples of 
BHJ solar cells based on DPP derivatives have been reported 
achieving conversion efficiencies up to 4%49-52. Therefore, 
significant improvements are expected by applying the proposed 
strategy to optimized molecular systems. The latent pigment 
strategy can also be extended to other classes of high 
performance pigments such as quinacridone and isoindigo45,53. 
Further optimization can also be achieved through the 
implementation of more complex device architectures12,54. 
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Figure 1.22 Absorption spectrum (dashed line) and IPCE (continous 
line) spectra for a) a SM-BHJ solar cell incorporating a pristine 
DPPH:PCBM (70:30 wt%) film (red) and b) the same blend treated for 
270s (blue lines). 

To gather a deeper insight into the role of the molecular 
aggregates in deprotected crystalline films on the production of 
photocurrent, I measured the spectrally resolved incident 
photon-to-current efficiency (IPCE) of the same solar cells as in 
Fig.1.20 and 1.21. In Fig.1.22 I report the optical absorption and 
the IPCE spectrum of a pristine device and of a cell treated for 
tTT=270 s. As expected, the IPCE spectrum of the “protected” 
device resembles well its absorption spectrum with no evident 
contribution of intramolecular aggregates at 2.2 eV. On the other 
hand, the IPCE spectrum of the “deprotected” cell shows a 
marked band at 2.2 eV that is significantly more intense than the 
corresponding optical absorbance, indicating that intermolecular 
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aggregates more efficiently convert absorbed light into 
photocurrent with respect to isolated molecules. 

 

Photophysical investigation of thermally induced H-
Networking 

Finally, I use time-resolved photoluminescence experiments to 
probe the phase separation on a molecular scale and thereby to 
unravel the photophysical processes underpinning the improved 
efficiency in H-networked SM-BHJ solar cells. Figures 1.23 
shows the time-integrated PL spectra and the PL decay curves of 
a DPPH:PCBM blend at increasing tTT. 
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Figure 1.23 a) PL spectra, b) integrated PL intensity  and c) PL decays 
of a DPPH:PCBM (1:1 wt%) film for different treatment time. The 
same colour code applies throughout panels ‘a’ to ‘c’. 

The corresponding contour plot of PL decay traces vs tTT is 
reported in Fig.1.24.  
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Figure 1.24 Contour plot of the PL decays as a function of tTT 
(logarithmic scale). The dashed lines highlight the region 
corresponding to the highest exciton mobility. 

In the as-spun DPPH:PCBM blend, donor and acceptor 
molecules are finely mixed and the recombination of DPPH 
excitons is dominated by ultrafast electron transfer to PCBM. 
Accordingly, the film is completely non-emitting. Brief thermal 
treatments lead to the formation of crystalline phase-segregated 
domains rich in DPPH in its first crystalline phase and PCBM. In 
this film morphology, due to the low carrier mobility of the first 
crystalline phase, DPPH excitons are photogenerated sufficiently 
far from PCBM to be able to recombine radiatively before 
reaching the domain interfaces where they are split by ultrafast 
electron transfer. As the domain size grows, the film becomes 
progressively more emissive (zone ‘1’ in Fig.1.23b) and the PL 
decay curve shows the typical stretched exponential behaviour 
that reflects the distribution of distances between the 
photoexcitation spot and the quenching site (i.e. the 
DPPH/PCBM interface) characteristic of the diffusion limited 
recombination regime (Fig.1.23c).32,55 The progressive 
conversion into the second crystalline phase, enhances the 
exciton mobility in the DPPH-rich domains leading to faster 
exciton diffusion and consequent quenching of the PL by 
electron transfer to PCBM or by nonradiative decay in defect 
sites (zone ‘2’ in Fig.1.23b). Fast migration to the donor-acceptor 
interfaces and consequent shorter PL lifetime in films subject to 
treatments between 200 s and 300 s is confirmed by both the 
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more pronounced fast PL decay component in Fig.1.23c and by 
the accumulation of isolines in the contour plot in Fig.1.24. 
Finally, longer thermal treatments further increase the domain 
size and leads to the slow recover of the emission yield (zone ‘3’ 
in Fig.1.23b). As a result, the interface exciton splitting becomes 
progressively weaker and the decay kinetics becomes single 
exponential with lifetime ~800 ps, indicating that the dominant 
decay process is now the radiative recombination of excitons in 
the large DPPH-rich domains.  

 

Diffraction limited photo-lithography 

Finally, to show the great potential of the latent hydrogen 
bonding strategy, I demonstrate a very simple maskless 
lithography technique to obtain nanometric crystalline 
semiconducting features on non-conductive amorphous DPPH 
films. This approach consists in conveying thermal energy on a 
localized area of a DPPH thin film to locally induce the hydrogen-
bonding-triggered crystallization. With this aim, I focalized a 405 
nm laser into a confocal microscope and used the objective as a 
“brush” to draw sub-micrometric semiconductive features on the 
film surface (Fig.1.25). This process leads to the formation of 
very stable crystalline domains whose mobility is dramatically 
higher than the amorphous surroundings. 



 45 

 
Figure 1.25 Schematic representation of the lithographic technique. 
A focalized laser radiation is swept on a amorphous DPPH film to 
locally induce the formation of hydrogen networked crystalline 
domains. 

To do so, I draw a series of 20 μm x 20 μm matrix of 1024 x 1024 
individually exposed pixels using increasing laser fluence and 
pixel exposure time necessary for achieving various degrees of 
hydrogen-bonding networking. 



 46 

 
Figure 1.26 Optical microscope images of a set of 20 μm x 20 μm 
crystalline DPPH areas surrounded by amorphous materials. Each 
square is made of 1024x1024 pixels and has been impressed with 
different power of the laser and pixel exposure time. 

This set of images (Fig.1.26) shows the progressive conversion of 
the PDDH film from amorphous to completely converted 
crystalline domains. To quantify this evidence, I performed in-
situ absorption spectroscopy on each square by using the same 
confocal setup I used to draw the features.  



 47 

 
Figure 1.27 In situ optical absorption spectroscopy performed on 
the square features reported in Fig.1.26 at constant laser power (a – 
P=144 μW and constant pixel exposure time (b - t=30 μs) 

The data show the progressive growth of the charactheristic 
absorption band of the aggregate at 2.2 eV at increasing laser 
power and exposure time.  

The lateral resolution of these structures is 370 nm measured as 
the full width at half maximum of the first derivative of the 
colour profile extracted by a software.  
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Figure 1.28 Colour profile of the edge of a square feature. The 
vertical axis represents the colour coordinates. The lateral resolution 
is 370 nm. 

To test the resolution limit of this lithographic technique, I draw 
a set of lines only 1 pixel wide at constant laser power and 
different exposure times.  
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Figure 1.29 DPPH converted features on an amorphous film. Each line 
is 1024 pixel long and 1 pixel wide. All line have been impressed 
with with the same laser power (P=144μW) and different pixel 
exposure time. 

The highest resolution achieved is 265 nm. This value is below 
the the diffraction limit of 350 nm calculated as the diameter of 
the first Airy disk according to the formula 

𝐷 =
1.22 ∙ 𝜆
𝑁𝐴  

where λ is the excitation wavelength and NA is the numeric 
aperture of the optical system. 
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Figure 1.30 Colour profile of the same picture reported in Fig.1.29. 
The vertical axis represents the colour coordinates (left panel). The 
narrowest profile (right panel), calculated by mediating the line 
width on the entire length, has a full width at half maximum of 
265 nm. 
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1.2.3 Methods 

Synthesis of  DPPH 

 In an Ar filled glove box, a suspension of 1 (1.000 g, 2.270 
mmol) and DMAP (693 mg, 5.672 mmol) in anhydrous THF (20 
ml) is prepared and stirred at room temperature for 15 minutes. 
A solution of di-tert-butyl dicarbonate (2.480 g, 11.36 mmol) in 
THF (8 ml) is added and the mixture is stirred at room 
temperature for 46h.  A yellow suspension is obtained. Light 
petroleum ether (30 ml) is added and the mixture is stirred for 30 
minutes and filtered obtaining a yellow solid. Product is 
dissolved in CH2Cl2 and filtered through a short silica plug. 
Solvent is evaporated under reduced pressure obtaining pure 
product as a yellow solid (1.186 g, 1.948 mmol, yield 85.8 %). 
Characterizations are in agreement with those previously 
reported 56. 

Electrochemical Analysis  

20 mg of t-BOC protected DPPH were dispersed in 1 ml of 
CH2Cl2. The suspension was filtered to obtain a saturated 
solution and casted on the top of a well polished glassy carbon 
tip working electrode (surface area 0.071 cm2). A thin molecular 
film of DDPH was then obtained by solvent evaporation at room 
temperature and thermal treatment (20 min at 170°C). The 
glassy carbon supported film was characterized by Differential 
Pulsed Voltammetry in tetrabutylammonium perchlorate 10-1 M 
in anhydrous acetonitrile at 20 mV/s. The counter, and 
pseudoreference electrodes were a Pt flag and a Ag/AgCl wire, 
respectively. The Ag/AgCl pseudoreference electrode was 
externally calibrated by adding ferrocene (10-3 M) to the 
electrolyte (E1/2=0.39 V, ΔE=62 mV). Measurements were carried 
out in a glove box filled with argon ([O2]<1 ppm). LUMO 
energies was calculated by the DPV peak potential value 
considering the Fc vacuum level at -5.23 eV.  
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Structural and morphological analyses 

X-ray diffraction specular scans on single crystals and films were 
performed with a PANalytical X’Pert Pro powder diffractometer 
with Cu Kα radiation. AFM images were obtained with a 
Nanoscope V MultiMode atomic force microscope (Veeco) 
using single-beam silicon cantilevers (force constant of 40 N/m) 
operating in intermittent contact (tapping) mode. Image analysis 
was performed with the program WSXM. 

Differential scanning calorimetry 

DSC measurements were conducted under N2 atmosphere at a 
scan rate of 20 °C/min using a Mettler Toledo STARe system. 
Standard Mettler Aluminum crucibles were utilised, for this 
purpose employing samples of ~3 mg in weight.  

 

OFET fabrication 

For the preparation of the OFETs, interdigitated substrates 
(Fraunhofer institute) were sonicated for 10 minutes in acetone 
and for 30 minutes in isopropanole. A self assembled monolayer 
of octadecyltrichlorosilane  (OTS) was grown in a glovebox. A 
5mg/ml solution of DPPH in chloroform was wire-bar coated on 
the substrate to obtain a homogenous film ~30nm thick.  

 

Solar cells fabrication and characterization  

For the preparation of solar cells, indium tin oxide (ITO)-coated 
glass substrates were sonicated for 10 minutes in isopropanole 
and treated in a nitrogen plasma chamber for 10 minutes. A layer 
of poly(3,4-ethylene dioxythiophene/poly (styrene - sulfonate) 
(PEDOT:PSS, CleviosP VP.AI 4083) was spin coated from 
aqueous solution. The film was annealed under nitrogen 
atmosphere at 150°C for 15 minutes. Profilometric 
measurements of the PEDOT:PSS layer reported a thickness of 
40 nm. A 20 mg/ml chloroform solution of DPP and [60]PCBM 
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(Solenne B.V., The Netherlands) 70:30 wt. was stirred overnight 
and then filtered through a 0.22 μm poly (tetrafluoroethylene) 
PTFE filters. The solution was spin coated on the ITO 
PEDOT:PSS substrates  at 1500 rpm for 60 s which yielded  a 
film ∼100 nm thick. A lithium fluoride layer (1.5 nm) coated 
with aluminium (100 nm) was thermally evaporated using a 
shadow mask.  

Current versus voltage curves (I-V) characteristics were 
measured with a Keithley 2602 Digital Source Meter. The cells 
were illuminated from the glass side with a 100 mW/cm2 ABET 
Technologies Sun 2000 Solar Simulator. Spectrally resolved 
incident photon-to-current efficiency (IPCE) was recorded by 
illuminating the solar cells with calibrated monochromatic light 
from a Xe lamp coupled to a monochromator. All fabrications 
and characterizations were performed under nitrogen. 

Spectroscopic studies  

Spectroscopic measurements were performed on diluted 
chloroform solution and spin coated films on silica substrates. IR 
spectroscopy was performed with a μ-FTIR Nicolet iN 10. 
Absorption spectra were collected with a Varian Cary 50 
spectrophotometer. Time-resolved PL measurements were 
carried out using 410 nm (3.02 eV) excitation from a doubled 
Ti:Sapphire laser (Coherent Mira 900), and detecting the emitted 
light with an Hamamatsu C4742-95 streak camera. 
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1.3 Conclusions 

In conclusion I demonstrated a novel approach to fine control 
the phase segregation of solution processed SM-BHJ solar cells 
based on the exploitation of latent H-bonding via thermal 
deprotection of electron donor DPP derivatives blended with 
PCBM.  As shown by AFM and XRD analyses, the thermally 
induced H-networking of the DPP molecules provides the 
necessary driving force for the formation of interpenetrated 
crystalline domains rich in donor and acceptor moieties, 
resulting in over 20-fold increase of the PV efficiency. The 
improvement of the PV performances in the SM-BHJ solar cells 
is due to a larger short-circuit current resulting from the higher 
carrier mobility in the crystalline aggregates of deprotected DPP 
molecules. The demonstrated approach to controlled post-
deposition phase segregation in SM-BHJ solar cells, 
demonstrated here for DPP derivatives blended with PCBM, 
could be extended to smaller band gap molecular 
semiconductors for achieving a better match with the spectrum 
of solar radiation and thereby strongly boost the PV efficiency of 
small-molecule solar cells.  
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2 Sensing of Photoinduced Charge 

Separation at the P3HT/Water Interface 

Hybrid devices employing organic semiconductors interfaced 
with an aqueous solution represent a new frontier in 
bioelectronics and energy applications. Understanding of the 
energetics and photo-induced processes occurring at the 
organic-water interface is fundamental for further progress. In 
this work, I locally probe the interfacial charge states by means of 
ratiometric optical sensors based on engineered colloidal 
heterostructures exhibiting good sensibitlity for electron 
withdrawing/donor agents. The aqueous solution is found to 
polarize the polymer outermost layers, which together with the 
polymer p-(photo)doping by dissolved oxygen, localizes 
photogenerated electrons at the P3HT/water interface, while 
holes can be transferred to the ITO electrode. Under 
illumination, the polymer/water interface is negatively charged, 
attracting positive ions from the electrolyte solution and 
perturbing the ion distribution in the aqueous solution. The 
observed capacitive mechanism is of general character and could 
underlie the behavior of a variety of devices characterized by an 
organic/water interface, such as prosthetic devices for artificial 
vision and photoelectrochemical hydrogen producing systems. 

 

 

 

 

  



 56 

2.1 Introduction 

 

A number of organics-based applications ranging from 
photoelectrochemical water splitting devices,57-61 to electrolyte-
gated field effect transistors,62,63 and bioelectronics64-70 have been 
developed taking inspiration from the prototypical organic solar 
cell architecture, Scheme 2.1a. These devices share the use of 
liquid electrolytes at the interface with a photoactive polymer, 
Scheme 2.1b, typically P3HT. A fascinating application of 
organic optoelectronics is light-induced neural stimulation, a 
forerunner of the artificial retinal prosthesis for visual 
restoration.66-69 The corresponding devices have a typically 
simple structure, consisting of an Indium Tin Oxide (ITO) 
substrate, an organic photoactive layer (P3HT or a 
P3HT/fullerene blend) and an aqueous electrolytic solution, in 
which the neuronal cells can grow and live, Scheme 1b. It has 
been recently demonstrated that such devices can promote 
neuronal stimulation under pulsed light illumination,68 possibly 
in relation to a capacitive coupling at the polymer/electrolyte 
interface driving the neuronal signaling mechanism. The actual 
mechanism behind cell stimulation in vitro and in vivo is still far 
from being understood, with alternative mechanisms, such as 
thermal excitation,71 Faraday currents, or specific photochemical 
reactions, still under investigation. A full understanding of the 
photo-electrochemical processes taking place at the 
organic/electrolyte interface is a crucial step to optimize all 
related devices. Limited work has been carried out on the 
characterization of the P3HT/water interface, in view of 
understanding the operating principles of organic-based water 
splitting devices.57,61 Interfacial acid-base reactions at the P3HT 
surface have been proposed to drive photogenerated electrons 
from the bulk of the polymer to the surface, where the reaction 
occurs.58 Beyond these studies, mainstream research was devoted 
to the investigation of the role of water impurities on the 
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degradation of the organic layer, to test and improve the device 
temporal stability.72-74 

 
Figure 2.1 a) Schematics of an organic solar cell, with main 
photoinduced electron/hole (e-/h+) transfer pathways. The device 
consists of a transparent electrode, typically a conducting indium-tin 
oxide (ITO) substrate; the photoactive layer, typically a donor 
(polymer or small molecule)/acceptor (fullerene derivative) 
heterojunction, responsible for charge generation and transport; 
and a metal counter-electrode. b) Hybrid organic/aqueous 
electrolyte devices, highlighting the (e-/h+) pathways upon 
illumination and the possible interfacial reactions.  
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2.2 Results 

 

In order to locally probe the charge state of the polymer surface 
in direct contact with water, I carried out specific experiments 
exploiting the ratiometric sensing ability of so-called dot-in-bulk 
(DiB) nanocrystals (NCs) (Fig.2.2). These systems consist of a 
small CdSe core (3 nm diameter) over coated with an ultra-thick 
shell CdS leading to a total diameter of ~20 nm.  

 
Figure 2.2 Schematic representation of DiB-NCs deposited on 
ITO/P3HT substrate immersed in water. Under UV illumination, 
negative polarization of the P3HT surface leads to local acidification 
of the NC environment. On the right hand side a CdSe/CdS DiB-NC is 
depicted together with the characteristic energy diagram and the 
frontier levels of P3HT in dry conditions (dark red lines). Trapping of 
photogenerated shell electrons leads to selective quenching of the 
shell luminescence while the core emission is unaffected. 

As a result of the polytypic crystal structure of the CdS shell and 
the electrostatic repulsion between core and shell holes, upon 
photoexcitation DiB-NCs support two types of excitons. 75,76 
Core-excitons emit in the red spectral region and are tightly 
confined in the center of the NC, which makes them essentially 
insensible to the NC environment and to surface states. Shell 
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excitons, on the other hand, are green-emitting Coulombically 
bound states that can sample the NC surfaces and are therefore 
strongly affected by surface charges and by the NC chemical 
surroundings. This property has been recently exploited in 
ratiometric sensing experiments where the core 
photoluminescence (PL) acted as the internal reference for the 
surface sensitive shell emission, Figure 2.2. 77  

 
Figure 2.3 Absorption and photoluminescence spectra of DiB-NCs 
(core radius 1.5 nm, shell thickness 5.8 nm) showing the 
characteristic two-color emission under cw excitation (excitation 
wavelength 400 nm) due to radiative recombination of core (650 
nm) and shell (510 nm) excitons. 

A representative PL spectrum of DiB-NCs on glass is shown in 
Fig.2.3. Importantly, in these systems, quenching of the shell PL 
is due exclusively to nonradiative transfer of photogenerated 
shell electrons, while the few picoseconds residence time of 
photogenerated holes in the shell makes them unaffected by 
surface states and chemical agents. As a result, DiB-NCs are 
particularly suitable for ratiometric detection of electron 
withdrawing agents and to optically probe the acidity of the NC 
environment. 77 In these experiments, I deposited DiB-NCs on 
the P3HT polymer film and checked the stability of both the 
green and red PL in air. The stability of both emissions has been 
further confirmed depositing the NCs on glass and collecting the 
PL spectra over time both in air and water; no quenching is 
observed in either condition, Figure 2.4.  
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Figure 2.4 Upper panel) Core (red) and shell (green) emission 
intensity as a function of the excitation time for  DiB-NCs deposited 
on glass in dry conditions (lines) and immersed in water (circles). 
Lower panel) Time evolution of the core (red tones) and shell (green 
tones) emission intensity for DiB-NCs on ITO/P3HT immersed into 
water (circles), deoxygenated water and oxygen-enriched water (the 
water is deionized in all cases). In all conditions, the core emission is 
constant over time while the shell luminescence drops to ca. 30% in 
500 s due to progressive formation of electron poor environment. 

The shell/core PL ratio of the NCs on the dry P3HT film is 
slightly lower than for DiB-NCs on glass, which accounts for the 
initial mild electron withdrawing effect of P3HT, in agreement 
with the alignment of the frontier levels of the polymer and the 
NCs in dry conditions, Figure 2.2. Upon adding water in the 
absence of photoexcitation, the polarization of the frontier states 
of the outermost P3HT layer enhances electron transfer from the 
DiB-NCs to the polymer, leading to an initial dimming of the 
shell PL whilst the core emission remains constant. Although 
already indicative of enhanced electron harvesting ability of the 
polarized polymer in water, this process is superimposed to 
another dramatic effect. Specifically, in time and under UV 
photoexcitation, the shell PL undergoes a progressive decay 
ultimately reaching ~30% of its initial value. Concomitantly, the 
core PL intensity remains constant thereby further confirming 
the photochemical stability of the NCs during the experiment. 
The dramatic drop of the shell PL points to the gradual formation 
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of an electron accepting (or depleted) NC environment under 
illumination. Since one possible origin of this effect could be the 
gradual evolution of radical oxygen close to the film surfaces 
efficiently scavenging photogenerated NC electrons, I repeated 
the sensing experiments in identical excitation conditions but 
changing the oxygen concentration of the deionized water 
solution. As shown in Figure 2.4, the ratiometric response of the 
DiB-NCs in the three experimental configurations is essentially 
identical, which rules out oxygen as major player, although it 
might still affect the speed of the reaction. Most importantly, the 
whole body of ratiometric sensing analysis supports the picture 
of progressive acidification of the solution in close proximity to 
the P3HT film under illumination due to accumulation of bulk 
electrons on the polymer surface progressively charge balanced 
by the formation of an electron poor (acidic) layer of polarized 
water molecules. 
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2.3 Conclusions 

 

In conclusion, I exploited the ratiometric sensing abilities of 
DiB-NCs to detect the polarization driven accumulation of 
positive charges at the P3HT/water interface. Under UV 
irradiation, the surface of P3HT is negatively charged, therefore, 
perturbating the ions distribution in the water solution by 
attracting positive ions to the proximity of the polymer surface. 
The understanding of the processes occurring at the P3HT/water 
interface is of fundamental interest in developing biocompatible 
optoelectronic devices such as retinal prostheses and organic 
systems for photochemical applications. Moreover, this study 
shows the great potential of DiB-NCs as single particle 
ratiometric sensor for Coulombically interacting species.  
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3 Two-color emitting colloidal nanocrystals 

as single particle ratiometric probes of 

intracellular pH 

Intracellular pH is a key parameter in many biological 
mechanisms and cell metabolism. This parameter has been 
frequently used to detect and monitor cancer formation and 
brain or heart diseases. pH sensing is typically performed by 
fluorescence microscopy using pH responsive luminescent dyes. 
The accuracy of this method, however, is limited by the need for 
quantifying the absolute emission intensity of dye molecules in 
living biological samples. An alternative approach with a 
potentially much higher sensitivity and precision is based on 
probes with a ratiometric response arising from the different pH 
sensitivity of two emission channels of a single emitter. Current 
ratiometric probes are typically complex constructs consisting of 
inorganic nanostructures coupled to organic dyes, which suffer 
from poor photochemical stability and cross-readout due to the 
broad linewidth of their emission spectra. In this thesis, I 
demonstrate that such limitations can be alleviated using a 
single-particle ratiometric pH probe based on fully inorganic 
dot-in-bulk CdSe/CdS nanocrystals (NCs). These nanostructures 
feature emission spectra comprising of two fully spectrally 
separated, narrow peaks with markedly different pH sensitivity. 
These two emissions arise from radiative recombination of core- 
and shell-localized excitons, that are characterized by markedly 
different responses to the NC environment including the pH 
level. Specifically, the core emission is much less affected by the 
pH than the shell luminescence which undergoes drastic 
enhancement in the 3-11 pH range, resulting in a cross-readout-
free ratiometric response as strong as 600%. In vitro microscopy 
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of Human Embryonic Kidney cells demonstrates that the 
ratiometric response in biologic media closely resembles the pre-
calibration curve obtained through far-field titration 
experiments. The NCs show good bio-compatibility, enabling to 
monitor in real-time the externally induced pH variations in 
living cells.  
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3.1 Introduction 

Intracellular pH plays a fundamental role in the regulation of the 
cell metabolism and in a large number of biological mechanisms, 
such as glycolysis and hydrolysis of adenosine triphosphate 
(ATP), protein folding and enzyme activity.78-81 Alterations of 
intracellular pH are also typically indicative of cancer 82-86 or 
major brain and heart diseases.87-90 Sensing intracellular pH is, 
therefore, a key diagnostic tool in biological and medical 
sciences. Conventional intracellular fluorescent pH probes are 
organic fluorophores, whose luminescence is quenched in acidic 
or basic conditions, thus allowing monitoring the cellular pH. 
The most common organic dyes for pH sensing are fluorescines, 
cyanine derivatives91-93 and, more recently, naphthalimide 
derivatives that feature multiple sites for target-specific 
functionalization.94,95 Colloidal semiconductor nanocrystals 
(NCs)96,97 and metal nanoclusters with biocompatible capping 
ligands98 have been recently proposed as potential alternative 
materials for intracellular pH sensing,99-102 as they combine high 
emission efficiency and size-tunable electronic properties with 
enhanced stability and exceptionally large surface-to-volume 
ratios. In addition, NCs feature broad, virtually continuous 
absorption spectra that allows for non-resonant excitation, 
which lowers the detection limit and boosts the contrast and the 
resolution of confocal microscopy by minimizing detrimental 
background signals due to the diffuse stray-light and the auto-
fluorescence of organic tissues.103-108 The biocompatibility of 
intracellular pH probes and their selectivity for specific 
cytoplasmic organelles can be further enhanced by using 
polymeric or silica nanoparticles as vehicles for their targeted 
internalization through the cellular membrane.109-114 

A common experimental difficulty of radiometric luminescence 
pH sensing is that it requires the accurate quantitative estimation 
of the emission intensity in biological systems, which is typically 
strongly dependent on the concentration of fluorophores inside 
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the cells and requires the use of fluorescent standards, such as 
rhodamines, to correct for the experimental conditions.115 This is 
boosting the interest for ratiometric systems capable of reporting 
pH variation through the intensity ratio between two coexisting 
emissions with different pH sensitivity.116-119 To date, ratiometric 
pH sensors are mostly based on metallic or semiconducting 
nanoparticles coupled to organic dyes, whose mutual 
photophysical interaction through charge- or energy-transfer is 
determined by the external environment, leading to pH-induced 
spectral variations.120-124 Despite the variety of proposed 
architectures, all ratiometric sensors available to date comprise 
of at least one organic component,125-127 which typically suffer 
from low photostability. In addition to this, a common limitation 
of ratiometric pH sensors is the strong cross-readout due to the 
spectral overlap between the broad luminescence profiles of the 
two emitting species.115  

In this work, I show the use of intrinsically ratiometric two-
colour emitting inorganic heterostructures as single-particle 
intracellular pH sensors, combining many important advantages 
over conventional pH probes. Namely, these systems are 
intrinsically ratiometric, which eliminates the need for 
supramolecular constructs and for accurate control of secondary 
interactions and lifts the ubiquitous concentration-dependence of 
the response signal of radiometric pH probes. Equally 
importantly, these compact ratiometric nanostructures exhibit 
widely separated narrow-line emission bands, which completely 
suppresses cross-readout errors. 

 

CdSe/CdS Dot-in-Bulk Nanocrystals 

In this work, I use so-called dot-in-bulk CdSe/CdS NCs (DiB-
NCs)75-77,128 consisting of a small quantum confined CdSe core 
(radius ~1.5 nm) embedded in a bulk-like CdS particle 
(thickness ~8.5 nm). In Fig.3.1a and Fig.3.1b are reported 
transmission electron microscopy images of CdSe/CdS NCs 
during the synthesis at different shell thickness (3.5 nm and 8.5 
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nm respectively). Diffraction pattern collected at different 
reaction time show that the CdS shell grows in the same 
zincblende structure of the core for a few layers and then 
rearranges to the more thermodynamically stable wurtzite 
structure (Fig.3.1c).  

 
Figure 3.1 Transmission electron microscopy images of CdSe/CdS 
NCs with core radius R0 = 1.5 nm and different shell thicknesses (3.5 
nm (a) and 8.5 nm (b)). Scale bars in the main panels correspond to 
20 nm. (c) X-ray diffraction (XRD) patterns of NCs with a core radius 
of 1.5 nm and different thicknesses (H = 0, 3.5, 4.5, 6.5, and 8.5 nm) in 
comparison to the XRD spectra of bulk CdSe and CdS. 

As a result of their unique internal structure, featuring a sharp, 
unalloyed, core/shell interface128 and a 30 meV potential barrier 
between the core and the shell valence bands76 (Fig.3.2), DiB-
NCs exhibit two-color red and green emission respectively from 
core- and shell excitons under low fluence  optical excitation 
(Fig.3.3) or electrical drive.75,76  
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Figure 3.2 Schematic depiction of the use of two-color emitting DiB-
NCs for intracellular pH ratiometric imaging, showing the 
simultaneous generation of two luminescence maps for the core 
and the shell emissions using the red and green detector channels 
of a confocal fluorescence microscope, respectively. The schematic 
representation of the band diagram of CdSe/CdS DiB-NCs and the 
pH sensing mechanism are shown in the right panel. At pH<7, 
excess H+ ions quench the shell luminescence by directly removing 
electrons from the NC conduction band and by depleting 
(activating) electron accepting surface defects (SD). At pH>7, excess 
OH- species passivate surface electron traps promoting the radiative 
recombination of excitons.  
 

Two-color light as a result of radiative recombination of excitons 
localized in different compositional domains of the same 
heterostructure has been observed also in elongated dot-in-rod 
structures, tetrapods129-132 and spherical core/shell systems133-138. 
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Figure 3.3 Integrated PL intensity of core (red dots) and shell (green 
dots) emissions as a function of increasing pulsed excitation fluence, 
plotted on a log-log scale. The data show a linear dependence of 
both core and shell emission from the excitation fluence except in 
the range 4-10 μJ/cm2 due to the Coulomb-blockade. 

Representative photoluminescence (PL) spectra of DiB-NCs are 
reported in Fig.3.4, showing the characteristic red and green 
emissions at 510 nm and 635 nm respectively. Fundamentally for 
ratiometric pH sensing, the core and shell excitons in DiB-NCs 
are differently exposed to the NC surfaces, which leads to a 
dramatically different response of their respective emission 
intensities to the local chemical environment:75 the core PL is 
weakly affected by the surface chemistry, while suppression 
(activation) of electron trapping under negative (positive) 
electrochemical potentials leads to strong enhancement 
(quenching) of the green shell PL, resulting in a trajectory from 
red-to-yellow-to-green of the total emission colour as a function 
of the oxidative vs. reductive nature of the NC surroundings.77  
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Figure 3.4 Optical absorption (dashed lines) and photoluminescence 
(solid lines) spectra (λEXC=405 nm, excitation fluence 1μJ/cm2) of as-
synthesized CdSe/CdS DiB-NCs (core radius=1.5 nm, shell 
thickness=8.5 nm) capped with oleic acid in hexane (grey lines) and 
of the same NCs in water obtained through ligand exchange with 
thioglycolic acid molecules (black lines, pH=7). The absorption and 
emission spectra of the hexane NC solution have been rigidly shifted 
for clarity. The core and the shell emission bands in the spectra of 
aqueous NCs are highlighted by red and green shading, 
respectively. 

Furthermore, in DiB-NCs, quenching of the shell PL is due 
exclusively to the extraction of photogenerated shell electrons, 
whereas holes photogenerated in the shell are unaffected by 
surface states and chemical agents due to their very short (~20-
45 ps) residence time in the shell states. As a result, DiB-NCs are 
sensitive mostly to electron-withdrawing agents,77 which makes 
them particularly suitable to optically probe the acidity of the NC 
surroundings and eliminates possible cross-sensitivity errors due 
to the competition between electron- and hole-trapping 
processes that characterize conventional core-only NCs. As 
previously discussed, thanks to this intrinsic ratiometric sensing 
ability, DiB-NCs have been used to probe the local charge 
distribution at the interface between light-sensitive organic 
semiconductor thin films and water,139 which constitute the 
functional platform of neural stimulation devices67 for the 
realization of artificial retinal prosthesis for visual restoration.68 
These conditions resemble very closely the situation encountered 
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in the pH sensing experiment schematically depicted in Fig.3.2: 
H+ ions act as electron scavengers resulting in a drop of the shell 
PL, while OH- species saturate electron poor surface states, thus 
enhancing the shell emission intensity. As a result, DiB-NCs can 
be used as intracellular ratiometric pH sensors whose response, 
in contrast to conventional ratiomeric pH probes, relies on the 
direct interaction between the photoexcited carriers and the local 
chemical surroundings. 

The CdSe/CdS DiB-NCs were synthesized according to the 
procedure reported in ref.76 using oleic acid as capping agent. To 
render the NCs soluble in water and thus compatible with bio-
imaging experiments, a ligand exchange procedure with 
thioglycolic acid was performed.140 The optical properties of DiB-
NCs are fully preserved upon the ligand exchange procedure, as 
reported in Fig.3.4, the optical absorption and PL spectra of a 
water solution of thioglycolic acid capped CdSe/CdS DiB-NCs 
and the analogous hexane solution of as-synthesized DiB-NCs 
capped with oleic acid are compared. The organic and aqueous 
solutions show identical absorption spectra, with onset at ~520 
nm due to strong absorption by the thick CdS shell, and PL 
profiles featuring two separated bands at 635 nm and 515 nm 
ascribed to the recombination of core and shell excitons, 
respectively.76 The PL quantum efficiency of the pristine NCs 
(ΦPL=14±2%) is also unchanged upon the ligand exchange 
procedure, as further confirmed by experimental quantum yield 
measurements and by the essentially identical decay dynamics of 
both the core (average lifetime <τC>~35 ns) and shell (<τS>~100 
ps) emission in the two solvents reported in Fig.3.5.  
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Figure 3.5 Comparison between the time decay curves of the core 
(upper panel) and the shell (lower panel) emissions of the two NC 
solutions, showing essentially identical recombination dynamics in 
water and in hexane. 

In order to test the photostability of pristine and ligand 
exchanged NCs, I monitored their PL intensity for 15 minutes 
under continuous illumination with UV light.  The data in 
Fig.3.6 shows stable emission from the core and the shell for both 
the hexane and the water solution, thus confirming the stability 
of the NCs for illumination times significantly longer than the 
typical bio-imaging experiment.  
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Figure 3.6 Normalized integrated PL intensity of the core (red 
curves) and the shell (green curves) emission under continuous 
illumination (λEXC=405 nm, excitation fluence 1μJ/cm2) for 
thioglycolic-capped (circles) and oleic acid passivated (crosses) 
CdSe/CdS DIB-NCs in water and hexane respectively. 

Notably, the two-color emission of DiB-NCs is essentially 
independent of temperature in the 0-70°C range, as highlighted 
in Fig.3.7 that shows a rigid red-shift of ~8 nm of both emission 
peaks and nearly constant IS/IC ratio and its first derivative 
d(IS/IC)/dT across the whole temperature range. This is 
important for ratiometric pH sensing as it removes possible cross 
sensitivity effects due to variations of the sample temperature 
during the measurements.  
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Figure 3.7 Temperature dependent spectral shift of the shell (a) and 
core (b) emission at 510 nm and 640 nm respectively. c) 
Temperature dependence of the ratio between the core and the 
shell integrated PL intensities (IS/IC, red/green cyrcles) and d) the first 
derivative of the (IS/IC)-vs.-T dependence. All measurements were 
performed using the 15 µJ/cm2 excitation fluence and the excitation 
wavelength of 400 nm. 
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3.2 Results 

 

pH sensitivity in solution 

After assessing the stability of the DiB-NCs in polar 
environments, I proceeded with the demonstration of their 
ratiometric pH sensing ability. With this aim, Imonitored the PL 
of DiB-NCs in water as a function of the pH, which Icontrolled 
through titration with HNO3 and NaOH under intense stirring. 
Figure 3.8 displays a set of PL spectra for increasing pH from 2 to 
11 recorded using cw excitation at 405 nm.  

 
Figure 3.8 Photoluminescence (PL) spectra of thioglycolic acid 
capped CdSe/CdS DiB-NCs in water at increasing pH (2-11) under 
405 nm excitation (fluence 1 μJ cm-2). The spectrum corresponding 
to the neutral condition (pH=7) is shown as a black line for 
reference. The inset shows a magnification of the core emission 
band as a function of the pH for clarity. 

In Figure 3.9, I plot the amplitudes of the shell (IS) and the core-
related (IC) PL bands extracted from the spectra together with 
their intensity ratio, IS/IC.  
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Figure 3.9 Integrated intensity of the core (red circles, IC) and the 
shell (green circles, IS) emissions as a function of the pH in two 
consecutive cycles (full and empty circles) to demonstrate the 
reversibility of the pH sensing response. The ratio between the shell 
and core emission intensities (IS/IC) is reported as blue circles. The 
inset highlights the acidic pH range (one cycle only for clarity), 
showing a 2-fold variation of the ratiometric response. 

The data shows the progressive growth of both emissions with 
increasing pH, which is ascribed to the progressive suppression 
of electron harvesting by H+ ions upon basification of the 
solution (Fig.3.2), in agreement with spectro-electrochemical 
observations in reductive conditions.77 According to the direct 
exposure of shell excitons to the NC surfaces, IS undergoes 
intense, ~30-fold, enhancement with increasing pH, which is 
almost 10 times stronger than the growth experienced by IC in 
the same pH range (~4-fold increase). I notice that the same 
response is obtained in consecutive pH ramps (see filled dots in 
Fig.3.9). As a result of this strong difference in pH sensitivity, 
IS/IC spans from 1 to 6 as a function of the pH with a major effect 
in the basic region (Fig.3.9), leading to a progressive change of 
the total emission colour from red to green. This effect is 
highlighted in Fig.3.10, where I report the photographs of the 
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DiB-NCs solution at pH=3 and pH=11 under 400 nm laser 
excitation showing distinct red and green luminescence, 
respectively. 

 
Figure 3.10 Top view photographs of the NC solution during the 
titration experiment at pH=3 (top panel) and pH=11 (lower panel) 
showing the dramatic change of total luminescence colour from red 
(dominated by the core emission) to green (dominated by the shell 
PL) upon increasing the solution pH. 

In order to gather deeper insight into the ratiometric sensing 
mechanism of DiB-NCs, I measured the time dynamics of both 
the core and the shell PL as a function of the pH. Looking first at 
the core emission in Fig.3.11, it can be noted that the decay 
profile is essentially unaffected by the NC environment, whereas 
the zero-delay emission intensity grows with increasing pH.  
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Figure 3.11 Normalized time decay curves of the core (red lines, 
λPL=635 nm) and the shell (green lines, λPL=500 nm) PL at increasing 
pH (as indicated by the arrow). 

This indicates that the electron capture process responsible for 
PL quenching in acidic conditions is much faster than the ~ 1 ns 
resolution of the time-correlated single photon counter used for 
measuring the core PL dynamics. Since the core excitons are 
localized away from the NC surfaces, extraction of core electrons 
occurs in only a minor fraction of the NCs ensemble, whereas, in 
the majority of NCs, the core excitons are almost unaffected by 
the external conditions, leading to the mild sensitivity of the core 
PL of the local pH observed in the c.w. measurements. On the 
other hand, the inspection of the shell PL dynamics performed 
using a streak camera with ~5 ps resolution, reveals a strong 
effect of the pH on both the zero-delay PL intensity and on the 
shell exciton lifetime. This observation points to the coexistence 
of a distribution of electron capture processes occurring on 
different time regimes and affecting different subpopulations of 
NCs in the ensemble. The growth of the zero-delay signal 
confirms the ultrafast nature of the electron capture process 
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observed for the core PL that, in a large portion of NCs in the 
ensemble, depletes the shell conduction band from photo-excited 
electrons before their radiative decay or localization into core 
states.77 Concomitantly, the shell PL lifetime gradually increases 
upon basification, due to the progressive suppression of slower 
electron trapping processes, most likely associated to the 
distribution of NC-H+ distances in water solution and with the 
variety of surface sites mediating the electron capture 
mechanism.77  
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In vitro measurements 

To experimentally validate the ratiometric sensing ability of DiB-
NCs in in vitro conditions, using confocal fluorescence 
microscopy, I monitored their PL as a function of the 
intracellular pH after internalization into Human Embryonic 
Kidney (HEK-293) cells. For fixed cells, the pH was changed by 
titrating the phosphate-buffered saline (PBS) solution with 
NaOH or HNO3 solutions (0.1M) and each image of the same 
cell was recorded under identical excitation and collection 
conditions after 15 minutes from the addition of the titrating 
solution, so as to ensure the achievement of stable intracellular 
pH. In Fig.3.12 I report the fluorescence images of two HEK-293 
cells stained with DiB-NCs overlaid to their respective bright 
field images (Fig.3.12a-e). Because the DiB-NCs are not 
functionalized with target-specific ligands, they disperse inside 
the cell forming small domains of aggregated NCs, enabling to 
visualize the local intracellular environment even at very low 
concentration. Better dispersion of the NCs inside the cell or 
their targeting to specific subcellular organelles is in principle 
achievable by suitable capping with site selective functionalities, 
which is however beyond the scope of this proof-of-principle 
study. 
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Figure 3.12 Confocal images of HEK-293 cells stained with 130 nM 
DiB-NCs at increasing pH collected under 405 nm excitation (fluence 
18 μJ cm-2). a-e. Overlay of confocal images and bright-field images 
collected with a 60x, 1.4 NA, oil immersion objective. Evolution of 
the core (a1-e1) and shell (a2-e2) emission with increasing pH. The 
scale bar is 10μm for all panels. 
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In order to emphasize the ratiometric pH response of the DiB-
NCs, in Fig.3.12a1-e1 and 3.12a2-e2, I report the fluorescence 
images collected using the red and green detector channels of the 
confocal microscope, so as to selectively monitor the evolution of 
the core and the shell PL, respectively. These set of images show 
the progressive emergence of the green shell luminescence for 
increasing pH (pH= 4-10) in agreement with the sensing 
behaviour observed in the ensemble measurements.  

 
Figure 3.13 Histograms of shell (green bars) and core (red bars) PL 
intensity of the DiB-NCs collected selectively with the green and the 
red detector channels at increasing pH. 

The quantitative estimation of the ratiometric sensing response 
obtained by extracting the intensity of the two detection 
channels for 40 emitting spots as a function of the pH is reported 
in Fig.3.13. In Fig.3.14, I report the average ratiometric response 
<IS/IC> corresponding to the average pH response per detection 
spot, showing a similar trend as the ensemble response reported 
in Fig.3.9.  
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Figure 3.14 Average shell-to-core PL intensity ratio (<IS/IC>) as a 
function of the pH in fixed HEK-293 cells extracted from the 
histograms in Fig.3.13  (circles). The ensemble IS/IC measured in 
aqueous solution is reported as a blue line. 

The differences between the absolute values of the ratiometric 
response in the confocal and far-field measurements is most 
likely due to the different optical configuration used in the two 
experiments and by the local inhomogeneity of the intracellular 
pH. It is important to note that cell fixation preserves the tissues 
from degradation, but it terminates every biochemical process 
inside the cell, resulting in a different chemical environment 
with respect to that found in a living sample.141-145   
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In vivo measurements 

To demonstrate that this approach is suitable for ratiometric 
intracellular pH sensing also in living cells, I studied internalized 
DiB-NCs into HEK-293 cells in Krebs-Ringer Bicarbonate 
(KRH) buffer solution and induced changes in the intracellular 
pH by exposing the living cells to chloroquine, a weakly basic 
amine that accumulates into the lysosomes and into the Golgi 
apparatus, resulting in the basification of the intracellular 
environment.146 Prior to the pH monitoring experiments, the 
cytotoxicity of DiB-NCs has been evaluated by performing the 
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] assay on the HEK-293 cells after 6h, 24h, 48h and 72h 
of incubation with and without the NCs. MTT is reduced to 
formazan in living cells. Since this reduction depends on the 
cellular metabolic activity, stronger formazan optical absorption 
indicates progressively larger cell population.147,148 Figure 3.15 
shows the results of the MTT assay on cells stained with 
increasing concentrations of DiB-NCs, showing that cell 
proliferation is unaffected by the NCs, even at high 
concentration, which indicates good biocompatibility of DiB-
NCs. 

 
Figure 3.15 MTT test for cell viability up to 3 days in vitro for two 
different DiB-NCs concentrations (130 nM and 260 nM) and for 
untreated control cells (ctrl). Data are reported as average 
n = 12 ± SE. 
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Based on these results, I proceeded with the pH measurements 
by exposing the cells to chloroquine. In Figure. 3.16, Ishow 
confocal images of a single living HEK cell stained with DiB-NCs 
before and 30 minutes after the exposure to a 400µM 
chloroquine solution,149 overlaid to the respective bright field 
pictures. A first look at the confocal data reveals the significant 
brightening of the green shell PL upon addition of chloroquine, 
in agreement with its expected basification effect on the cell 
cytoplasm. 

 
Figure 3.16 Overlay of confocal images collected with the red and 
green detector channel and bright-field images of living HEK cells 
stained with 130 nM DiB-NCs at increasing pH. The intracellular pH 
was modified by adding a 400 μM solution of chloroquine. The 
measurements were performed 30 min after adding the chloroquine 
solution. 

To quantify the variation of the core and shell PL intensity and 
confirm the reproducibility of the pH sensing assay, in Fig.3.17 I 
report the histograms for 40 representative emitting spots for 
five different cells, showing the progressive enhancement of the 
shell emission with exposure time, whereas the core PL remains 
essentially unaltered by the addition of chloroquine.  
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Figure 3.17 Histograms of green and red photoluminescence 
intensities for a statistically relevant ensemble of 40 NCs repeated 
for 5 different cell cultures, before (a) and 30 minutes after (b) the 
addition of chloroquine. 

As a result, the <IS/IC> ratio increases almost by a factor of two 
for 30-minutes exposure (Fig.3.18), thus confirming the 
suitability of the NCs as pH-sensitive optical probes for in-vitro 
applications.  

 
Figure 3.18 Average shell-to-core PL ratio as a function of exposure 
time to chloroquine extracted from the histograms in Fig.3.17. 
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3.3 Conclusions 

 

In conclusion, I demonstrated the use of heterostructured NCs 
as intrinsic ratiometric probes for intracellular pH sensing. With 
this aim, I used CdSe/CdS DiB-NCs that show a characteristic 
two-color emission arising from the simultaneous radiative 
recombination of core and shell excitons that are differently 
affected by the NC surfaces and chemical agents and can 
therefore be exploited to ratiometrically probe the local NC 
environment. This has been demonstrated through far-field 
spectroscopic measurements upon titration with HNO3 and 
NaOH, leading to ~600% enhancement of the shell-to-core PL 
ratio and through confocal measurements on fixed and living 
HEK-293 cells in controlled pH conditions. Cell viability studies 
reveal good bio-compatibility of the DiB-NCs corroborating 
their potential as intracellular pH sensors. The reported proof-
of-principle CdSe/CdS NCs are not optimized in terms of the 
thickness of the CdS shell or the choice of the capping ligand and 
further improvements in the photoluminescence quantum 
efficiency and pH sensitivity might therefore be expected by 
optimizing the surface coverage and functionalization. The 
strategy demonstrated here for test-bed CdSe/CdS hetero-NCs is 
not composition specific and might, in principle, be extended to 
other semiconductors free from heavy metal elements, such as 
ternary I-III-VI2 NCs,150 as well as to heterostructures with 
different band alignment (type I, inverted type I etc…), so as to 
specifically tune the ratiometric response to acidic or basic 
conditions through selective exposure of holes or electrons to the 
intracellular environment. 
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4 Single-particle ratiometric pressure 

sensitive paints based on  ‘double-sensor’ 

colloidal nanocrystals 

Ratiometric pressure sensitive paints (r-PSPs) are all-optical 
probes for monitoring oxygen flows in the vicinity of complex or 
miniaturized surfaces. They typically consist of a porous binder 
embedding mixtures of a reference and a sensor fluorophore 
exhibiting oxygen-insensitive and oxygen-responsive 
luminescence, respectively. In this work I realize the first 
example of an r-PSP based on a single two-colour emitter that 
removes limitations of r-PSPs based on fluorophore mixtures 
such as different temperature dependencies of the two 
fluorophores, cross-readout between the reference and sensor 
signals and phase segregation. In this paradigm-changing 
approach, I utilize a novel “double-sensor” r-PSP that features 
two spectrally-separated emission bands with opposite responses 
to the O2 pressure, which boosts the sensitivity with respect to 
traditional reference-sensor pairs. Specifically, I use two-colour-
emitting CdSe/CdS core/shell nanocrystals, exhibiting red and 
green emission bands from their core and shell states whose 
intensities are respectively enhanced and quenched in response 
to the oxygen partial pressure. This leads to strong and reversible 
ratiometric response at the single particle level and over 100% 
enhancement in the pressure sensitivity. This proof-of-concept 
r-PSPs further exhibit suppressed cross-readout thanks to zero 
spectral overlap between the core and shell luminescence and 
temperature independent ratiometric response between 0°C and 
70°C (see previous chapter). 
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4.1 Introduction  

 

Pressure sensitive paints (PSPs) are effective, non-intrusive tools 
capable of mapping gas flows near complex surfaces and 
reporting on the concentration of oxygen in gas mixtures 
through remote optical detection. The foremost use of PSPs is in 
aerospace engineering, with applications ranging from 
aerodynamic tests of aircraft prototypes151,152 to fundamental 
studies in acoustics153, shock-wave propagation and transonic 
buffeting effects154 (see Fig.4.1a,b). PSPs are also widely used in 
the design of complex fluidic and microfluidic systems155, 
including supersonic micronozzles156, microfluidic oscillators155, 
microchannels157, and in studies of pressure, heat-transfer and 
shear stress in micromechanical devices158 (Fig.4.1a,b). 
Furthermore, PSPs are employed in environmental 
monitoring159, marine research160, the food packaging industry161, 
medicine162 and biology163. Traditional PSPs consist of an oxygen 
sensitive organic fluorophore dispersed in a porous organic164 or 
inorganic153,165 matrix (commonly referred to as a “binder”). 
When exposed to O2, the luminescence of the fluorophore is 
quenched proportionally to the oxygen partial pressure, thus 
allowing for real-time pressure monitoring. The all-optical 
working mechanism of PSPs makes these devices substantially 
simpler than conventional piezoresistive166 or MEMS-based 
transducers167 that require the integration of the sensors and the 
wiring on the investigated surfaces, which hinders their 
application in the case of moving or miniaturized parts167. In 
addition, traditional non-optical sensors yield point-like pressure 
measurements, whilst PSPs allow one to map the gas flow with 
high spatial resolution on extended or complex surfaces with a 
single optical scan153,168. This largely simplifies the data 
processing, which is particularly challenging in the case of 
turbulent or supersonic gas flows169. 
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Figure 4.1 Working principles of single- and double-sensor 
ratiometric PSPs. a) Illustration of different technologies for pressure 
detection: (left) traditional MEMS-based transducers, (center) 
traditional organic chromophore-based PSPs, and (right) DiB-NC-
based ratiometric PSPs. b) All of the pressure sensors from panel a 
can be used in (left) aerodynamic tests on model surfaces, whereas 
(right) microfluidic systems can be investigated only by means of 
PSPs. 

State-of-the-art organic PSP fluorophores, such as metal 
porphyrins170, pyrenes171, and Ru(II) or Pt(II) complexes172, have 
good oxygen sensitivity but suffer from limited thermal173 and 
photochemical174 stability. The interaction with O2, which 
generates singlet oxygen radicals, accelerates photodegradation 
under UV illumination168,169, leading to luminescence drops 
ranging from 1%/hour 151,168 up to 15%/hour 175. In addition, the 
temperature-dependence of the luminescence efficiency, typical 
of organic fluorophores, introduces bias errors to the pressure 
data collected on different model parts and, therefore, requires 
continuous monitoring of the surface temperature and specific 
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calibration protocols151,153,154,176. Mixtures of O2-sensitive and 
temperature-sensitive fluorophores, operating as pressure and 
temperature references for the other emitter, have been proposed 
to address this problem177,178. These PSPs require, however, 
effective encapsulation of the temperature sensor in oxygen-
impermeable polymers to avoid cross-sensitivity issues.153,179 

Colloidal semiconductor nanocrystals (NCs) have been recently 
proposed as potential alternative sensing materials for PSPs. NCs 
combine high emission efficiency180-182 and size-tunable 
electronic properties183,184 with enhanced stability and 
exceptionally large surface-to-volume ratios185,186. Similarly to 
organic fluorophores, O2 sensing with NCs relies on quenching 
of the luminescence intensity under O2 flow, mostly due to 
ultrafast extraction of surface and photogenerated electrons by 
oxygen187. From the physical perspective, the extraction of 
electrons from the NCs by exposing them to O2 replicates the 
effect of lowering the Fermi level by applying a positive 
(oxidative) potential in electrochemical measurements. In direct 
analogy, the removal of oxygen from the NC surroundings 
resembles the effect of raising the Fermi level under negative 
(reducing) electrochemical potentials188-190. An advantageous 
feature of NCs from the standpoint of potential PSP applications 
is that the coupling of photogenerated carriers with phonons in 
these systems is much weaker than in organic fluorophores191, 
which results in a smaller variation of the emission quantum 
yield in the temperature range typically explored in PSP studies 
(10-40 °C)153,154,176,178. Examples of O2-responsive NCs include 
CdSe192, CdTe193, and CdSe/ZnS core/shell systems194. These 
structures have been utilized for humidity detection and dry gas 
sensing, as well as biological sensing applications195. As distinct 
from organic fluorophores, the use of NCs as PSPs emitters 
potentially eliminates the need for the binder, as NCs can be 
deposited directly onto tested surfaces (Fig.4.1a). This is 
particularly advantageous for high frequency sensing154, since the 
rate-determining process in the sensing response is typically the 
permeation of a gas into the binder151, which protracts the 
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response time from a few microseconds with porous matrices154 
to tens of seconds for traditional polymeric binders196.  

A common experimental difficulty of radiometric luminescence 
mapping using organic fluorophores or conventional NC-based 
PSPs is that they require accurate quantitative measurements of 
the emission intensity across extended or complex surfaces 
under oxygen flow and UV irradiation. For this reason, wind 
tunnel aerodynamic tests are typically performed by comparing 
the results of “wind-on” and “wind-off” measurements in order 
to account for the experimental geometry, model 
misplacements151,169,187, non-uniform distribution of the 
fluorophore in the binder and an uneven thickness of the binder 
layer across the model surface169,176,197. 

Some of these issues have been addressed through the use of so-
called ratiometric PSPs (r-PSP) that exploit the different 
sensitivity to O2 of two (or more) fluorophores to detect and 
quantify local pressure variations. A conventional r-PSP consists 
of an O2-insensitive fluorophore (the “reference”) acting as an 
internal reference standard for the luminescence intensity of an 
O2-responsive emitter (the “sensor”), as depicted in Fig.4.2a. 
Examples of reported two-component r-PSPs include mixtures 
of organic dyes169 and dye-polymer conjugates198 as well as 
organic/inorganic hybrid systems such as binary blends of dyes 
and NCs165,169, NC-polymer nanocomposites165,199 and dye-
functionalized NCs200. Although these systems virtually remove 
the need for the wind-off/wind-on calibration, their use is still 
associated with several experimental difficulties arising from i) 
the different temperature dependence of the two 
fluorophores169,201, ii) cross-read out errors due to the spectral 
overlap between the emission bands of the reference and the 
sensor202 and iii) spatial inaccuracy due to inhomogeneous 
distribution of the emitters on the model surfaces or in the 
binder202, whose effects are aggravated by intermolecular 
interactions leading to exciton migration processes187,198. 

Here I demonstrate that all of these limitations can be alleviated 
using r-PSPs based on a single dual-colour emitter that features 
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intrinsic ratiometric response at the single particle level, 
suppressed cross-readout due to a zero overlap between the 
luminescence spectra of the two emissive states, a dynamic range 
of ratiometric O2-pressure sensing of three orders of magnitude, 
and the temperature-independent ratiometric response between 
0°C and 70°C. To date, the only example of a single emitter 
showing ratiometric oxygen response is represented by 
fluorescent/phosphorescent macromolecules187,203 proposed for 
tumor hypoxia diagnostics. An important advantage of this new 
approach is that it is based not on an inert (pressure-insensitive) 
reference, but instead combines two pressure-sensitive states in a 
single emitter and that these states exhibit opposite luminescence 
responses to changes in the oxygen pressure. In these “double-
sensor” systems, one emission channel is quenched, whilst the 
other is concomitantly enhanced by the presence of O2, similarly 
to the so-called “reverse sensing” behaviour recently found in 
CdSe colloidal quantum wells186. Figure 4.2a and 4.2b 
schematically compare the luminescence-vs.-pressure 
dependence of a conventional reference-sensor pair (R and S, 
respectively) and that of a double-sensor r-PSP (respectively S1 
and S2). Importantly, whilst the response of a conventional r-PSP 
featuring an inert reference is given solely by the sensor that 
determines the maximum ratiometric O2-sensitivity of the blend 
(S/R in Fig.4.2a), replacing the inert reference with a “reverse” O2 
sensor exhibiting enhanced luminescence when exposed to O2 (S2 
in Fig.4.2b), leads to strongly amplified ratiometric sensitivity. I 
note that in the presence of two sensing species, the ratiometric 
response can be conveniently chosen (S1/S2 vs. S2/S1) in order to 
better suit the experimental conditions, whilst ensuring in both 
cases enhanced sensitivity with respect to the conventional 
reference/sensor system. 
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Figure 4.2 Outline of the ratiometric response of a) conventional r-
PSPs featuring an inert (pressure-insensitive) reference (R, blue line) 
and an O2 sensitive emitter (S, blue line). The ratiometric response 
(circles) is determined by the sensitivity of the sensor. b) Ratiometric 
response of a double-sensor r-PSPs consisting of two O2 sensing 
emitters (S1 and S2) with opposite luminescence responses. In this 
case, the ratiometric response (circles) can be expressed as S1/S2 or 
S2/S1; in either case, it is strongly amplified with respect to the 
sensitivity of the individual sensor species. 

This “double-sensor”, single-emitter r-PSP uses CdSe/CdS dot-
in-bulk (DiB) NCs that consist of a small CdSe core overcoated 
with an ultra-thick CdS shell188,204. Owing to their peculiar 
internal structure, DiB-NCs are capable of simultaneously 
sustaining core and shell excitons, whose radiative 
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recombination leads to two-colour (red and green) luminescence 
under both low-fluence continuous wave optical excitation204 and 
electrical injection188. Two essential structural features of these 
NCs are an abrupt core/shell confinement potential and an 
engineered polytypic interphase of zincblende CdS separating 
the zincblende CdSe core from the thick wurtzite CdS shell. This 
peculiar structure of the core-shell interface slows down 
relaxation of shell-localized holes into core states, which leads to 
the development of efficient shell emission observed 
simultaneously with emission from the core. Importantly for r-
PSP applications, the shell excitons are exposed to NC surface 
species, and their luminescence is highly sensitive to 
nonradiative electron transfer to surface defects or molecular 
acceptors (in this case oxygen) adsorbed onto the NC surface 
that lead to luminescence quenching77. In stark contrast, the 
emission arising from core-localized excitons is enhanced by 
exposure to O2 as the removal of extra electrons generated by 
photocharging would quench nonradiative Auger 
recombination.77 As a result of these effects, the two emission 
channels of the DiB-NCs follow opposite trends with 
increasing/decreasing O2 partial pressure, which allows to realize 
the double-sensor ratiometric response regime using a single 
emitter. 
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4.2 Results 

 

Ratiometric oxygen sensing using DiB-NCs 

I start this work by demonstrating the ratiometric O2 sensing 
ability of DiB-NCs by monitoring the evolution of their PL 
spectrum during stepwise pressure ramps from P=1 to 10-3 bar. 
In these experiments, the luminescence of a sub-monolayer film 
of DiB-NCs dip-casted onto a glass substrate is excited by 400 
nm light and continuously collected with a CCD camera, while 
the sample chamber, originally filled with O2, is progressively 
evacuated through rapid pressure steps. For each step, the 
pressure is lowered by a factor of ten and maintained constant 
for 90 seconds. After the final step at 10-3 bar, the chamber was 
refilled step-wise with O2 following the same procedure. Since 
the O2 concentration is proportional to the total pressure, these 
measurements directly yield ratiometric estimations of the 
pressure on the sample surface similarly to what is typically 
achieved with PSPs. As evident from the PL spectra in Fig.4.3, 
the core and shell PL intensities demonstrate the opposite trend 
in response to changes in the chamber pressure. Specifically, the 
core PL undergoes progressive dimming upon evacuation, while 
the shell emission increases and becomes dominant at P=10-3 
bar. Importantly, refilling the sample chamber with nitrogen 
does not lead to recovery of the PL intensity, which confirms the 
essential role of oxygen in the sensing response.  

The observed difference between the O2 response of the core and 
the shell PL can be rationalized by considering the electron 
withdrawing nature of molecular oxygen, which, in the ground 
state, is a diradical triplet with strong electron acceptor 
character. As a result, O2 is capable of efficiently extracting 
electrons from both the quantized states205 of the NCs and 
electron-rich surface defects that thereby become capable of 
trapping photogenerated electrons from the NC conduction 
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band186. Similarly to the effect of raising the NC Fermi level 
obtained by either applying a negative electrochemical potential 
or direct electric bias in light-emitting diodes77,188, the removal of 
oxygen progressively suppresses electron trapping, leading to the 
observed strong enhancement of the green luminescence due to 
increased radiative recombination efficiency of shell excitons. On 
the other hand, as observed previously206,207 and confirmed by 
time-resolved PL measurements in controlled atmosphere (see a 
detailed discussion later in this work), the dimming of the core 
PL is associated with nonradiative Auger recombination of 
negatively charged core excitons (negative trions), which are 
formed due to accumulation of excess electrons in the NCs in the 
absence of electron withdrawing O2 molecules. A similar effect 
has recently been observed with other CdSe/CdS 
heterostructures including thick-shell NCs206,207 and colloidal 
nanoplatelets186.  

 
Figure 4.3 A series of PL spectra (1 s acquisition time per frame, 90 s 
steps) during a stepwise pressure scan. The pressure is reduced 
rapidly and kept constant for 90 s, starting from atmospheric 
pressure (P=1 bar) to 10-1, 10-2 and 10-3 bar, after which the sample 
chamber is stepwise refilled up to the initial pressure level of 
P= 1bar. 
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In order to quantify the ratiometric luminescence response of 
DiB-NCs, in Fig.4.4 I report the integrated core and shell PL 
intensity extracted from Fig.4.3, both normalized to their initial 
value at P=1 bar. Each step-like variation of the O2 pressure leads 
to a concomitant modulation of both emission bands. 
Specifically, lowering the pressure from 1 bar to 10-3 bar results in 
~60% dimming of IC and over 300% increase of IS.  

 
Figure 4.4 Integrated PL intensity of the core (IC, red line) and the 
shell (IS, green line) PL extracted from the stepwise pressure scan in 
Fig.4.3. Both trends are normalized to the initial PL intensity values 
at P=1 bar. 

Upon ramping the O2 pressure back up to 1 bar, both the core 
and the shell emission bands fully recover their original 
intensities. The opposite sign of the luminescence response of 
the core and the shell is emphasized in Fig.4.5, where I report IC 
and IS collected at the end of each pressure step (highlighted with 
dots in Fig.4.4) as a function of the O2 pressure. Thanks to this 
peculiar feature of DiB-NCs, the ratiometric response 
considerably exceeds the sensing response of the individual 
emitting states, with the enhancement reaching 100% with 
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respect to IS and over 600% with respect to IC across the whole 
investigated pressure range.  

 
Figure 4.5 The IC and IS values (red and green dots, respectively) and 
the IC/IS ratio (red/green dots) as a function of increasing pressure 
(logarithmic scale). All trends are normalized to their respective 
value at atmospheric pressure (I0

C and I0
S respectively). 

Interestingly, the strong response to the O2 pressure leads to 
significant change of the total emission colour, as displayed in 
Fig.4.6a, which shows the projection of the emission colour 
coordinates extracted from the PL spectra of Fig.4.3 onto the CIE 
(Commission Internationale de l'Éclairage) chromaticity diagram. 
The colour change is easily appreciated by examining the 
photographs of the DiB-NCs film taken at P=1 bar and 
P=10-3 bar under UV illumination (Fig.4.6b).  
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Figure 4.6 a) Overall emission colour of a DiB-NC film extracted from 
the PL spectra in ‘a’ and projected onto the CIE (Commission 
Internationale de l’E ́clairage) chromaticity diagram. b) Photographs 
of a DiB-NCs sample at oxygen pressure of 1 bar and 10-3 bar (top left 
and top right, respectively) under UV illumination collected using 
UV-filtered camera. The signals detected selectively by the red and 
green channels are reported in the right panels for direct 
confirmation of suppressed cross-readout. 

At atmospheric pressure, the film appears red, due to the 
dominant contribution of the core emission at 632 nm (see PL 
spectra in Fig.4.3). Upon lowering the O2 pressure to 10-3 bar, the 
total emission colour turns whitish, as a result of the 
contribution from strong green emission by the CdS shell. 
Importantly, since the core and shell emissions are fully 
spectrally separated, their respective signals are collected 
selectively by the red and green detection channels with no cross 
readout. This is highlighted in the right panels of Fig.4.6b, 
showing a strong red signal and essentially no green emission at 
P=1 bar. Under vacuum, the green signal increases significantly, 
whilst the red channel shows a concomitant dimming, in 
agreement with the quenching of the core PL observed upon 
evacuation of the sample chamber. 
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Single particle ratiometric oxygen sensing using DiB-NCs 

An important feature of DiB-NCs is that they behave as 
ratiometric pressure sensors even at the single-NC level, which 
makes them capable of reporting O2 pressure variations with 
nanoscale spatial resolution. This represents a unique advantage 
over PSPs based on fluorophores blends and simplifies the paint 
processing by removing issues associated with the 
inhomogeneous distribution of the emitters on the model 
surfaces or in the binder, the factors that typically reduce the 
spatial accuracy in sub-micron-scale pressure studies202.  

 
Figure 4.7 A large-area spectrally resolved image of a collection of 
individual DiB-NCs as a function of the O2 pressure under 400 nm 
excitation (excitation fluence 7µJ/cm2), showing a progressive 
change of the emission colour from green to red upon increasing 
the chamber pressure. The scale bar corresponds to 5µm. 

The ratiometric sensing ability of individual DiB-NCs is 
demonstrated in Fig.4.7 and Fig.4.8, where Ishow confocal 
imaging and micro-PL data of isolated NCs (drop casted from a 
diluted hexane solution onto a quartz substrate with a nominal 
NC density of ~0.1/μm2) as a function of the O2 pressure. Upon 
raising the pressure from 10-3 bar to 1 bar, all NCs show a 
progressive transition in their emission colour from green, to 
orange, and then red, which is in perfect agreement with the 
results of ensemble measurements (Fig.4.6).  



 102 

 
Figure 4.8 Histogram of the single-particle ratiometric response 
expressed as IC/IS for 40 individual NCs at the monitored oxygen 
pressures. The colour code resembles the total emission 10-3 bar, 
dark green; 10-2 bar, light green; 10-1 bar, orange; 1 bar, red. The 
mean values averaged across the whole NC population are indicated 
with black solid lines; the respective standard deviations are shown 
by grey shading. 

Figure.4.8 reports the histogram of the IC/IS ratio for 40 
individual DiB-NCs as a function of the chamber pressure, 
showing remarkable homogeneity of the ratiometric response 
across the NC population. This indicates that individual DiB-
NCs can indeed be used as highly accurate nanoscale ratiometric 
pressure (or O2) sensors. Importantly, the ratiometric sensing 
response IC/IS is independent of the total emission intensity, as 
highlighted in the correlation plot of IC/IS vs. (IC+IS) in Fig.4.9. 
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Figure 4.9 Correlation plot of the ratiometric sensing response IC/IS 
vs. the total PL intensity (IC+IS) at increasing O2 pressure, indicating 
that the sensing response is independent of the total emission 
intensity. The colour code resembles the total emission 10-3 bar, dark 
green; 10-2 bar, light green; 10-1 bar, orange; 1 bar, red. The mean 
values averaged across the whole NC population are indicated with 
black solid lines; the respective standard deviations are shown by 
grey shading. 
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Photophysical mechanisms of the double sensing response 

In order to gain a deeper insight into the photophysical 
mechanisms underpinning the ratiometric sensing response of 
DiB-NCs, Ihave measured the decay dynamics of both the shell 
and the core luminescence in a controlled atmosphere 
(Fig.4.10a,b).  

 
Figure 4.10 PL decay curves of (a) core and (b) shell emission 
measured at P=1 bar (red and green lines, respectively) and P=10-3 
bar (black lines). The inset in ‘a’ reports the decay curve of the core 
PL using a linear scale to highlight the increase in the intensity at 
zero delay time as well as the accelerated decay exhibited at low O2 
pressure. 

I start THE analysis with the reversed pressure response of the 
core luminescence, which is key for the realization of the “double 
sensing“ regime. Examining the core time-resolved PL traces in 
Fig.4.9a can be noted a ~20% increase of the zero-delay PL 
intensity with decreasing pressure from 1 bar to 10-3 bar, which is 
accompanied by the acceleration of the decay dynamics. These 
are the typical spectroscopic signatures of the recombination of 
charged excitons (trions) consisting of a photoexcited electron-
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hole pair and a pre-existing carrier (in the case of CdSe/CdS NCs 
it is predominantly an electron190,208,209) produced by 
photoionization77,206. In atmospheric conditions (Fig.4.11a), 
molecular oxygen continuously removes excess electrons thereby 
hindering the formation of negative trions. As a result, the 
spectroscopic behaviour of DiB-NCs is dominated by neutral 
excitons. If these excitons are core-localized they are virtually 
unaffected by surface species due to the protective effect of the 
ultra-thick CdS shell. Upon evacuation, the oxygen-driven 
“discharging” process is gradually suppressed, resulting in the 
formation of negative trions. These species are characterized by 
an increased emission rate (it is ideally twice that of a neutral 
exciton), which can explain the increase in the early time PL 
amplitude observed upon reducing the amount of oxygen in the 
sample chamber. 
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Figure 4.11 Schematics of the NC-O2 interaction leading to the 
observed optical responses: In the presence of O2 (a), neutral core 
excitons recombine radiatively, whilst (c) the shell-exciton decay is 
affected by nonradiative electron processes  involving either direct 
electron extraction by O2 molecules or trapping at surface defects 
depleted of electrons due to interactions with O2. In the absence of 
O2, enhanced availability of excess electrons makes nonradiative 
Auger decay the dominant recombination pathway for negatively 
charged core excitons (b), while shell excitons decay radiatively   
thanks to impeded electron capture by O2 and suppressed Auger 
recombination (d); the latter is diminished due to a large volume of 
the shell. The regimes dominated by nonradiative recombination 
are highlighted by grey shading. 

In addition, I observe the reduction of the PL lifetime, which is 
due to a combined effect of the enhanced radiative decay and the 
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activation of nonradiative Auger recombination. In DiB-NCs 
with a sharp core/shell interface, the Auger process is not as 
strongly suppressed as in graded or interfacially alloyed thick-
shell CdSe/CdS NCs that could exhibit nearly unity trion PL 
quantum yields210,211. As a result, the dominant decay channel 
for the core PL in the absence of O2 is nonradiative Auger 
recombination of negatively charged excitons (Fig.4.11b).  

Next, I investigate the effect of O2 on the shell-PL dynamics. 
Since the thickness of the CdS shell (8.5 nm) is greater than the 
exciton Bohr radius in CdS (5.6 nm), the shell excitons are bulk-
like and hence are virtually unaffected by Auger recombination. 
The rate of Auger decay scales inversely with the particle volume 
and, therefore, is expected to be over 300 times lower than in the 
1.5 nm CdSe core212. As a result, even in the case of access 
electrons, the nonradiative decay of shell excitons is primarily 
not due to Auger recombination, but still surface trapping 
(Fig.4.11c). Accordingly, upon lowering the chamber pressure, 
which is equivalent to raising the Fermi levels, leads to 
passivation of electron surface traps which is manifested in the 
strong increase of the zero delay PL intensity, accompanied by 
the extension of the PL lifetime (Fig.4.10b and Fig.4.11e). The 
resulting effect of these changes is the >300% enhancement of 
the emission intensity observed in cw measurements (Fig.4.4). 
This confirms that the shell-PL dynamics is dominated by 
activation/suppression of electron capture either directly by O2 
or electron-deficient surface traps. This further points to the co-
existence of two trapping processes occurring on two different 
timescales: (i) ultrafast electron capture with the characteristic 
time unresolvable in our measurements with ~6 ps resolution 
(streak-camera detection), thereby modulating the zero-delay PL 
intensity without affecting its temporal dynamics, and (ii) a 
slower electron trapping channel competing with radiative 
recombination of shell excitons, whose progressive suppression 
at decreasing pressure leads to slower PL dynamics186,213. 
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4.3 Conclusions 

In conclusion, I have demonstrated the first example of a 
ratiometric O2-sensing PSP based on a single type of two-colour 
emitter, that features (i) intrinsic ratiometric response at the 
single particle level, (ii) negligible overlap between the 
luminescence spectra of the reference and the sensor, (iii) 
enhanced sensitivity to O2 partial pressure, and (iv) temperature-
independent ratiometric behaviour. Due to the fact that the 
shell- and core-PL bands of the DiB-NCs exhibit trends of 
opposite directions in response to exposure to oxygen, these 
“double-sensor” r-PSPs demonstrate an enhanced pressure 
sensitivity with respect to that achievable with traditional 
reference-sensor pairs, where the reference channel is “neutral,” 
i.e., not sensitive to O2. Specifically, as a result of the direct 
exposure of shell excitons to the NC surfaces, the shell 
luminescence is strongly affected by effects of electron 
withdrawing by O2, which leads to progressive emission 
quenching with increasing oxygen pressure. In direct contrast, 
the core PL is enhanced in the presence of oxygen which helps 
maintain NCs in the neutral state by removing extra-electrons 
that otherwise trigger fast nonradiative Auger recombination. As 
a result of these opposing trends, the ratiometric response of the 
NCs is largely amplified with respect to that achievable by 
monitoring the individual emissions of core and shell. The 
sensing response probed both at the ensemble and at the single-
particle level using continuous and pulsed excitation is fully 
reproducible and unaffected by prolonged UV illumination. 
Finally, a nearly complete spectral separation between the core 
and the shell emission bands leads to no cross-readout between 
the two detection channels.   
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