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ABSTRACT OF THE DISSERTATION

Interfacial Charge Transfer between CsPbBrz Nanocrystals and Electron Donating
Molecules

by
Jesse Alejandro Tamayo

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, September 2020
Dr. Valentine Vullev, Chairperson
Charge transfer (CT) is an essential part of life. Ubiquitous in nature, CT is the principal
foundation for biological processes, solar-energy conversion and electronics.
Understanding CT processes at the molecular and nanoscale levels and interface between
them is essential for energy science, biomedical advances, and organic electronics. As
important as interfacing, or “wiring,” molecular moieties with conducting solid substrates
is for materials and device development, it still remains a formidable challenge. Over the
last decade lead halide perovskite compositions have attracted tremendous interests due
to their uniquely promising electronic and optical properties. The dynamic nature of
ligand binding to such materials makes the wiring of CT molecular moieties to them
especially challenging.
Here we show how effective interfacing between semiconducting all inorganic CsPbBr3
perovskite nanocrystals and electron donating molecules facilitates charge transfer. We
illustrate the important dual benefits that a binding motif offers: (1) electronic coupling

essential for efficient interfacial CT and (2) surface-trap passivation eliminating non-

Vi



radiative pathways of exciton deactivation. Aliphatic amines show the strongest known
propensity for perovskite surfaces. We show that an increase in the amounts of such
Lewis bases etches the perovskite material, changing the shape and size of the
nanocrystals and degrading them. Our results demonstrate that concentration control
allows for optimal loading of amine moieties on perovskite nanomaterials without
compromising their morphology, permitting efficient interfacial CT even in non-polar
media. These findings reinforce and open doors for a wide range of photonics and
electronics applications including solar-energy conversion, photocatalysis and molecular

electronics.
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Chapter 1

Introduction

The multifaceted aspects of charge transfer (CT) and charge transport (CTr) make life on
Earth and the modern human civilization possible. Discussing the same processes in
electronics and photonics reveals their broad importance. Understanding the ubiquity of
CT and CTr in living and manmade systems advances CT science and transforms energy,
materials and device engineering. The importance of CT and charge transport CTr for
basic science and applied engineering should not be underestimated. The ability to
control and guide charge transduction is of key importance for molecular and cell

biology, for electronic design and development, and for energy science and engineering.'

Fundamental concepts of charge transfer

Charge transfer, CT, involves transitions between well-defined single states. Conversely,
transitions of electrons or holes between media with multiple states, such as conductors
and semiconductors, are representative of charge transport (CTr). In biology, ion
transport is another type of CTr that is crucially important for vitality of cells.3®4° Similar
to the bridge in a D-B-A system, the media between two metallic or semiconductor
surfaces can provide pathways for electron tunneling (Figure 3a). Such CTr mechanism
encompasses off-resonance electron transport or hole transport depending if it involves
transitions from the conduction or the valence bands, respectively.*! In contrast, on-

resonance CTr involves electron or hole hopping along sites in the media connecting the



conducting or semiconducting surfaces (Figure 3b,c). While rate constants and -AG© are
features of CT processes, electrical currents and potentials are a principal means for
characterizing CTr.

Thermodynamic considerations

CT encompasses a transition between two defined (electronic)states that have distinctly
different charge distribution. As a sub-set of CT, electron transfer (ET) involves
movement of negative charges, i.e., of electrons (e°), whereas the changes in the nuclear
geometry are small to negligible. Conversely, movement of the positively charged nuclei
such as protons (H") represents another type of CT, e.g., proton transfer (PT). To
preserve electroneutrality, frequently PT and ET occur in a concerted step, i.e., asa
proton-coupled electron transfer (PCET).®’ Photoexcitation that leads to opposite shifts
in the pKa characteristics of two neighboring protonatable sites can lead to excited state
proton transfer(ESPT).8® ET occurs between an electron donor (D) and an electron
acceptor (A). Transferring n electrons from a donor to an acceptor causes a positive shift

in the charge of the donor and a negative shift in the charge of the acceptor:

DX — AY - D**" — AV (ET) (1)

Where x and y are the charges of the donor and the acceptor, respectively, prior to ET.
These changes in the charge states of the participating moieties make ET immensely

susceptible to the local electric fields and to the solvating environment.



For thermodynamic feasibility of ET, the reduction potential of D**" should be more
negative than the reduction potential of A, i.e., El(;,’cln| xS Ej‘;)l y-n » When estimated

for the same solvent medium. It ensures that the energy level of the highest occupied
molecular orbital (HOMO) of the donor is above that of the lowest unoccupied

molecular orbital (LUMO) of the acceptor (Figure 1), providing favorable driving force,

- AG.Y, for ET in medium with dielectric constant ¢ :1011

Concurrently, the lowest unoccupied molecular orbital (LUMO) of the donor should also

be above that of the acceptor. (fig 2)

Dx*-Ar — Dx¥*-Ay — Dx+1-Ar-1 (PET) (1b)
Dx-Ay — DxAr* — Dxt1-Ar-1 (PET) (1c)
LUMO == —
‘@
ET
HOMO — L
— LUMO '
% HOMO %
D A Do+ Ao.

Figure 1 Molecular-orbital (MO) diagrams depicting examples of ground-state
electron transfer.



As a side note, the accepted convention for standard electrochemical potentials is to

report them as reduction potentials.}? Namely, Ef\‘;)/ Av-1 represents the one-electron

reduction of the acceptor, AY + e > A¥?, and corresponds the energy level of its LUMO.
For the donor, E]g(ill/Dx corresponds to the energy level of its HOMO, but represents the

(0)

reduction of its oxidized form, D**! + e~ — D*. That is, EDXH/DX

is a reduction potential

of the oxidation of the donor. The reduction and oxidation potentials of the same process
have opposite signs.*® This convention for using the reduction potentials for representing
the electrochemical potentials causes two potential “confusions.” (1) While the reduction
potentials linearly relate to the energy levels of the frontier orbitals, this relationship has
inverse proportionality. Lowering the energy levels of the orbitals makes the species
better electron acceptors and easier to reduce. Hence, as the energies of the frontier
orbitals become more negative, the reduction potentials become more positive.*? (2) The

broadly used designation of the electrochemical potentials places the oxidized over the
reduced form, i.e., E(()?()/Red, which seems to represent the oxidation process of the redox

couple, Red — Ox + e~. When adding, rather than subtracting, the logarithmic term in the
Nernst equation for a half-cell reaction, the activity of the oxidized form is in the
numerator and the activity of the reduced form — in the denominator. Conversely, the
convention for representing an electrochemical cell places the anode on the left and the
cathode on the right side to ensure that the elections flow from left to right. Therefore, for
the cathode, along with the half-cell reduction, the oxidized species are on the left hand

side and the the reduced — on the right, i.e., Ox|Red. Using slashes instead of vertical



lines in the designations of electrochemical and electronic devices is hot uncommon and

it seems to validate the use of Eé?()/Red for reduction potentials. Strictly speaking,

however, the reduction potentials should be represented as either Elg?d Jox OF E(()(:()|Red

The Rehm-Weller equation provides a facile means for quantifying the driving force of

PET, expressed as the negative of the change in the Gibbs free energy, -AGer©, in terms

of experimentally measurable quantities:'%*
0 0 0
AG( ) — (Eéx).l_lle E[Ey)lAy 1) - 800 + AGS + W (23_)

Where Eqo is the zero-to-zero energy, i.e., the excitation energy, of the donor or the
acceptor; the Born solvation term, AGs,** accounts for the variations in the solvation
energy of the oxidized and reduced forms of the donor and the acceptor due to
differences in the media for which the reduction potentials and «oo are estimated;® and
W represents the donor-acceptor Coulomb interaction before and after PET. For one-

electron ET processes:©




Where @e is the electron charge; x and y are charge of the donor and the acceptor (eg. 1);
rp and ra are the effective radii of the donor and the acceptor, respectively;*® ep and ea
are the relative dielectric constants of the media for which the reduction potential of the
donor and the acceptor, respectively, are recorded; and & is the dielectric constant of the
media for PET and for which <o is estimated.

W = @-x-Dae

(2c)
471'80 SRDA

Where Rpa is the center-to-center distance between the donor and the acceptor.

The Rehm-Weller equation provides thermodynamic considerations. It allows for testing
if the photoinduced CT processes are possible and what the energy losses for the
transition from the LE to CT states are. For evaluating the efficiency of CT and how it
competes with other processes occurring in parallel, it is essential to resort to kinetic

analysis.
Marcus transition-state theory for analysis of electron transfer

Marcus transition state theory provides a means for evaluating the rate constants of
electron transfer and reactivity, ker, of ET:'” In the potential energy curves, represented
by parabolic functions that show the state between the donor (D) and acceptor (A) or
initial and final states of an electron transfer process. Calculations for ker are enabled

through the seminal semiclassical expression (3a).



photoexcitation of the donor

electron tunneling

G 1 i G i
e| ZL : & | :
: : I
o R IosssT
a Donor Bridge Acceptor Donor Bridge Acceptor
photoexcitation of the acceptor hole hopping
- ' N s
0 | . o : |
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photoexcitation of the donor electron hopping
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> 1 i - > l ‘ -
gl el
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photoexcitation of the acceptor hole tunneling
> 3 L s :
el el ., 7
% .H_ i 1 1 “(S % : 2
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d

Donor Bridge Acceptor

Donor Bridge Acceptor

Figure 2 Molecular orbital diagrams representing long-range photoinduced charge
transfer occurring via different mechanisms, involving photoexcitation, 1, followed by
a sequence of discrete electron-transfer steps, 2 to 5. The transferred electrons are
encircled.



2 0\2
n 1 _(A+46°) Ga)

4
kpr = — |Hpp|*? —
ET n |Hp 4l r—4n/1kBTexp 40k T

The equation has three essential variables that can be computed or determined

experimentally. The first Marcus parameter is the Gibbs free energy change, AG?,

A -A<AGY<0 B -Am AGO ¢ -A > AGO

D A D A D

Energy
Energy
Energy

AGP

AG?

Figure 3 (A-C) State diagrams showing (A) Marcus normal region in which the rate
of electron transfer increases with an increase in driving force, -AG° because AG*
decreases as AG° becomes more negative, (B) Activationless region where -A ~ AG°,
and the potential energy surface of the acceptor crosses the bottom of the well of
the donor. Hence, the free activation energy is equal to 0. (C) Marcus inverted
region where the potential well of the acceptor crosses the donor at the furthest

from the bottom of the potential energy surface of the final state. Thus, an increase
in the driving force, -AGY, increases AG*, and decreases the rate of the reaction.

commonly referred to as the driving force. The reorganization energy, A, and electronic
coupling between donor and acceptor Hpa are two other important variables. The

electronic coupling can be described as the energy stabilization gained from interactions

between the D and A wave functions. When Hpa is small



the process is generally referred to as nonadiabatic electron transfer. In relation to that,
adiabatic electron transfer can occur when the electronic coupling is sufficiently large.

The Planck constant, h, introduces the fundamental frequency.

In the potential energy curves, represented by parabolic functions that show the state
between the donor (D) and acceptor (A) or initial and final states of an electron transfer

process. (Fig. 2).

The transition-state energy, AG?, for nonadiabatic processes involves a quadratic
relationship:
AGE = (A+AG69)?%) (4)
47

This quadratic relationship defines two distinct regions of dependence of the electron-
transfer kinetics on the thermodynamic characteristics of the system. When -A =~ AG®,
electron transfer is in an activationless regime of operation, placing the system at the tip
of the Marcus curve (Fig 4.)
The Marcus normal region where AG° is less negative than -A, i.e., -A < AG°< 0, and Ket
increases with an increasing driving force -4G*°, which appears quite intuitive (Figure 3).
The Marcus inverted region is where -A is less negative than 4G°, i.e., -1 > AG°, the
electron transfer is a strongly exergonic process, and ket decreases with an increasing
driving force, -4G°, which appears somewhat counterintuitive (Figure 3).

Marcus-Hush formalism (eq. 1) aids the understanding of inner sphere electron transfer.

This formalism accounts for the solvation effect of charge transfer as introduced by the



ActivationlessRegion

Inverted Region Normal Region

l
1
-A
Figure 4 Summary of the Marcus theory showing the relationship between the rate
constant and the driving force of the reaction, i.e., the rate of electron transfer
increases with an increase in the driving force, to reach -A = AG°, which corresponds
to the activationless region. After this tip of the Marcus curve, as the driving force
increases, the rates of electron transfer decreases, illustrating the inverted region.

outer-sphere (or medium) reorganization energy, Aouter. The total reorganization energy, A,
therefore can thus be expressed as the sum of the inner (i.e., molecular reorganization)

and the outer (i.e., solvent reorientation) nuclear modes:
A = Ainner + Aouter (5)

This theory focusses on non-adiabatic processes, where the nuclei at the transition state
do not move during the electron transfer, illustrating systems with weak donor-acceptor
electronic coupling. For strong donor-acceptor electronic couplings, i.e., adiabatic
electron transfer, the nuclear motion is coupled to the electron motion, and the

“traditional” Marcus theory cannot account for such kinetics.

10



Furthermore, Marcus-Hush formalism assumes a normal distribution of density of
vibrational states at the transition state, as reflected by the Gaussian function. Inclusion of
specific frequencies (or an average of frequencies) of vibrational modes that contribute
considerably to the electron transfer, as proposed by J. Jortner, leads to the Marcus-
Levich-Jortner formalism

Considering that the lifetimes of LE states of good photosensitizers from between sub-
nano to microseconds, ket should be at least 10° s, and ideally exceed 10%° s, for
attaining efficient photoinduced CT. It places limits on the feasible range of non-

adiabatic CT since His tends to decrease exponentially with the donor-acceptor distances.

When the donor and the acceptor are not charged, i.e., x =y =0, ET leads to charge
separation (CS). That is, an electron moves from the donor to the acceptor leaving a
positive charge, i.e., a hole (h™), behind. ET, or PET specifically, leads to separating a

positive from a negative charge:

D-A - DA~ (CS)

(42)

D-A —» D*-A > D"-A” (photoinduced CS)

(4b)

D-A —» D-A* —» D*"-A" (photoinduced CS)

(4c)

11



Charge recombination (CR) encompasses the back ET that brings the CT state to the
ground state: D**-A" — D-A (CR)

(4d)

The concept of charge separation is not limited to non-charged donors and acceptors.'&2
In general, ET always leads to a positive shift in the charge of the donor and negative
shift in the charge of the acceptor (eg. 1). Regardless the initial changes of the CT
moieties, during PET the LE state or the exciton dissociates to place an electron on the
acceptor and a hole (i.e., a positive charge) on the donor (eq. 1b,c). Therefore, PET leads

to separation of the charges composing the excitons, that is, to CS.

At a supramolecular and mesoscopic scales, CS can take on a different connotation. For
bulk heterojunction (BHJ) media, for example, a CS state comprises an electrons and a
hole that are sufficiently separated and/or energetically rich to prevent attractive
interactions,?! i.e., the emphasis is on “separation” in the term “charge separation.”
Conversely, a CT state in BHJ is Coulombically trapped at the interface between the

donor and the acceptor media and can undergo efficient CR.?22

Influence of dipoles on charge transfer

Electric fields, and in particular local fields originating from molecular dipoles and
ordered ion pairs, offer an invaluable means for guiding CT and CTr. Due to dielectric
asymmetry, for example, only a single CT pathway is favorable in the bacterial
photosynthetic reaction center (RC), despite its pseudo C; structural symmetry, i.e., two-

fold radial symmetry.?*2 Furthermore, junctions containing such RC protein exhibit CTr

12



rectification.?® Conversely, electric fields in the vicinity of active sites of enzymes affect
their catalytic activity.?6?° (fig 5)

Since the 1960s, the idea about dipole effects on CT has gradually developed.?425303L |n
the late 1990s, the first reports providing direct experimental evidence about dipole-
induced rectification of long range CT*?* commenced the development of the field and
the growth of the interest in this phenomenon. For the last half of a century, the focus has
principally been on biological and biomimetic systems where polypeptide helices or polar
groups in protein interior are the source of dipole-generated electricfields.3>%+% The first
examples involving donor—bridge—acceptor(D-B-A) systems, where the bridges are a
polypeptide helices, illustrate a means for investigating CT kinetics for solution-based
homogeneous conditions.®? Employing self-assembled monolayers (SAMs) of
polypeptide helices on conducting surfaces furthers the field to exploration of interfacial
CT.%® Incorporating the similar helix SAMs in metal-insulator—metal (MIM) electrical

junctions opens doors for bringing the field to CTr systems and device engineering."38
Dipole effects in device design and engineering

Electronic devices comprising conjugated organic materials have a promising future as
transistors*, rectifiers*, photodetectors* and organic light emitting diodes (OLEDs)*. In
OLED:s, electrons and holes from metal electrodes into organic materials where they
recombine and emit light. Efficient electron injection is an important aspect of the
process and one method of improving efficiency is to modify the Schottky energy barrier.

Indeed, the smaller the barrier the more efficient the electron and hole injections.

13



Modifying the electronic properties of materials interfaces renders immensely useful for

design and development of devices.

In electronic devices, local fields originating from charge misbalance are intricate for
materials interfaces. For organic and hybrid photovoltaics, for example, such interfacial
fields may aid the photogenerated charge carrier to escape the Coulomb traps after the
exciton dissociation.*®® Introducing molecular dipoles to surface designs provides a
means for modifying the interfacial fields, i.e., enhance them, change their direction, or

cancel them, depending on the targeted functionality.

Ro  Rym

N-terminus
C-terminus

V)

along the dipole >
no long-range hopping against the dipole

b

Figure 5 Bioinspired molecular electrets based on anthranilamide (Aa) motifs. (a)
Origin of the ground-state electric macrodipole of Aa electrets from ordered
orientation of the amide linkers and from the polarization due to the formation of the
hydrogen bonds. (b) Long-range charge transduction mediated via electron hopping, or
on-resonance electron transport, along the Aa residues and the effect of the
macrodipole on the preferred directionality of the ET steps.

14



Placing permanent dipole on surfaces of conductors and semiconductors changes their
effective work functions. Anchoring dipolar molecules as SAMs to a metallic substrate
further modifies its work function due to the formation of an interfacial dipole originating
from: (1) the push-back of the metal electrons, reduction of the intrinsic interfacial
dipole, and (2) the charge redistribution resulting from the formation of bonds between
the docking functional group and the metal surface. For example, the intrinsic dipoles of
oligopeptides attached to gold nanoclusters change the reduction potentials of the
oxidation of the metal particles.*® When the dipoles point toward the gold surface they

cause up to a 0.8-V positive shift in the reduction potentials.*® Conversely, similar

photoexcitation of the donor electron tunneling

o) 1 > ehﬁt\;‘\”

Léj 1 % —

“ H H 4 H “ H e
Donor Bridge Acceptor Donor Bridge Acceptor
— m== o — T +

a along dipole along dipole
photoexcitation of the donor electron tunneling
§ é § '

- TR i B R
Donor Bridge Acceptor Donor Bridge Acceptor
4+ dmmm— o ESR  oE== -

b against dipole against dipole
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photoexcitation of the donor electron hopping
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Figure 6 Molecular orbital diagrams showing the dipole effects on long-range
PET occurring via different mechanisms, mediated by D—B—A conjugates. (a and b)
For tunneling, or super-exchange mechanism, the photoexcitation, 1, is followed
by a long-range electron tunneling step, 2. The electret dipole alters the energy
levels of the frontier orbitals and, most importantly, the reduction potentials of the
donor and the acceptor. Therefore, AGer 0 is different for ET along and against the
dipole. (c) For electron hopping along the dipole, the photoexcitation, 1, is followed
by multiple short tunneling steps, i.e., hopping steps, 2 to 5. The electret dipole
alters the energy levels of the frontier orbitals generating cascade ET pathways
along the bridge, i.e., each hopping step has AGer 0 < 0, which is immensely
beneficial for long range ET. In comparison, in the absence of a dipole, each
hopping step has AGer 0 =0(Fig. 2c). (d) For electron hopping against the dipole,
the photoexcitation, 1, is followed by a hopping step, 2, and a long-range
tunneling step, 3. The number of hopping steps for this case depends on the extent
to which the dipole field shifts the energy levels of the frontier orbitals. The
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polypeptides attached to mercury surface cause negative shifts in the reduction potential
of an axillary redox pair regardless the orientation of their dipoles.>® This discrepancy
indicates that other factors overcome the expected effects from the peptide dipoles.
Adsorption of ions presents a simpler manner for generating surface dipoles in
comparison with forming SAMs of polar molecules. Such surface-charge electrets can
impact significantly the performance of devices. Since the first reports by Gréatzel et al.,
dye-sensitized solar cells (DSSCs) have attracted considerable interest for their ability to
convert solar light to electrical energy. In addition to the ruthenium-based
photosensitizer, the initial designs employ lithium iodide as an electrolyte for the liquid
junction and shuttling electrons from the cathode.®® Since the first reports, it has become
known that additives such as lithium ions and 4-tert-butylpyridine (TBP) affect the
power-conversion efficiency of DSSCs.>**® It is commonly believed that the adsorption
of Li* ions affects the band energies of TiO.. Incorporation of the small positive ions into
the surface of the TiO: lattice causes positive shift of the electrochemical potential of the
semiconductor,> and increases the driving force for electron injection from the
photoexcited sensitizer. Indeed, the diffusion coefficient and the undesired CR kinetics
correlates with the Li* concentration.>®*® Evidences from transient absorption and
electrochemical impedance spectroscopy suggest that improved electron injection
efficiency is due to the interfacial dipole, pointing from the electrode to the electrolyte,
originating from the lithium ions adsorbed on the titania nanocrystals, which in turn,
facilitate exciton dissociation despite the small loss of photovoltage.®’° In addition to

affecting liquid junction, dipoles originated from adsorbed cations alter the properties of
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junctions between solid materials. Dynamics of ions, responsible for the interfacial
dipoles and the energy-conversion efficiency of DSSCs and perovskite devices, causes

the hysteresis at low frequencies.®

Surface dipoles from polar molecules attached to TiO> tunes the band-edge energies of
the semiconductor and modulates the electron injection rates.®* Incorporating permanent
dipoles in CT conjugates linking photosensitizers with the TiO; surface is an important
handle for improving the performance of DSSC. Three analogous porphyrin-bridge-
anchor derivatives, two of which contain oppositely-oriented intramolecular dipoles in
the bridging unit, provide a means for examining this concept. Comparison between
assemblies of these conjugates on the surface of mesoporous nanoparticle ZrO; films
reveals no dipole effect on the electronic properties of the porphyrin.®? The dipoles of the
same conjugates attached to TiO> cause 200-meV shift in its bands energies. The dipole
orientation, however, has no noticeable effect on the electron-injection rates. The
relatively small magnitude of the dipoles in the bridging conjugates is most likely the
reason for the lack of observable effect on the CT kinetics.®®

Placing organic polar molecules, in an ordered manner, between two electrodes provides
a means for controlling the 1-V properties of the formed junctions. Molecular level
rectification of the current is the most sought out property from such devices. These
molecular or organic diodes mediate efficient CTr in one direction but not in the other,
resulting in asymmetric 1-V curves.

Metzger et al. utilize n-conjugated zwitterions as a CTr media for organic junctions.®

Depositing monolayers or multilayers of such zwitterions between aluminum surfaces
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yields a junction that manifests superior rectifying 1-V behavior.%* Placing non-charged
molecules with dipoles ranging from 2.8 to 6.8 D between gold surface and gold
nanoparticles results in molecular junctions with a pronounced rectifying behavior. The
ratios between the magnitude of the electric current against and along the dipole range
between 2 and 9 for junctions comprising molecules with different dipole

magnitude. 36566

Ensuing, replacement of the groups for binding the polar molecules to the gold surfaces
from thiol to isocyanide results in a notable difference in rectification. This change in the
anchoring groups causes more than two-fold reduction in the molecular dipole moment.
Furthermore, calculations show a localization of the HOMO and LUMO on the terminal
thiols, and delocalization of the frontier orbitals in the cyano-capped molecule.®’
Assemblies of identical QDs with ligands with different dipoles, and thus different band
energies, can generate cascades for directing electron and hole transport, e.g.,
“unidirectional” or “bidirectional” configuration for charge-transport pathways.
Heterojunction PV devices, comprising such QD assemblies, show the favorability of the
former, i.e., unidirectional configuration improves the power-conversion efficiency.®® It is
favorable because of a potential barrier for electrons or holes at the interface at different
quantum dot layers.®® The small size of the aromatic ligands ensures sufficient electronic
coupling between neighboring QDs to ensure the efficiency of the interfacial charge

transfer steps and of the long-range charge transport.

Coating silicon surfaces with small polar molecules with different dipole moments causes

substantial effect on surface band bending and on the Si work function. Completing the
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“wiring” of the molecules with a metal electrode yields a junction with pronounced
rectifying characteristics.®® Such metal-semiconductor junction form Schottky diodes
with inherent dipole at the interface between the two materials. Intercalating polar
organic SAMs between the metal and the semiconductor strongly affects the behavior of
the Schottky diode. Metal-organic Schottky energy barriers follow ideal Schottky
behavior. Namely, the electron Schottky barrier is determined by the energy difference
between the metal work function and the electron affinity of the organic material, which
is related to the reduction potential of the comprising molecules.”™ Thus, typically low
work function metals are used for electron injection, and high work function metals — for
hole injection.

Polar adsorbates allow for investigating the effects of a molecular dipole moment
oriented both towards and away from an Ag electrode. These tests demonstrate control of
the Schottky energy barrier. Specifically, when the dipole is oriented away from the
electrode the energy barrier decreases; and when the dipole points toward the electrode
the barrier increases.”* The Schottky barrier height for an n-type semiconductor, ¢°, is

estimated as:

¢b — ¢m _XSC + evi @)

Where ¢™ is the work function of the metal, y5¢ the electron affinity of the
semiconductor, and V! is the voltage drop due to an interface dipole which forms as a
result of charge rearrangement upon the formation of the interface.’?> Cahen et al. report
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that molecular dipole monolayers as an effective tool for modifying barrier heights of
Schottky junctions. The dipoles can affect both, ™ and ¢ of Au|SiO.|Si diodes.
Changing the terminal group from electron donating to electron withdrawing provides a
means for altering the molecular dipole moment.”"

Employing polar molecules in junctions for attaining CTr rectification presents two
important challenges: (1) ensuring sufficient length of the organic CTr pathway between
the two conducting or semiconducting electrodes; and (2) ensuring symmetry of the
wiring of the molecular species. Frequently, differences in the chemistry and the
electronic properties of the manner of bonding of a molecule to the two electrodes may
be the principal source of CTr rectification. Such asymmetry of the “wiring” to the
electrodes can completely overcome any effect from the molecular dipoles.”™ When it
comes to Schottky diodes, however, the semiconductor-metal junction is already
asymmetric and the polar molecule only modify that asymmetry. Conversely, if the
molecule is relatively small and strongly coupled electronically with the electrodes, the
wave functions of the conducting substrate may penetrate through the whole molecule
and perturb its electronic properties.” It may suppress the generated dipoles and

eliminate the effects they may have.

Interfacing molecules with two electrodes presents some of the biggest challenges in the
design of organic and molecular electronic devices. At the regions of molecular contacts,
redistribution of the free charge carriers in the conducting substrates often may generate

fields that overwhelm the effects of the molecular dipoles in the junction. Molecular
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electrets that possess large dipoles and mediate long-range CT and CTr provide a means

for eliminating the prevailing effect of the molecular contacts.

How to translate what we have learned about CT from nature to materials and

devices?

Incorporating molecular and supramolecular species as a bridge in a DBA conjugate offer
some of the best means for experimental characterization of their CT properties. The
bridges can vary from small molecular moieties to large macromolecular and
biomolecular assemblies. Placing the same bridging molecules and macromolecules in an
electrical junction allows for characterizing their CTr properties and sets key foundations

for device engineering.”

The electrical molecular junctions are DBA systems with electrodes acting as a donor and
an acceptor. Varying the potential difference between the electrodes varies the CTr
driving forces, and the measured current flowing through it reveals the CTr efficiency.
Furthermore, flipping the polarity of the applied voltage changes the position of the
“donor” and the “acceptor” and the direction of the current. Therefore, the current-
voltage (I-V) characteristics of a junction provides information about the CTr properties
of the molecules incorporated in it. Such integration of organic and bioorganic conjugates
in circuits and exploration of their CTr features has spun out the field of molecular

electronics that has over 40 years of history. 880
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Single-molecule junctions

In the 1970s, the cornerstone report by Aviram and Ratner, describing the theoretical
design of a molecular rectifier, has set the quest for single-molecule junctions and for
deterministic effects that emerge from quantum phenomena.®2#* Like all single-molecule
experiments, such electric junctions unveil the stochastic nature of nanoscale phenomena,
which makes them unique tools for the CT and CTr science. The evolution of different
experimental designs has allowed to address principal challenges with wiring of a

molecule to two electrodes simultaneously.?8

Commonly, a molecule in a junction is orders of magnitude smaller than the electrodes to
which it is attached,® making the formation of single-molecule junctions quite
challenging. In break junctions, for example, freshly formed metal surfaces slowly recede
from each other in a controllable manner while immersed in a diluted solution of the

examined molecule, which is usually bifunctional 8"

For imaging, scanning tunnelling microscopy (STM) utilizes the horizontal movement of
a metal tip over a conducting surface with potential applied between them. Mapping the
measured currents vs. the coordinates of the tip provides angstrom-resolution images of
the surface topology and thus, of the molecules adsorbed on it.%° In addition, STM has
introduced the capabilities for mechanical manipulation of surface structures.®* These
features of STM provide an excellent means for formation of single-molecule junctions

between the tip and the surface, and for interrogation of their 1-V characteristics.*
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The electrical contacts of a molecule in a junction can have deterministic effects on its I-
V performance.®? Some of the best means for incorporating a bifunctional molecule in a
junction involves rapid formation of coordinate and covalent bonds with the conductive
substrates of the two electrodes. Sulphur functional groups, such as thiols, thioethers and
thioester, provides the most popular approach for attaching a molecule to gold electrodes
in a that such covalent bonds not only are stable, but also provide strong electronic

coupling.®® The strength of the sulphur-gold bond is about 2 eV.%
Junctions based on self-assembled monolayers

Translation from single-molecule setups to molecular ensembles illustrates an important
path of evolution toward applied science and technology development.® Some of the
initial work in molecular electronics involved electrical junctions comprising self-
assembled monolayers (SAMs) sandwiched between flat metal electrodes.” Such metal-
insulator-metal (MIM) junctions have the architecture of capacitors with dielectric layers
that are nanometre-thick, allowing for efficient CTr (Figure 8). These devices bring

molecular CTr to the realm of organic electronics.

One way to picture SAM devices is as a superposition of a large-number of parallel
single-molecule junctions. Conversely, the molecules in such SAM junctions are closely
packed together and the intermolecular electronic coupling provides parallel CTr
pathways, especially when the SAM molecules assume large tilt angles on the conductive
surfaces. Such CTr involving multiple pathways can lead to emergence of new properties

of the molecular ensamples that are not inherent to the individual molecules.
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Furthermore, incorporating n-conjugated CTr molecules in SAMs of alkyl conjugates
allows for probing specifically the CTr moieties without interference from lateral
intermolecular CT steps.®®°” Indeed, it is essential to prevent phase separation during the
SAM formation, i.e., to ensure that the t-conjugated molecules do not cluster together

forming isles in the alkyl SAM.

Attaining nanometre-thick layers extending throughout the large areas of the MIM
junctions presents grave challenges for the fidelity of the SAMs and the electrode
surfaces. While well-packed SAMs on atomically flat substrates are not too demanding to
attain, the edges and the tips of the grains of many electrode materials are sites for defects
in the surface coatings. Mercury is a liquid conductor with sufficient surface energy to
always form atomically flat surfaces over areas of square millimetres and larger.

Therefore, mercury has been the metal of choice for designs of MIM junctions. %8101

The chemical inertness of gold has made it one of the most popular materials for
electrodes in molecular electronics. The grainy nature of gold surfaces, however, presents
inherent challenges for SAM MIM junctions. Depositing gold films on naturally flat
substrates, such as mica, allows for overcoming the grainy nature of the metal surfaces.
Lifting the mica off, exposes gold surfaces that, while composed of packed grains, adopt
the topology of the flat substrates.%? Such flat metal surfaces are superior electrodes for

MIM junctions.%

Any pinhole defect can serve as a point of a short circuit and thoroughly compromise the

performance of the device. Nevertheless, the balance of the interaction forces between the
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self-assembling molecules, the substrate surface and the solvent can drive the formation
of SAMs with high fidelity. Many SAMs of long molecules can even assume two-
dimensional crystalline structures.'*1%" The SAM molecules possesses functional group
at one of their termini that can quickly form bonds with the substrate. In the initial phase,
the molecules adsorb flat on the surface. Inherently, the intermolecular van der Waals
interactions are always stronger than the interactions between these organic conjugates
and the inorganic surfaces or the solvent, as the Hamaker constants can readily reveal
(after all, like prefers like).2% In alkyl SAMs, each methylene contributes about 0.07 eV
to the heat of formation.%® Therefore, as the surface density of the adsorbed species
increases this balance between the van der Waals interactions drives the molecules to
pack against each other (each molecule stretching nearly orthogonally to the surface) with
their functional groups anchored to the substrate. The energetically favorable
minimization of the contact area of each organic moiety with the inorganic surface and
the solvent, while increasing the intermolecular contact area, drives the formation of such
SAMs. Heating and occasional sonication during the self-assembly process aid the
improvement of the quality of the molecular packing and the removal of the potential

defects in the formed SAM. 110111

The ease of self-assembly of organic thiols into tightly packed layer on gold and other
coinage metals, has made these surface structures the most widely used SAMs in
chemistry, physics, and biology, in the last three decades.®**12 The facile preparation of
thiol SAMs has also impacted the field of molecular electronics.***!* Bringing a hanging

mercury drop, coated with thiol SAM, into contact with another metal surface, coated
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with the same or different SAM, forms a MIM junction that allows for characterizing the
CTr properties of the molecular assemblies sandwiched between the conductive
interfaces.%1%! Instead of using a liquid metal, bringing in contact two orthogonally
oriented SAM-coated metal wires leads to the formation of a MIM junction. 5116 The
curvature of the wires, that are usually micrometre thick, determines the area of such

crossed-wire junctions and allows attainment of single-molecule contacts.**®

Despite their immense popularity, however, SAMs of thiols on gold possess inherent
properties that make them less than optimal for electronic applications. The susceptibility
to oxidation of the sulphurs anchoring the organic molecules to the metal makes the
SAMs vulnerable to damage and desorption, and under ambient conditions (even when
immersed in protective liquid) their lack of durability sets major limitations. Therefore,
using only freshly prepared thiol SAMs for the MIM junctions is essential for obtaining

reliable and reproducible results.

On the other hand, silanization of silicon and metal-oxide substrates yields SAMs that are
pronouncedly stable. SAMs of silanes, however, do not have the molecular order that
thiol SAMs can achieve. Nevertheless, the immense durability of silane SAMs has made

silanization a popular approach for introducing molecules into electrical junctions.t!”18

Silanization anchors the organic molecules to silicon via C-Si-O-Si bonding patterns and
the presence of a thin insulating layer of SiO2 between the organic moieties and the Si
semiconducting phase is usually unavoidable.'>!1%120 Attaching organic moieties directly

to silicon via carbon-silicon bonds is the way to address this issue.*?:122 The C-Si bonds

27



are immensely stable and the use of such organic coatings for passivating silicon surfaces
is well established.*?122 Similar to alkylthiols on coinage metals and mercury, alkyls on
silicon can form densely packed and ordered SAMs.1%31% Binding organic moieties to
silicon directly via C-Si bonds is considerably more difficult and more involved than
attaching thiols to gold. As a result, thiol SAMs on metals and chalcogenides have gained

incomparable popularity for surface design and materials engineering.

Organic electronics offers countless functionalities that are easily attainable via
established synthetic procedures. Electroconductive carbon materials provide excellent
platforms not only for interfacing organic molecules in devices, but also for pursuing
unprecedented possibilities for energy storage and energy conversion. Silicon electronics,
on the other hand, is mature and responsible for countless technological breakthroughs of
the 20th and 21st centuries. Silicon electronic, therefore, is here to stay. To take
advantage of the countless functionalities of that organic electronics can offer, it is
essential to interface it with silicon. Placing efforts and resources on developing C-Si
interfaces will set the stage for unprecedented technological advances driven by the

unique features of the carbon, organic and biomolecular electronics.
Junctions with multiscale architectures

In many electrical junctions, it suffices to attach the molecule to only one of the
electrodes. Liquid solution, which is conductive or containing an electron shuittle,
establishes a “remote” electrical contact with the other electrode. That is, the junction

comprises molecules sandwiched between a solid electrode and a liquid. Such liquid
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junctions have made enormous impacts on energy science and engineering,
encompassing devices such as dye-sensitized solar cells (DSSCs), and other
photoelectrochemical cells, along with various architectures for artificial photosynthesis
and an “artificial leaf.” In fact, in the 19th century the first demonstration of the

photovoltaic effect employed a liquid-junction device.

The liquid-mediated electric contact in such junctions permits significant freedoms for
the geometry of the electrodes. DSSCs comprises an anode with highly porous
morphology that not only provides a huge surface area for adsorbing monolayers of
sensitizer, but also causes significant light scattering throughout the electrode active

layer.1?®

Avoiding the use of liquids, bulk-heterojunction (BHJ) PV devices comprise blends of
electron-donor and electron-acceptor solid materials.*?” The intertwining donor and
acceptor phases in BHJs ensure: (1) a large contact area between the two phases, across
which the initial photoinduced CT occurs; and (2) a decrease in the required distances for
exciton migration to a CT interface.'?2° The continuity of each phase provides

electrical contact between the CT interface and the electrodes of the device.!°

While PV devises mediate the conversion of light radiation into electrical energy, light-
emitting diodes (LEDs) convert electrical currents into light.***134 Furthermore, at a
molecular level, CT strongly impacts the optical properties of the systems.® In LEDs, CR
produces excited states that deactivate radiatively. Nowadays, organic light-emitting

diodes (OLEDs) are the mainstream in display technologies. Each new cell phone touts
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the latest in display technologies. The 30-year development from laboratory research to
mass production is truly phenomenal.®13® Some of the latest developments encompass a
variety of emitters that exhibit phosphorescence and thermally activated delayed
fluorescence.**® Hierarchical ultrastructures found in fireflies offer guidelines for
bioinspired designs of OLED.*3! DNA bases can serve as hole-injection and hole-
transport media in such devices. Specifically, comparison between adenine- and uracil-
containing polymers shows that OLEDs containing the former exhibit improved thermal
and redox stability, as well as solvent resistance due to increased cross-linking in the
organic media.*®" Biomimetic brightness-enhancement layers reduce the reflection at the

interfaces leading to improvements in the illumination efficiency of LEDs.'*

The dominating common theme in molecular electronics is the focus on two-terminal
devices. That is, the molecules serve as “wires,” rectifiers, light-energy converters, CT
catalysts, and light emitters. How about three-terminal devices, such as transistors, and
even molecular integrated circuits? The immense challenges for wiring a molecule to two
electrodes make the thoughts about electricals contact at three different points of a
nanometre-size objects sound absurd. Nevertheless, the designs of three-terminal
molecular devices is already on the way.'® Furthermore, a third terminal, such as a
transistor gate, does not necessarily require a direct electrical contact with the CT media,
it just needs to be able to modulate its CTr properties by applying electrical potentials.
This way of thinking has made the field-effect transistor (FET) architectures immensely
popular in molecular and organic electronics.**%! Light illumination provides another

alternative for affecting the CTr properties of molecular and organic devices and it can
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serve as a “third terminal” in a device, which has set the stage for development of
photosensors and numerous other optoelectronic devices.***? Another important
discovery, which is still in the realm of basic science, encompasses the utility of infrared
radiation for affecting selected vibrational modes in the moieties mediating CT, and in

this way, modulating the CT and CTr properties of the molecular systems, 43144

These examples illustrate how the discoveries in molecular and biological CT drive
technological developments that have global impacts on improving our day-today lives.
While many technologies are already mature, it is truly important to pursue novel ideas
and paradigms that may appear as “unappealing investment” because currently they do
not seem to have any direct application. Setting new ways of thinking at this point in
time, however, is important for the technological impacts decades from now, and such

“long-term investments” are key for sustainability of progress.

Photoelectrochemical (PEC) water splitting has shown potential as a route for renewable
energy via solar energy.'*>!#¢ Photosynthetic cells such as (Fig XXX) convert light to
electric power utilizing two redox systems: one reacting with holes at the surface of a
semiconductor electrode such as TiO-2 (bandgap 3-3.2 eV and UV absorber) and the
second reaction at the counter electrode with electrons. Water is oxidized to oxygen at the

semiconductor photoanode and reduced to hydrogen at the cathode.

During water splitting, the contact between the electrode and electrolyte leads to a charge

transfer process at the solid-liquid interface due to potential differences between the two
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phases. This potential difference leads to an accumulation of charges at the interface

which introduces band bending as shown in (fig 7).

vA¢
0

_cB| _ CB
e e
« | |® -« |
| Jﬁf"
hy Q hv
| -( S S
e [ 7
vB * | |vB
photoanode photocathode

Figure 7 General scheme for photoinduced water splitting at an electrode surface.

One of the most studied transition metal oxides and archetypical photoactive electrode
material is TiO2. TiO2 exists in several polymorphs?*” with rutile and anatase the most
common and stable among them. Both polymorphs form polarons with different
behaviors. While both polymorphs form polarons, the rutile polymorph form localized
small polarons easier in both pristine and defective rutile the same is not true of anatase

which has only shown to form small polarons in samples with defects or vacancies. 48149

A polaron is a quasiparticle formed by the interactions between charge carriers and lattice

ion vibrations.™® Two types of polarons, large and small, exist with the differences
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between the two being defined by the strength of the electron-phonon coupling and
extension of the lattice distortion near the electron. Small polarons exhibit weak coupling
with large distortions. This distortion of the lattice, which stabilizes or traps a conduction
electron, impedes the charge transport resulting in low mobilities and an upper limit of
0.1-1 cm?v-sThaving been calculated. The electron moves from site to site via a hopping

mechanism facilitated by thermal energy.!®

E,
p(T) < T exp (kB_T)

A variety of experimental techniques have been used to investigate the presence and
mobility of small polarons in metal-oxides such as conductivity,®*1%* EPR,1%°1%6 ST\, 148
optical®" and IR spectroscopy.®8-1€0 |n fact, the first experimental observation of
polarons are attributed to conductivity measurements as a function of temperature
wherein increasing hole conductivity correlates with increased temperature which is a
characteristic of small polaron hopping upon thermal activation. Typically, when
reporting experimental observations, they may also be coupled with first principle

modeling to help understand and interpret findings.

While no standardized data exists for charge mobility in TiO2, most of the data concerns
electron mobility and shows that hole transport in TiO3 is slower than electron
transport.*® Hole transfer in rutile has been shown to be adiabatic in nature along many
directions while hole transfer in anatase is adiabatic only in one direction. Hole mobilities

in rutile have been reported to be
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0.16 cm?Vv-!st with polaron lattice distortions greater for holes than electrons. Thus,
polaron formation in transition metal oxides have shown to have a strong influence on

the rate of charge transfer which is significant for PEC cell design and efficiency.
Synthesis and optoelectronic properties of all inorganic halide perovskites

The popularity of halide perovskites has grown immensely in the past ten years due to the
unprecedented acceleration of the power conversion efficiency in thin film solar cells.®*
Additionally, their low cost simple synthesis that yields variable color emission, high
photoluminescence quantum yields (PLQYS), and outstanding excitonic and charge

carrier properties make them quite useful in device applications such as LEDs, lasers,

solar cells, and photodetectors. The base formula for halide perovskites is ABX3,

(a)

©
0O, ?

Figure 8 (a) ABX3 perovskite structure showing BXs octahedral and larger A cation
occupied in cubo-octahedral site.
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(fig 8) where the A-site cation consists of Cs*, methylammonium (CHsNHs*, MA) or
formamidinium [(CH(NH).).", FA] resides in the void formed by the corner sharing of
BXs octahedra. Additional isomorphs can be synthesized by varying the B-site
cation(Pb?*, Sn?*, Ge?*, Bi**, In®** or Sb®") or the X halides (X= CI', Br’, I). Multi-
composition perovskite can also be made by mixing multiple cations or anions together in
stoichiometric ratios.*62-164 Ljke the chalcogenide nanoparticles, the perovskites bangap
and carrier confinement properties can be tuned by adjusting the halide composition and
sizes of the particles.'®® The PL wavelength can be tuned from the visible to the near-
infrared (NIR) region which can be achieved by either post-synthetic methods i.e. halide
exchange or mixed halide precursors during synthesis. (Figure). The halide dependent
emission tuning emerges from the bandgap changes of the band-edge states formed from
the hybridized s and p orbitals of the halides and the B-site cations. (image). The exciton
binding energies change as the halide composition changes thus changing the excitonic
and charge carries lifetimes. These lifetimes are also influenced by the A-site cation and

the size of the particle.

During the standard synthesis of perovskite crystals the growth of the crystals can be
confined to the nanometer scale by utilizing long chain organic ligands capped by
carboxylic acids and amines. The typical synthesis is a hot injection method wherein the
size and morphology can be controlled through ligand chain length and reaction

temperature.6?

CsPbBr3 nanocrystals used herein form a cubic phase regardless of halide when the

temperature of the synthesis is between 120-200 °C.1%2 The nanocrystals are direct
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bandgap semiconductors wherein the band edge of the halide perovskites is composed of
the anti-bonding atomic orbitals of the [BXg]* octahedra.'®®%” The conduction band
minimum (CBM) is composed of the sigma (c”) and pie (n') antibonding orbitals that are
formed by the hydridization of 6p-orbitals of lead and s and p orbitals of the halides.
(fig). Conversely, the 6s and 6p orbitals of the halides form the valence band minimum

(VBM).

The simple synthesis combined with exciting photophysical properties of halide
perovskites has led to promising advanced in optoelectronics. The facile ability to modify
the absorption and photoluminescence of perovskites makes studying these properties a
worthwhile endeavor. Because of this my research utilized these exciting materials as a

key component to understanding interfacial charge transfer.

Summary: My research has focused on and is impactful in the field of surface chemistry
and the interfacing of perovskite CsPbBrs nanocrystals with redox active heterocyclic
organic molecules. The research is designed to investigate a successful interface for
perovskite nanocrystals while maintaining their stability and performance. Therein, the
interfacing would incorporate dipole mediated CT and ultimately the possibility of device
fabrication such as PV devices would use these dipolar molecules as interfacing agents
that could control, rectify and enhance CT across the interface of nano sized materials

with organic molecules.
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Abstract

The unprecedented rates of developments in perovskite photovoltaics have driven a 6.5-
fold increase in power-conversion efficiency since 2009. This growth testifies for the
impacts of these materials that remain underrealized. While solvent polarity enhance
charge transfer (CT), the instability of these perovskites in polar environments hurdles

the realization of their potentials. This article demonstrates the importance of binding a
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redox-active moiety to CsPbBr3 perovskite nanocrystals (NCs) for achieving efficient CT
in hydrocarbon media. Tightly binding compounds, such as amines, etch the perovskites.
Under controlled concentrations, however, binding an amine derivative of an electron
donor to NC surfaces not only provides electronic coupling for efficient CT, but also
eliminates sites responsible for undesired exciton deactivation. This dual benefit from
“wiring” CT mediators to perovskite surfaces ensures efficient charge extraction in non-
polar media. It opens doors to uncharted frontiers for solar energy, photocatalysis and

other areas of phonics and electronics.

Author contributions: J.T. spearheaded the study, designed the NC synthesis, performed
structural characterization, and carried out the optical-spectroscopy studies and data
analysis. C.B., P.D. T.D. and K.E. carried out the synthesis and the purification of the
NCs, as well as the NMR studies. M.F.M. performed the electrochemical studies. V.1.V.
concaved the supervised the project, carried out some of the analysis, and along with J.T.,

prepared the manuscript.

Introduction

Metal-halide perovskites, with composition A*B2*X 3, have exerted one of the biggest
impacts in the development of photovoltaics (PVs).! The unique electronic structure of
the [BXs]* octahedrons ensures not only long exciton lifetimes, but also separate

transport pathways for electrons and holes.? The latter feature, along with the small
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eXciton binding energy has made these perovskites practically the “perfect” materials for

photovoltaics.®

In 2009, Miyasaka et al. reported the first perovskite PV devices that manifested
encouraging power-conversion efficiencies () between 3% and 4%.* Only three years
later, the teams of Gratzel and Park demonstrated perovskite PVs with » exceeding 9%.°
This burst in progress led to single-junction perovskite PVs with 5 = 24%, developed in
the Chinese Academy of Sciences, and tandem perovskite-silicon solar cells with # =

28%, developed by Oxford PV.%7

While these rates of evolution are unprecedented for a PV class of materials, the
importance of the metal-halide perovskites goes beyond their utility for solar cells. In
fact, the report from Chondroudis and Mitzi about electroluminescence of perovskites,
targeting light-emitting-diode (LED) applications, predates the first PV publication by 10
years.® The attractive optoelectronic properties of metal-halide perovskites drives the

increasing interest in their utility as photoredox catalysts.®1°

The ionic bonding in the A*B?*X3 crystalline structures is relatively weak, allowing for a
certain level of plasticity of the metal-perovskite lattices. This softness of the ionic
structure, along with the “looseness” of the large counterion, A™, is key for the beneficial
optoelectronic properties of the metal-halide perovskites. As A", methylammonium and

formamidinium are charged species with permanent electric dipoles. Conversely, the
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large alkaline cations, such as Cs*, are spherically symmetric (with no permanent dipole)
but highly polarizable. This propensity of A* to induce electronic and orientational
polarization®! aids the formation of positive and negative polarons.'? The polarons keep
the holes spatially separated from the electrons, which is crucial for impeding undesired

charge recombination.*?

As important as the lattice softness is for the optoelectronic properties of the metal-halide
perovskites, it also is an underlying reason for one of its biggest demises: i.e., the lack of
stability and photostability in polar or humid environments.® Despite the success in the
efforts to address this challenge, it still remains an issue.?!3 All-inorganic metal-halide
perovskites, such as CsPbBrs, have gained attention in recent years for applications in
LEDs,* PVs,™® lasers,'® and photodetectors!’ due to their strong optical absorptions,
narrow line widths, high photoluminesce quantum yields (¢r.)*® and increased thermal
stability relative to the organic-inorganic perovskite.*®?° While they have not matched yet
the performance of their hybrid counterparts, PVs of all-inorganic perovskites have
gained momentum in recent years, showing and increase in » from about 10% to 19%.%°
Most of the early work on CsPbBr; focused on films,?:2 and recently research with
suspensions of all-inorganic perovskite nanocrystals (NCs) gained traction.?*% The
inherent lack of stability of these materials in polar solvents, air and moisture, however,

proves especially pronounced for NCs, even with CsPbBr; composition.2%28
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The limited stability of perovskites in polar media significantly diminishes their utility for
photoredox and other charge-transfer (CT) applications. Polar environment inherently
stabilizes CT-produced charged species. As important as polar media is for CT processes,
selecting large electron donors and acceptors, with reduction potentials corresponding to
overestimated CT driving forces, allows for attaining efficient CT in non-polar
environments. As an alternative, we have demonstrated that non-polar solvents can
enhance the rates of CT in the presence of localized electric fields, originating for
example from dipoles.?”?8 Overall, improved understanding of how to extract holes or
electrons from photoexcited perovskites in non-polar media is crucial for the achievement

of many of the unrealized promises they offer.

Reliable interfacing, or “wiring,” the perovskite surfaces presents another key challenge
for efficient extractions of holes and electrons from them. Aliphatic amines have some of
the strongest binding propensity for metal-halide perovskites. Organic coatings of
perovskite surfaces, even with amine ligands, are dynamic in nature when immersed in
liquid media.?® The ionically bound amines, which convert to ammonium ions after
proton exchange, are essential for keeping the material intact. Still, they adsorb and

desorb faster than the NMR acquisition timescales.?®
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Chart 1. N-alkylated phenothiazine derivatives selected for electron donors, along with
thermodynamic considerations for interfacial CT with CsPbBrs Perovskite NCs.
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(a) Electron donor with and without aliphatic amine, Ptz and Ptz-NH,, respectively. The amine has
high propensity for binding to Perovskite surfaces. (b) CB = conduction band and VB = valence
band of the NCs; LUMO = lowest unoccupied molecular orbital and HOMO = highest occupied

molecular orbital of Ptz.

Herein, we focus on interfacial photoinduced hole transfer (PHT) from CsPbBrs NCs to
an external electron donor in a hydrocarbon solvent medium. An electron-rich organic
moiety, N-methylated phenothiazine (Ptz), serves as an electron donor (Chart 1).

An amine derivative of the electron donor, Ptz-NHz, allows us to examine the role of

surface binding for achieving efficient interfacial CT. Ptz hardly affects the lifetime of
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the NC excitons. At uM concentrations, on the other hand, Ptz-NH2 substantially
quenches the photoluminescence (PL) of the NCs. Despite the dynamic nature of the
surface binding of the amines, their affinity for the NCs ensures the electronic coupling
of the donor with the CsPbBr3 inorganic phase. Increasing the concentrations of Ptz-NH:
increases the number of donor moieties per NC and hence, increases the probability for
PHT. Such an increase in the amine concentration above 1 mM, however, causes etching
of the NCs and a drastic change in their morphology, placing a limit on the feasibly
attainable number of Ptz-NH: ligands per NC. Analysis of the results from the time-
resolved-spectroscopy studies reveals 700-us inherent PL lifetimes of the CsPbBrz NCs
that is drastically shortened by features of the materials itself, which can be assigned to
traps in analogy with other semiconductor nanoparticles. The rate constant, kent, Of hole
transfer from a NC to the surface-bound donor is about 108 s, which is consistent with
the electronic coupling pathway through three covalent bonds of the linker (Chart 1a).
Most importantly, binding of Ptz-NH: to the NCs eliminates some of the traps
responsible for shortening the exciton lifetime, which increases the efficiency of the
interfacial CT when it proceeds at such slow rates. While the non-polar media limits the
choices of electron donors and acceptors, lowering the polarity of the environment keeps
the perovskite structures intact and enhances the ionic binding interactions. Anchoring of
amine-derivatized redox species to perovskite surfaces: (1) ensures through-bond
electronic coupling for efficient interfacial CT; and (2) eliminates sites responsible for
undesirable non-radiative deactivation of the excitons. This dual benefit from using

redox-active species with surface-binding groups for efficient extraction of charge
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carriers, demonstrates a crucially important paradigm for perusing unexplored

optoelectronic properties of metal-halide perovskites.

Results and Discussion

Synthesis of CsPbBrs nanocrystals. Adopting previously reported procedures,? we
prepare CsPbBr3 perovskite nanocrystals (NCs) that assume cubic shapes with edge
dimensions of about 11 + 2 nm (Figure 1a,g). Examining a number of transmission
electron microscopy (TEM) images reveals in some of the batches the presence of 1% to
2% particles that are as large as 20 nm. Considering the volume of the particles shows
that even in such batches 90% or more of the perovskite material is in the NCs with edge
size smaller than about 13 nm (Figure 1g). During the hot-injection synthesis in 1-
octadecene (C1gHzs) solvent, oleylamine (C1gH3sNH3) and oleic acid (C17H33CO2H) coat
the formed NCs and maintain their structural integrity and colloidal stability in
hydrocarbon solvents. Perovskite NCs are inherently unstable in polar, and even in
moderately polar, media.?® While hydrocarbon solvents are essential for preserving the
perovskite NCs intact, polar media is paramount for facilitating CT that leads to the
formation of charged species. The polarity effects on CT are especially pronounced when
small molecular moieties act as electron donors or electron acceptors, i.e., Born, Onsager
and high-multipole solvation energies are inversely proportional to the sizes of the

solvated species.®

57



0] CsPbBr; NCs -0
20 - 20
10 with no Ptz-NH, ~10
0 - 0
30 - 30
a 20 - 20
10 - 10
8 1] +0.1 mM Ptz-NH, F10 ¢
(&}
=
Q
® 3

30 30
20 L 20
10 +1mM Ptz-NHZJl“ L 10
0- Lo

Cc
30; 2 +2mM Ptz-NH, E1 '_30
r'rlll‘.‘r'w 0 ~20
5 10 -_10
-0
68' 2 468
10 100

Figure 1. CsPbBrs; perovskite nanocrystals in the absence and presence of Ptz and
Ptz-NH;. (a) TEM images of nanocrystals as synthesized. (b-e) TEM images of
nanocrystals incubated with Ptz-NH; in benzene for one hour: (b) 0.1 mM Ptz-NH; in;
(c) 1 mM Ptz-NH; in; (d) 2 mM Ptz-NH: in; (e) 5 mM Ptz-NH.. (f) TEM images of
nanocrystals incubated with 5 mM Ptz in benzene for one hour. (g) Histograms
showing the size distribution of the synthesized nanocrystals when incubated with
various amounts of Ptz-NH;, represented as a number of particles with edge
dimensions, d (1-nm step), and as a volume of inorganic material in nanoparticles
with edge dimensions, d (% volume = d* x % particles).

Therefore, we select benzene for a solvent to ensure the NC stability. Benzene, unlike
alkanes, provides sufficient solubility for organic conjugates that can serve as electron
donors or acceptors. Furthermore, we focus on a relatively large organic conjugate for an
electron donor, such as phenothiazine, that comprises three condensed aromatic cycles. In

addition to its N-methylated derivative, i.e., Ptz, we also focus on a conjugate with a free
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primary alkyl amine, i.e., Ptz-NH2 (Chart 1a). Alkyl amines have a pronounced
propensity for binding to perovskite surfaces, which makes Ptz-NH: a good candidate for

exploring interfacial CT phenomena involving CsPbBr3 NCs.

Phenothiazine as hole acceptors and electrochemistry. The electron-rich heterocyclic
Ptz oxidizes at 0.78 and 0.98 V vs. SCE when in CH3CN and CH.Cl,, respectively
(Figure 2a). The linear relationship between the Born solvation energy of a charged

moiety and the inverse of the medium dielectric constant (Figure 2b), allows for

extrapolation of the reduction potentials of Ptz** for other solvents, yielding Egt; %R‘Ptz =

1.7 £0.2 V vs. SCE for benzene, which corresponds to energy E = - (4.68 + FEg?lPtZ)
1y 1.0 ® CHCl, |
3 1. ® C,H.CN |
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Figure 2 (a) Electrochemical properties of Ptz for different solvents. (a) Dependence
of reduction potentials of Ptz**, on the electrolyte concentration, Ce. The half-wave

reduction potentials, Egé 2) |pty Were determined from cyclic voltammogram, and
N(C4Hs)4PFs was used as an electrolyte. Extrapolation to Ce = 0 allows for estimating

(1/2)

Ptz Ptz for neat solvents: dichloromethane, benzonitrile and

the values of E
acetonitrile
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=-6.4+0.2 eV vs. vacuum.®! Concurrently, the reported values for the ionization energy
(IE) of CsPbBr; films vary widely between about 5.8 and 6.5 eV.32-* These findings
suggest that hole transfer (HT) from photoexcited CsPbBrs NCs to Ptz can be exergonic
even in hydrocarbon media. It is consistent with reported CT between CsPbBrz; NCs and
this type of an electron donor in alkane solutions.® Nevertheless, even for the most
favorable interpretation of the NC band energy, i.e., IE = 6.5 V,3 such photoinduced hole
transfer (PHT) operates with a small driving force, ~AGpx7®. The low solvent polarity,
on the other hand, ensures small medium reorganization energy, which favors processes
with small driving forces, bringing them close to the activationless region at the tip of the

Marcus curve.3®

0) / Vvs. SCE
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|
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Figure 2b (b) Dependence of the reduction potentials for neat
solvents on the Born polarity parameter, 1 — £1; where € is the static
relative dielectric constant of the solvent. A linear fit allows for

(1/2) (1/2)
Ptz Ptz for other solvents, e.g., Epir ptz

for hexane is 1.8+0.2 V vs. SCE, and for benzene and toluene, it is
1.740.2 V vs. SCE.

extrapolating the values of E
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Steady State Optical Spectroscopy. Phenothiazine is a UV absorber. This feature allows
for selective photoexcitation of the CsPbBr3 NCs at wavelengths longer than about 380
nm in the presence of mM amounts of Ptz and Ptz-NH: (Figure 3a). The UV/visible
absorption and emission spectra of the CsPbBrz NCs, suspended in benzene, reveal an
optical bandgap of 2.4 eV (Figure 3b), which agrees well with the reported features of
such nanomaterials.?® Adding Ptz to suspensions of the NCs induces small hypsochromic
spectral shifts, along with a minute decrease in the photoluminescence (PL) quantum
yield, ¢pL, of the perovskites (Figure 3). Adding the amine derivative, Ptz-NH3, on the
other hand, almost completely quenches the PL of the NCs, while causing a small
bathochromic shift (Figure 3). Perturbations in the NC coating of the oleyl ligands,
induced by additives to the solvent, can account for small spectral shafts and slight
fluctuations of ¢pL. Such perturbations at the NC surfaces, however, cannot explain the
observed drastic decrease in the NC ¢p. induced by Ptz-NH: (Figure 3c,d).

While 100 — 200 uM Ptz-NH2 quenches about 90% of the NC PL, Ptz at similar
concentrations induces only 10% decrease in ¢pL. This comparison unequivocally
indicates that the PL quenching by Ptz-NH: involves a static mechanism. It is consistent
with the high affinity for binding to perovskite surfaces that aliphatic amines exhibit.?
Because the primary alkyl amine is the principal difference between Ptz and Ptz-NH,
physical binding of Ptz-NH: to the surface of the NCs appears as a necessary condition
for the observed PL quenching. The optical-spectroscopy results show that Ptz
conjugated with a primary alkyl amine invokes alternative pathways for non-radiative

deactivation of the perovskite excitons.
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Figure 3 Optical properties of CsPbBs NCs in the absence and presence of Ptz and Ptz-
NH:. (a) Optical absorption and photoluminescence spectra of the NCs by themselves
and with 100 uM Ptz and Ptz-NH,. For the PL spectra, Aex = 400 nm; and the PL spectra
are divided by the relative intensity of the absorbed light, i.e., by (1 — 10%?¢¥). To show
the spectral shifts, the insets display the bathochromic edges of the absorption spectra
and the normalized PL spectra. (b) Normalized absorption and PL spectra plotted
against energy. The spectra are corrected for the transfer from wavelength to energy
abscissa,[ref] and the crossing between them represents the zero-to-zero energy, oo,
i.e., the optical bandgap, as indicated by the dotted vertical lines. (c) Stern-Volmer plot
showing the quenching patterns of the NC PL upon addition of Ptz and Ptz-NH: as a
quencher, Q. (d) The same PL quenching represented as an inverse quantity of the
ordinate. The representation of the quenching against a logarithmic abscissa in the
inset shows the changes at small quencher concentrations.
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Still, a question remains if the observed PL quenching is due: (1) to interfacial
phenomena, such as CT or energy transfer with the Ptz at the perovskite surfaces, or

(2) to changes in the bulk morphology of the NCs. The favorable driving force for PHT,
along with propensity of Ptz to act as a triplet-energy acceptor,®” makes the former quite
a feasible possibility. On the other hand, TEM provides an incomparable means for
addressing the latter by examining if the Ptz additives induce any changes in the

morphology of the inorganic NCs.

Among the interfacial processes, CT is the most likely reason for the observed PL
quenching. The optical absorption and emission spectra of Ptz and the NCs render
resonance energy transfer implausible. Nevertheless, triplet energy transfer (TET) from
the NCs to Ptz can present an alternative pathways for the exciton deactivation.®® The
energy of 3Ptz*, however, is 2.6 eV,*” which makes TET quite endergonic. Considering
the 2.4-eV optical bandgap of the NCs (Figure 3a) makes AGter = 0.2 eV, which
excludes TET as a feasible possibility and makes interfacial PHT the most likely reason

for the observed PL quenching by Ptz-NH..

Transmission electron microscopy and NC morphology and size distribution. TEM
images show that upon the addition of up to 1 mM of Ptz-NH: to the perovskite
suspension, the NCs retain their morphology (Figure 1b,c,g). As the concentrations of
Ptz-NH: exceeds 1 mM, a decrease in the sizes of the majority of the NCs accompanies a

persistent appearance of large crystals with sizes exceeding 50 nm (Figure 1d,g). At
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moderate Ptz-NH: concentrations of about 2 mM, the number of the large particles is
relatively small compared to the total count of NCs, i.e., < 10 % (Figure 19).
Normalization for the NC volume for such samples, however, reveals that more than 95
% of the perovskite material is in the large particles (Figure 1g). The size of the
perovskite particles has a relatively small effect on their absorption and PL wavelengths
(unlike other semiconductor NCs).?® The optical absorption cross section of a particle,
however, strongly depends on its size. Therefore, even when the number of particles with
sizes of 50 nm or larger does not exceed 10 %, their PL signal dominates the emission

spectra.

At Ptz-NH:2 concentrations of 5 mM and larger, the presence of small, about 10-nm, NCs
with cubic morphology is undetectable. Such high amine concentration causes drastic
changes in morphology, producing round NCs with a broad size-distribution (Figure 1e).
This finding is consistent with ligand-assisted etching of the NCs,* involving dissolution
of most of them, while depositing the inorganic material on a few of them and increasing
their sizes. The optical spectra of samples with 5 and 10 mM Ptz-NH. indicate that the
change of the morphology of the CsPbBr3 NCs into large round particles still conserves

their perovskite nature.

Adding Ptz, on the other hand, does not induce such drastic changes in the NC
morphology (Figure 1f). Nevertheless, considering the adverse effects of the amine

additive, we keep the concentration of Ptz and Ptz-NHz under 1 mM to preserve the NC
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morphology, and allow for ascribing the observed phenomena to interfacial interactions
between the electron-rich ligands and the perovskite excitons, rather than to morphology

changes in the inorganic phase.

!H-NMR ligand analysis. While TEM analysis is quite informative about the
morphology of the inorganic structures, it is inherently insensitive to phases with low
electron density, making it unfeasibly challenging for monitoring the organic coatings on
the perovskite surfaces. Conversely, proton NMR spectra prove informative about the
composition of the organic components in the suspensions of the CsPbBr3; NCs.
Comparison of the alkene regions of the *H NMR spectra, i.e., around 4.5 and 6 ppm, of
NC suspensions with the spectra of the comprising ligands, C1gHzsNH2 and C17H33CO2H,
and the solvent used for the perovskite synthesis, C1gHzs, reveals that all these long
aliphatic conjugates interact with the NCs, as evident from the downfield shifts (Figure
4a). As previously demonstrated, the NMR signals from the aliphatic protons of the
C1sH3sNH2 and C17H33CO2H ligands in CsPbBrs NC suspensions are undiscernible.?® The
employed synthesis and washing procedures yield samples of NCs with C1gH3s that
exceeds the total amount of ligands by a factor of four, i.e., (y(C1sH3sNH2) +

x(C17H33CO2H)): (x(C18Hzs)) =~ 1:4 (Figure 4a-c).
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Figure 4 'H NMR analysis of suspensions of CsPbBr3; NCs in deuterated benzene. (a)
Comparison between the alkene regions of NMR spectra of a suspension of NCs and of
solutions of the comprising components (without NCs): oleylamine, oleic acid and 1-
octadecene. The alkene impurity between 4.6 and 4.8 ppm is introduced with the
octadecene solvent. The downfield shifts of the protons of all alkenes in the NC
samples indicate that all organic compounds bind to the NCs. For these NC samples,
the molar fraction of octadecane is about 80% of the total organic compounds. (b)
NMR spectra of Ptz (0.1 mM) in the presence and absence of NCs. Integration of the
signals reveals that the total concertation of CisH3ssNH2 and Ci17H33CO;H in the sample
is about 9 mM, and CisHzs — about 35 mM. (c) NMR spectra of Ptz_NH> (0.1 mM) in
the presence and absence of NCs. (d) Absorption spectra of the samples from (b) and
(c) diluted with benzene by a factor of 50. The reported molar extinction coefficient for
CsPbBrs3 cubic NCs with this size, €4=11nm(400 nm), vary between about 3 x10° and
3x10” M1 cm™, [ref] suggesting that the concertation of the NCs in the sample with
Ptz is between 0.3 and 3 uM, and with Ptz-NH; it is twice smaller.

Previous studies show that it is not common for protons closest to the surface of NC to be
observed in NMR while the alkene protons of C1gH3sNH> and C17H33CO2H moieties,
which are close to the amines and the carboxylates anchored to the NC surfaces, are not

identifiable as separate species when mixed together in solution-phase NMR spectra.? It
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is consistent with protons closest to the surface to exhibit immobilization-induced
broadening of the signals from these protons to an extent where they becomes
undiscernible from the baseline noise. The aliphatic protons of the ligands, on the other
hand, are seven and eight methylene apart from the immobilized anchoring groups,
ensuring sufficient flexibility and tumbling timescales making them NMR detectable.
This feature, furthermore, suggests for relatively loose packing of the aliphatic coatings
on the perovskite surfaces, consistent with their dynamic nature: i.e., the rates of amine
and carboxylate adsorption and desorption are comparable to the NMR acquisition
timescales.?® The alkene signals from the solvent, 1-octadecene, on the other hand,
remain sharp even when downfield-shifted by the presence of NCs. This feature suggests
that the unsaturated termini of the C1gsHss moieties are close enough to the inorganic
surface to cause deshielding, but far enough to allow them the degrees of conformational

freedom resulting in the observed sharp peaks (Figure 4a).

The reported estimates for packing of unsaturated aliphatic ligands on CsPbBr3 surfaces
amounts to about 2.3 molecules per nm?2.2° This surface density is similar to that of
somewhat disordered packing of other molecules on inorganic substrates.*® When
forming self-assembled monolayers with two-dimensional crystalline morphology, tight
packing of alkylthiols on noble-metal surfaces amounts to about 0.7 nM cm, i.e.,
4x%10% molecules per cm?.*! This surface density of 4 molecules per nm? represents the
maximum possible packing of aliphatic conjugates in surface monolayers. The reported

surface density of amines and carboxylates on perovskite surfaces is, therefore, consistent
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with the formation of somewhat loose monolayers. The unperturbed shapes of the alkene
NMR signals from C1gHss, however, is consistent with intercalation of the solvent

molecules in the NC coatings, which does not preclude also multilayer formation.

Between 6 and 7 ppm, the *H NMR spectra of Ptz and Ptz-NH2 show the two triplets and
one of the doublet signals from their aromatic protons (Figure 4b,c). At such low
concentrations of Ptz and Ptz-NHz, i.e., ~ 100 puM, the other aromatic doublet overlaps
with the tail of the solvent peak, i.e., from C¢HDs in the CsDe solvent. Adding NCs to
solutions of Ptz does not cause any perturbation in its chemical shifts and peak
appearance (Figure 4b). Such a lack of NC-induced shifts or broadening of the lines in
the aromatic spectral region precludes strong interactions between Ptz and the perovskite
particles, which is consistent with the PL-quenching and TEM-imaging results. It
suggests for a dynamic PL-quenching mechanism as the slow decrease in ¢/¢o with the
increase in Cpy; reveals (Figure 3d). Conversely, random collisions between NCs and Ptz
molecules do not guarantee CT-induced PL quenching interactions. The thick aliphatic
coatings on the perovskite surfaces preclude sufficient electronic coupling between the
collided Ptz moieties and the CsPbBr3 phase of the NCs. Nevertheless, the tips and the
edges of the cubic NCs may suffer from disruptions in the aliphatic layers and provide
sites for PL quenching. Small amounts of pinhole defects in the aliphatic coatings,
exposing the inorganic phase to the surrounding media, can also provide sites for
adsorption and immobilization of the Ptz moieties directly on the inorganic surface,

causing the observed small but sharp decrease in PL intensity upon the initial addition of
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the first 10 uM Ptz (Figure 3d). Considering that the concentration of NCs in these NMR
samples hardly exceeds a few uM (Figure 4b,d), suggests that the amounts of Ptz
moieties causing the initial 10% decrease in the NC PL is considerably below the NMR
detection limits. Furthermore, complete immobilization of the Ptz moieties would cause

peak broadening, making them undetectable in solution-phase NMR spectra.

As an alternative, we cannot exclude effects that do not involve collisional quenching and
CT. For example, Ptz-induced changes in the activity of the desorbed oleyl conjugates
can alter their propensity for binding to the CsPbBr3 surfaces. Nevertheless, noticeable
changes in the activity of the ligands with mM concentrations upon the initial additions of
a few uM Ptz is highly unlikely. Therefore, interactions of the quencher with pinholes
defects in the NC coatings remains the most plausible reason for the initial Ptz-induced

drop in the PL of the NCs (Figure 3d).

The non-interacting Ptz moieties with known concentration allow for quantification of
the amounts of organic conjugates in the NMR samples (Figure 4b). Integration of the
NMR signals reveals that in the Ptz sample with NCs, the amount of oleyl ligands is
about 9 mM (Figure 4b). Considering surface packing of 2 — 2.3 ligands per nm?,
suggests for 1,400 to 1,700 ligands per a nanocrystal. Hence, 9 mM ligands suggests for 5
— 6 uM NCs in the suspension. Concurrently, the absorption spectra of these samples,
along with the reported molar extinction coefficients for CsPbBrs NCs with this size,

indicate that the concentration of NCs in this NMR sample does not exceed 3 uM (Figure
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4d). Adding the fact that the NMR-estimated Ci1gHss amount is about 35 mM, which is
also involved in the perovskite coatings, even further increases this discrepancy between
the NC concentrations estimated with NMR and optical methods (Figure 4b,d). The
dynamic nature of the perovskite coatings, indeed, suggests that not all ligands and
solvent molecules are bound to the NCs. Adsorption-desorption rates faster than the
NMR acquisition times can readily yield the observed average downfield-shifted signals.
Nevertheless, the large excess of solvent molecules in comparison with what aliphatic
monolayers on the NCs can accommodate renders multilayer formation a feasible
possibility.

Adding CsPbBr3 NCs to solutions of Ptz-NH2 causes a slight broadening of the
phenothiazine aromatic peaks and a small upfield shift of the 6.53-ppm signal from the
protons at positions 4 and 5, i.e., closest to the nitrogen, in the Ptz rings (Figure 4c).
Adsorption of organic moieties on other types of semiconductor particles, such as
chalcogenide quantum dots leads to split in their peaks, showing separate signals from the
bound and unbound molecules.*? Our findings, however, do not show such peak splitting,
which is consistent with the dynamic nature of perovskite coatings.?® As discussed for
C18Hzss, the sharp alkene NMR signals suggest for rates of adsorption and desorption that
are much faster than the NMR acquisition times. The broadening of the Ptz-NH:
aromatic signals, on the other hand, is consistent with association and dissociation rates
that are comparable with the NMR timescales. For a Ptz-NH2 molecule to bind to the
CsPbBr3 surfaces of the NCs, it must diffuse through the aliphatic coating. In addition, a

proton exchange, leading to Ptz-NH3s", is also essential for ligand replacement and
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binding to such perovskite surfaces.?® The NMR-detectable NC-induced perturbations of
the phenothiazine aromatic peaks indicates that a noticeable fraction of the Ptz-NH>
molecules interacts relatively strongly with the CsPbBr3 NCs. It deviates from what the
NMR spectra of Ptz with NCs show. Considering the estimated 100- to 1,000-fold excess
of the Ptz-NH2 concentration in comparison with the concentration of NCs, suggests for
a substantial number of Ptz-NH2 molecules bound to a single NC, i.e., either adsorbed to

the CsPbBr3 surfaces or absorbed in the alkene coating layers.

Time resolved optical spectroscopy. Time-resolved optical spectroscopy provides a
means for examining the exciton dynamics of the NCs and the kinetics reflecting the
drastic PL quenching upon addition of uM amounts of Ptz-NH2. The transient-absorption
(TA) spectra of the NC suspensions with and without Ptz and Ptz-NH: are quite similar
in the sub-nanosecond time domain, showing features typical for perovskite materials
(Figure 5a,b). The sub-picosecond TA dynamics is consistent with cooling of the hot
excitons formed by the 400-nm pump (Figure 5a). The relaxation of the TA band at 520
nm and of the —AA shoulder at about 490 nm enhances the principal 508-nm bleach band
with time constants, 1, ranging between 420 fs and 560 fs for the NCs in the absence and
presence of Ptz and Ptz-NH>, as expected for these nanomaterials.*®

The AA(t) trace of the main bleach band at around 508 nm, reveals a 100-picosecond
initial deactivation, followed by slow recovery that extends in the nanosecond time

domain (Figure 5¢). While the NCs with Ptz show the largest amplitude drop in the early
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Figure 5 Time-resolved-spectroscopy analysis of CsPbBr3 NCs, suspended in benzene, by
themselves and in the presence of Ptz and Ptz-NH.. (a) Transient-absorption (TA)
spectra of the NCs by themselves. (b) TA spectra of NCs in the presence of 100 uM Ptz-
NH;. The inset shows the difference between AA of NCs in the presence and absence of
Ptz-NH; at different times, i.e., AAA(t) = AAN(NCs+Ptz-NH;, t) — AAN(NCs, t), where the
spectra are normalized, AAn, for the lowest value of the principal bleach band, i.e.,
min(AA(A, t), considering that (min(AA(NCs, A, t) / min(AA(NCs+Ptz-NH;, A, t) <0.1. (c)
TA decays following the bleach recovery at 508 nm for the NCs by themselves and in
the presence of Ptz and Ptz-NH>; showing also the photoluminescence (PL) traces
beyond the 3-ns TA dynamic range. (a-c) For the TA measurement, Aex = 400 nm, 50 fs
pulses with energy density 50 u cm?. (d) PL decays of NCs in the absence and presence
of Ptz and Ptz-NH,, recorded at 510 nm using time-correlated single-photon counting
(TCSPC), Aex = 406 nm, half-height pulse width = 0.2 ns.

timescales, it’s the rate of its slow bleach recovery that is similar to that of the NCs by

themselves. The low energy density of the pump minimizes the formation of biexcitons
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and trions.*® Even at low fluence, however, charge trapping can result in TA features with
lifetimes of hundreds of picoseconds.?*

Global-fit analysis shows additional relaxation patterns that extends in the picosecond
time domain (Figure 5c¢,d). In all cases, a common feature emerges: i.e., nanosecond
concurrent decrease of the bleach at 508 nm and the TA band at 485 nm (Figure 5c,d),

which is consistent with exciton assignment.

A subtle TA feature that discerns the NCs with Ptz additives from the NCs without
becomes noticeable at nanosecond times. At 3 ns in the 500-515-nm region, the TA
spectra of the NCs with Ptz and Ptz-NH2 show slightly less negative AA than those of the
NCs by themselves (Figure 5a,b). This relatively small difference is only about 10% of
the initial amplitude of the bleach band, and subtracting the spectra for the NCs from
those for the NCs with Ptz and Ptz-NH: results in a AAA band with a maximum at about
510 nm (Figure 5b — inset), which is a known feature for the TA of the oxidized N-
methylphenothiazine, Ptz**.3" Despite this indication for interfacial PHT, the relatively
small amplitude of this AAA feature and the lack of significant differences in the sub-
nanosecond TA dynamics, warrant a search for the underlying reasons for the Ptz-NH-
induced PL gquenching in nanosecond and microsecond time domains. Furthermore, the
maximum of the AAA band is only a couple of nanometers to the red of the minimum of
the bleach band (Figure 5b). This spectral overlap renders caution when ascribing this

AAA feature to Ptz*".
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Time-correlated single-photon counting (TCSPC) analysis allows one to follow the
deactivation of the emissive excitons beyond the dynamic range of the pump-probe TA
spectroscopy to the microsecond time domain (Figure 5c¢,d). TCSPC reveals that 99 % of
the PL amplitude decays within 100 ns for the CsPbBrs NCs with and without the
phenothiazine additives (Figure 5d). Nevertheless, it takes extra 5 ps of slow decay to
bring the NC PL down to the baseline (Figure 5d). Because of the small amplitude of this
microsecond PL decay, it may wrongly appear insignificant and ignorable. It is important
to emphasize, however, that ¢p depends not only on the relative amplitudes but also on
the lifetimes of the light-emitting species.***> Therefore, emission-decay components
with small amplitudes and long lifetimes can prove more deterministic for the intensity of

steady-state PL than components with large amplitudes and short lifetimes.

Global fit analysis via poisson distribution. The PL of the CsPbBr3 NCs and the NCs
with Ptz decay in a multiexponential manner within the first 100 ns (Figure 5d), which is
consistent with expected heterogeneity for the excited-state dynamics of semiconducting
nanomaterials. The PL intensity of the NCs with Ptz-NH2, however, decreases relatively
fast in a multiexponential manner within the first 50 ns, followed by a monoexponential
decay extending to the microsecond time domain (Figure 5d). This exciton deactivation
pattern is representative of samples of identical luminophores, each of which has
different number of quenchers attached to it. A model, initially developed for micelle-
mediated emission quenching®® and recently successfully applied to quantum-dot

systems,*” assuming a Poisson distribution of each of several quenchers over the NCs in a
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sample, presents an excellent approach for analyzing the observed decays of the PL
intensity, Ip., for the CsPbBrs NCs in the presence and absence of phenothiazine

additives:

n
t t
b(O= h.(0) exp| - P E (N;)| 1-exp| - Ne)
0 4 r
i=1 i

1)
where lIp(0) is the initial amplitude of the PL intensity; o is the lifetime of the excitons in
the absence of any quenchers; n is the number of types of quenchers; (N;) is the average
number of a type i quencher per a particle; and (@ is the lifetime of the exciton in a

particle with a single quencher i.

Keeping the different lifetimes, 7 and @, identical among the three samples, while
permitting the corresponding (Ni) to vary, allows us to fit simultaneously the PL-decay
traces of the NCs, the NCs with Ptz and the NCs with Ptz-NH: (eq. 1). This global-fit
analysis yields an inherent PL lifetime, 7o, of the CsPbBrs NCs that extends to hundreds
of nanoseconds (Tablel). Such long lifetimes of the excitons illustrate an immensely
attractive feature of perovskite materials and are consistent with PL lingering in the
microsecond time domain (Figure 5d). Quenching phenomena resulting from alternative

deactivation pathways, however, dominate the exciton dynamics. In the nanosecond time
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domain, the shortened lifetimes, 7@, range from 2 ns to about 500 ns (Table 1). The
quencher populations, (N;), for the NCs and the NCs with Ptz are quite similar with those
yielding 7@ of about 60 and 500 ps dominating (Table 1). It is consistent with the
minimal ¢pL drop when adding Ptz to CsPbBrz NCs (Figure 3c,d). When we add Ptz-
NH: to the NC suspension, on the other hand, a new quenching feature, with 7@ = 10 ns,

emerges (Table 1).

Previous work with nanoparticles of other semiconductor materials ascribes such PL
quenchers to exciton traps.*®4° The phenothiazine additives have a relatively small effect
on the number of traps housing long-lived excitons, with z5@ = 510 ns. Addition of Ptz
drops (Ns) by about 25%, and of Ptz-NH2 — by 40% (Table 1). Conversely, Ptz does not
strongly affect the number of traps for z2® = 60 ns, while Ptz-NH2 decreases (Na4) by a
factor of four (Table 1). The free aliphatic amine is the only difference between Ptz and
Ptz-NH2. Hence, the presence of the amine that can bind to the CsPbBr3 surfaces is the
only apparent reason for the decrease of (N4), which allows for ascribing the quenchers
with 5@ = 60 ns to surface traps, eliminable by R-NHs* binding. This finding is
consistent with reported increases in the ¢pL of perovskite NCs when saturating their
coatings with amines.?® In contrast, the small effects on (Ns) indicate that the quenchers
yielding 7s@ = 510 ns are ascribable to traps that are away from the NC surfaces and are
most plausibly only indirectly affected by changes in the NC organic coatings.

The quenchers resulting in some of the shortest exciton lifetimes, e.g., 7@ = 10 ns, are

significant only for the PL of the NCs in the presence of Ptz-NHz2, with (N.) of about 4
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per particle (Table 1). This particular quencher is responsible for the >90% PL decrease
within 20 ns after photoexcitation (Figure 5d). Because amines enhance ¢pr, most likely
by eliminating surface traps, the electron-rich aromatic moiety of Ptz-NH: is the apparent

reason for the observed quenching.

Table 1. Results from the global-fit analysis of the PL decays and the TA bleach recovery at 508

nm for CsPbBrs; NCs with and without Ptz and Ptz-NH,.?

parameter NCs NCs + Ptz NCs + Ptz-NH,
70/ NS 670 £ 40 670 £ 40 670 £ 40
7@ /ns 20+£1.2 20+1.2 20+£1.2
@/ ns 10+1 10+1 10+1

3@ / ns 23+3 23+3 23+3

7@ [ ns 61 x4 61+4 61+4

5@ / ns 510 + 60 510 + 60 510 £ 60
(N1) 0.72 £0.30 0.26 £0.12 0.00 £ 0.26
(N2) 0.00 £ 0.02 0.01+£0.30 41+0.2
(N3) 0.64 +0.07 0.01+£0.70 0.04 £ 0.05
(Ng) 51+£05 59+£0.3 1.4+0.2
(Ns) 3.9+£0.1 29+0.3 2.2+0.1

The quenchers resulting in some of the shortest exciton lifetimes, e.g., 2@ = 10 ns, are
significant only for the PL of the NCs in the presence of Ptz-NH2, with (N) of about 4
per particle (Table 1). This particular quencher is responsible for the >90% PL decrease

within 20 ns after photoexcitation (Figure 5d). Because amines enhance ¢pi, most likely
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by eliminating surface traps, the electron-rich aromatic moiety of Ptz-NH: is the apparent
reason for the observed quenching. Binding of the amine to the inorganic surface
provides electronic coupling between the CsPbBr3 phase and the phenothiazine moiety
through three saturated covalent bonds. According to the pathway model,*° each covalent
bond decreases CT rates by about a factor of three. Three covalent bond, therefore, cause
about 20-fold drop in the CT rate constants, i.e., ket® "% = ((0.6)?)3 kcr(© Ponds) 5051
Ascribing (2@) = 1x108 s to ke for diabatic PHT over three covalent bonds from
CsPbBr3 to surface-linked Ptz-NH2 moieties, suggests for ker© %) of about 2x10° s
for CT between the NCs and Ptz adsorbed directly on the inorganic surface. Time-
resolved spectroscopy, however, does not reveal detectable new component with lifetime
of about 500 ps upon addition of Ptz to NCs. While this finding (or the lack of finding)
can originate from the assumptions in this train of thought about the CT kinetics. The
small electronic coupling between an electron donor and an oxidizing inorganic substrate
validates the diabatic treatment of hole tunneling through three covalent bonds. When the
Ptz donor is adsorbed on the CsPbBr3 surface, the increased electronic coupling renders
adiabatic regime of the CT kinetics. That is, an increase in the CT rates results from the
increase not only in the donor-surface electronic coupling, but also in the Franck-Condon
contribution to the kinetics, i.e., lowering the transition state considerably below where
the potential-energy surfaces of the initial and final states cross. This feature of directly
adsorbed Ptz moieties on the NC surfaces can push ket to the 100-ps time domain,
competing with other exciton-deactivation processes that occur even in the absence of

Ptz and Ptz-NH: (Figure 5c). That is, an increase in the amplitude of the 100-ps
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components of the TA bleach recovery, which is induced by adding of Ptz and Ptz-NHz,
warrants consideration of CT between the photoexcited NCs and phenothiazine rings
directly adsorbed on the inorganic surfaces. Nevertheless, even though ket 2°"%) appears
two-orders-of-magnitude smaller than kcr for direct donor-surface contact, this ket of
1x108 s describes a CT process that is principally responsible for the exciton
deactivation in the presence of phenothiazine derivatives. It demonstrates the utmost
importance of the binding propensity of redox-active species to inorganic surfaces for
extracting charges from excitons in such substrates. For halide perovskites, furthermore,
even weak electronic coupling with the donor is utterly substantial, especially when the

surface bonding eliminates undesired exciton traps.

Considering that an average of only four amine-derivatized electron-donor quenchers per
a NC, i.e., (N2) (Table 1), can induce the observed PL quenching reflects the minute
effects that addition of NCs induces on the *H NMR spectrum of Ptz-NH: (Figure 4c).
The estimated 0.15 and 1.5 pM amounts of NC in the NMR samples suggests that the
concentration of CT-active Ptz-NH3, bound to the CsPbBrs surfaces of the NCs, is about
0.6 — 6 uM. While the signal-to-noise ratios in the *H NMR spectra of 100 uM Ptz-NH:
is challengingly small, effects of 0.6% to 6% on the line shapes and positions should be
under the detection limits of the technique. Therefore, the observed effects of NCs on the
phenothiazine NMR spectrum most likely originate predominantly from Ptz-NH>
diffusing through the alkene layers to and from the inorganic surfaces. At each point of

time, only a small portion of these Ptz-NH2 moieties are directly bound to the CsPbBr3
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phase and experience the electronic coupling with it resulting in the observed CT-induced
PL quenching. This structure-function relationship reveals an efficient extraction of
charges from photoexcited perovskite nanomaterials by organic moieties in non-polar

media in the context of the known adsorption-desorption dynamics of the surface ligands.

Conclusions

Halide perovskite materials with chemical composition A*B?*X3 have shown amazing
promises for solar-energy harvesting and conversion. Their inherent susceptibility to
surface etching and degradation in polar media appears to halt the enthusiasm for their
implementation in commercializable developments. We should reiterate that strongly
interacting moieties, such as amines, in hydrocarbon media can also cause the surface
degradation. These challenges warrant deeper understanding of the structural and charge-
transfer dynamics at perovskite surfaces. Considering the polarity effects on
electrochemical potentials points to organic conjugates that are sufficiently electron rich
to extract holes from photoexcited perovskites in non-polar media. The amine-mediated
binding that can link such electron donors with the inorganic surfaces provides two
important benefits: (1) ensures electronic-coupling pathways for sufficiently efficient CT;
and (2) eliminates surface traps that shorten the exciton lifetime. The latter removal of
undesired pathways of exciton deactivation ensures that interfacial CT can dominate the
photoinduced dynamics. That is, even with relatively slow rates of about 108 s, which is

expected for electronic-coupling pathways through three covalent bonds, PHT leads to
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exciton dissociation that is a principal outcome when the inherent exciton lifetimes
extend to hundreds of nanoseconds. These findings demonstrate paradigms where the
pursuit of fast charge injection and polar media is not essential for attaining high
photoinduced CT efficiencies, which is of key importance for further broadening of the
impacts that perovskite materials have on photonics and on solar-energy science and

engineering.

Methods

Cyclic voltammetry was performed and analyzed by taking the redox potentials of Ptz in
various solvents with differing dielectric constants to record the redox potential as a
function of solvent polarity. Then by reducing the electrolyte concentration from 200 uM
to 50 uM we extrapolate to [O]eiectroiyte in the same solvents. The redox potential for the
solvents at [O]electrolyte IS then plotted versus the final term in the Born equation to realize
the redox potential of Ptz in any solvent as a function of solvent polarity.

Steady state optical measurements were performed by titrating Ptz molecules from zero

to 200 uM and recorded the absorbance and photoluminescence in ten sequential aliquots.
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Abstract:

Hybridization of electron donors and acceptors provides routes to long-wavelength
absorbing and fluorescing dyes. Varying the coupling of low-lying charge-transfer (CT)
states with the ground and different locally excited states profoundly affects the
photophysics of such donor—acceptor conjugates. Herein, we hybridize an electron-
deficient diketopyrrolopyrrole (DPP) moiety with an electron-rich pyrrolopyrrole (PP)
that is symmetrically N-arylated with 4-nitrophenyl substituents. The lowest Franck—
Condon state is located on the DPP ring structure and dominates the photophysics of the

hybrid. Similar to the DPP moiety, the hybrid exhibits optical absorption that is invariant
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to the solvent media. The PP donor considerably modulates its fluorescence by
undergoing electron transfer to the locally excited DPP to form a CT state. For nonpolar
media, an increase in solvent polarity causes a bathochromic shift of the fluorescence
reaching the longest wavelengths for chloroform and DCM. A further increase in the
medium polarity moves the fluorescence maximum hypsochromically back to where it is
for alkane solvents. This bidirectional solvatofluorochromism accompanies a polarity-
induced increase in the nonradiative decay rates leading to a decrease in the emission
quantum yield. The solvent dependence of the energy level of the CT state is responsible
for the observed polarity-induced fluorescence behavior of the hybrid. This emission
behavior, along with the solvent invariance of the absorption, results in multimodal
sensitivity to the solvation environment.

Introduction:

This article describes the photophysics of the first hybrid compound of pyrrolopyrrole

(PP) and diketopyrrolopyrrole (DPP) moieties. Direct arylation of a pyrrolo[3,2-

CgHi7

)

1 CgHy7

Chart 1 Dyad system showing both the donor and acceptor molecules before and after
conjugation.
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b]pyrrole, 1, at position 3 with a dithienyl-DPP derivative, 2', readily produces the
hybrid, 3 (Chart 1). Charge-transfer (CT) processes, which dominate the excited-state
dynamics in media more polar than hydrocarbon solvents, lead to the emergence of
photophysical properties of the hybrid that are not inherent to any of the two comprising
moieties. To our knowledge, this hybrid manifests the first example of bidirectional

solvatofluorochromism.

Advances in biomedical imaging and in solar energy place demands for long-wavelength
absorbing dyes with new optical and electronic properties.*™ In this framework, the
extension of w-conjugation is a broadly used strategy for lowering the energy of
absorption and emission of organic conjugates.®>’ Furthermore, incorporating electron
donors and acceptors to form push—pull complexes can also lead to significant
bathochromic spectral shifts due to the introduction of a CT character to the Franck—
Condon excited states.2® The pronounced change in polarization upon photoexcitation to
CT states, along with variations in the donor—acceptor electronic coupling due to
structural rearrangements (e.g., an increase in planarity), make such donor—acceptor
conjugates immensely sensitive to solvating environment.® Indeed, strong donor—acceptor
electronic coupling can induce hundreds of nanometers red shifts in not only the
absorption but also the fluorescence spectra.’®! Conversely, weakening the ground-state
donor—acceptor coupling results in negligible perturbations in the optical absorption,

while the CT character of the conjugates solely governs their excited-state dynamics.?
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Unperturbed ground-state absorption, leading to the formation of polarized fluorescent
excited states, can result in solvatofluorochromism.**4 That is, solvent polarity affects
the position of the fluorescence bands while inducing negligible to no changes in the
absorption. Recently, we have discovered that centrosymmetric acceptor—donor—acceptor
constructs, composed of an electron-rich pyrrolo[3,2-b]pyrrole heterobicyclic core®
17and two 4-nitrophenyl substituents as acceptors, display strong
solvatofluorochromism.®° While the donor—acceptor coupling in these constructs is
strong, the structural symmetry induces cancellation of the transition dipole moments to
any of the dipolar CT excited states, making photoexcitation insensitive to the media
polarity. In the excited state, however, an electron transfer to one of the nitrophenyls
breaks the symmetry and leads to a polarized state that can efficiently undergo radiative
deactivation, making the fluorescence sensitive to the solvent polarity.?°

Among the various strongly absorbing dyes with electron-deficient character, some of the
most promising platforms include DPP core structures.???> For instance, suppressed
charge recombination in DPP conjugates with donors attached to their lactam nitrogens
present unexplored possibilities of these sensitizers for solar-energy

applications.'2 Employing a DPP core as an acceptor in strongly polarized
centrosymmetric donor—acceptor—donor constructs leads to quadrupolar chromophores
that, in addition to their bathochromically shifted absorption and fluorescence, exhibit
large two-photon absorption cross sections.?2* The latter is especially true if five-
membered rings are attached to the DPP core because they tend to allow for small

dihedral angles, leading to enhanced electronic coupling.?>2
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Based on the advances in these electron-rich and electron-deficient condensed aromatic
cores, herein we focus on a hybrid of DPP and PP. The hybrid has an asymmetric
structure of three acceptors (a DPP moiety and two nitrophenyl substituents) connected to
a PP donor (Scheme 1). The DPP moiety dominates the excited-state dynamics of the
hybrid. The PP introduces solvatofluorochromism. An increase in solvent polarity causes
bathochromic and hypsochromic fluorescence shifts for nonpolar and polar media,
respectively. Concurrently, polarity induces fluorescence quenching. That is, while the
fluorescence maxima of the hybrid are practically the same for hexanes and DMF media,
its fluorescence for DMF is much weaker than for hexanes. For chloroform and DCM,
the hybrid exhibits the most bathochromically shifted fluorescence. Results from
electrochemistry and transient-absorption studies unequivocally show that CT processes
in the excited state induce the observed trends in the photophysics of the hybrid. Such
excited-state behavior opens doors for multimodal sensitivity to solvation environment.
Experimental section

Synthesis

All chemicals were used as received (Aldrich and TCI) unless otherwise specified.
Reagent-grade solvents (DCM, hexane, and toluene) were distilled prior to use. All
reported *H NMR and *C NMR spectra were recorded on a 500 MHz instrument.
Chemical shifts (8/ppm) were determined using TMS as an internal reference, and the
values of the coupling constants, J, are reported in Hz. Chromatography was performed
using silica (Kieselgel 60, 200-400 mesh). For the synthesis of 1, 2, and 2’, we followed

published procedures. %2
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3-(5-(2,5-Bis(4-nitrophenyl)-1,4-bis(4-octylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrol-
3-ylthiophen-2-yl)-2,5-bis(2-octyldodecyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (3)

Compound 1 (9 mg, 0.012 mmol), compound 2’ (47.1 mg, 0.05 mmol), KOAc (5 mg,
0.05 mmol), and a catalytic amount of PdCI(CsHs)(dppb) (0.3 mg, 0.5 umol) were placed
in a Schlenk flask, which was flushed with argon prior to use. Then, 0.5 mL of dry DMA
was added, and the resulting mixture was stirred at 130 °C for 3 days. The residue was
purified by silica gel column chromatography (eluent: 2% EtOAc in hexane) and later
recrystallized from i-PrOH. The obtained crystals (9 mg, 46% yield) were dried under
reduced pressure. *H NMR (500 MHz, CD.Cly): &/ppm = 8.83 (d, J 3.0 Hz, 1H), 8.73

(d, J 3.6 Hz, 1H), 8.01 (d, J 8.8 Hz, 2H), 7.98 (d, J 8.7 Hz, 2H), 7.65 (d, J 4.5 Hz, 1H),
7.31(d, J 8.7 Hz, 2H), 7.29-7.20 (m, 5H), 7.15 (d, J 8.0 Hz, 2H), 7.02 (d, J 8.0 Hz, 2H),
6.99 (d, J 8.0 Hz, 2H), 6.63 (s, 1H), 6.47 (d, J 3.6 Hz, 1H), 4.01 (d, J 7.4 Hz, 2H), 3.73
(d, J 7.3 Hz, 2H), 2.65 (t, J 7.6 Hz, 2H), 2.55 (t, J 7.7 Hz, 2H), 1.89 (br.s, 1H), 1.72 (br.s,
1H), 1.64 (br.s, 2H), 1.51 (br.s, 2H), 1.38-1.11 (m, 84H + grease residues), 0.92-0.80 (m,
18H + grease residues). *C NMR (126 MHz, CD2Cly): 8/ppm = 161.8, 161.7, 146.5,
145.9, 143.6, 142.5, 140.5 (2 signals), 139.8, 138.6, 136.5, 136.3, 136.1, 135.9, 135.1,
133.4,132.4, 132.3, 131.5, 130.7, 130.4 (2 signals), 130.2, 129.8, 129.3, 128.5, 128.1,
127.7,125.7, 123.8, 123.5, 108.3, 107.6, 102.9, 95.3, 71.5, 46.4, 46.2, 38.2, 35.8 (2
signals), 32.3 (3 signals), 32.2, 31.9, 31.7, 31.5 (2 signals), 31.4, 30.4 (4 signals), 30.0
(17 signals) ppm. HRMS (ESI): m/z calcd for C100H138NsOsS2K™: 1621.9756 [M+K]™;

found: 1621.9783.
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Absorption and emission spectroscopy

Steady-state absorption spectra are recorded in a transmission mode using JASCO V-670
and PerkinElmer Lambda 35 spectrophotometers. Steady-state fluorescence spectra are
measured, also in a transmission mode, with a FluoroLog-3 spectrofluorometer equipped
with Delta Diode for the time-resolved emission measurements.?”?® The experiments are
conducted at room temperature using a 1 cm quartz cuvette. The fluorescence quantum
yields, ¢r, are determined by comparing the integrated emission intensities of the samples
with the integrated fluorescence of a reference sample, rhodamine 101, with a known
fluorescence quantum yield, ¢+©.

Transient-absorption spectroscopy

The transient-absorption spectra are recorded in transmission mode with 2 mm quartz
cuvettes using a Helios pump—probe spectrometer (Ultrafast Systems, LLC, Florida,
USA) equipped with a delay stage allowing maximum probe delays of 3.2 ns at 7 fs
temporal step resolution.?® Immediately prior to the measurements, all samples are
purged with argon. The laser source for the Helios is a SpitFire Pro 35F regenerative
amplifier (Spectra Physics, Newport, CA, USA) generating 800 nm pulses (=35 fs, 4.0
mJ per pulse, at 1 kHz). The amplifier is pumped with an Empower 30 Q-switched laser
run at 20 W. A MaiTai SP oscillator provides the seed beam (55 nm bandwidth).® The
wavelength of the pump is tuned using an optical parametric amplifier, OPA-800CU
(Newport Corporation, Newport, CA, USA), equipped with signal second and forth
harmonic generators. For optimal OPA performance, the pulse duration from the

amplifier was tuned to 50 fs. The idler is tuned to 1860 nm, and its fourth harmonic, 465
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nm (~10 pJ per pulse), is used for the pump after attenuation. The power of the signal
and the idler prior to the second harmonic generator are stabilized at about 150 mW.
Singular value decomposition provides the principal components of the transient-
absorption spectra and kinetics. Multiexponential global fits yield the time constants for
the decay of the singlet excited states and the rise and decay of the CT states.
Electrochemistry

Cyclic voltammetry is conducted using a Reference 600 Potentiostat/Galvanostat/ZRA
(Gamry Instruments), connected to a three-electrode cell, at scan rates of 20-500 mV s~
13132 Anhydrous DCM is employed for the sample preparation, with different
concentrations of tetrabutylammonium hexafluorophosphate, n-(CsHg)sNPFs, as
supporting electrolyte. Prior to recording the voltammograms, the samples are
extensively purged with argon while maintaining constant volume by adding more of the
anhydrous solvent. For each sample, a set of voltammograms is recorded where the
electrolyte concentration is increased from 25 mM to 200 mM in steps of 25 mM. The
half-wave potentials, EV?, are determined from the midpoints between the anodic and
cathodic peak potentials for reversible or quasireversible oxidation and reduction.3?3 The
anodic and cathodic peak potentials are determined from the zero points of the first
derivatives of the voltammograms, that is, the potentials where 6I0E = 0 at 0E/ot =
constant.3* To correct for potential drifts in the reference electrode (which is SCE,
connected with the cell via a salt bridge), ferrocene is used as a standard (E*? = 0.45 +
0.01 V vs SCE for MeCN, 100 mM BusNBF4).% Voltammograms of the standard are

recorded before and after each set of measurements. From the dependence of E®? on the
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electrolyte concentration, the potential for each neat solvent is estimated from
extrapolation to zero electrolyte concentration.®>34%¢ This method for extrapolation

of E to zero concentration, however, does not account for potential aggregation with
dissociation constants lower than the mM range.*’

For spectroelectrochemical measurements, we use an UV/visible light source and a CCD
spectrometer that are connected with the cuvette holder via optical fibers (Gamry
Instruments). We add 2 mL of the sample solution with supporting electrolyte to a
Honeycomb Spectroelectrochemical Cell (Pine Research Instrumentation, Inc.) and
connect the platinum electrodes to the Reference 600 potentiostat. Along with the cyclic
voltammograms, the intensities, I(E), of the light passing through the working electrode
are recorded at different potentials, E, while swiping the voltage. The change in the
absorbance, AA, for each potential, corresponding to the spectra of the electrochemically
formed oxidized or reduced species, is calculated using the intensity at 0 V vs the
reference for 1(0), i.e., AA(E) = log(1(0)/I(E)).1232%8

Theoretical calculations

All (TD-)DFT calculations were performed using the Gaussian 09.D01 program. For
these calculations, we used tightened self-consistent field (1071° au) and geometry
optimization (10~ au) convergence thresholds and a large DFT integration grid (so-
called ultrafine grid, a pruned 99 590 grid). We performed geometry optimization and
frequency calculations for the ground state and the two lowest singlet excited states in
two solvents (cyclohexane and dichloromethane). All DFT and TD-DFT calculations

used the M06-2X hybrid exchange-correlation functional.®® This functional is known to
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provide slightly excessive transition energies but delivers consistent data (high
correlation) with experiments. Following the basis set combination approach proposed
elsewhere,*° we used the 6-31G(d) atomic basis set for determining the geometrical and
vibrational parameters, whereas the transition energies were computed with 6-31+G(d).
The nature of both the ground state and excited state, that is, their stationary point nature,
was confirmed by Hessian calculations that returned 0 (minima) imaginary vibrational
modes. Environmental effects were accounted for using the linear response (LR) variant
of the polarizable continuum model (PCM)*! in its nonequilibrium limit for the vertical
absorption. For the emission wavelengths, the excited state structures were optimized
with the LR-PCM in its equilibrium limit, whereas the emission energies were computed
with the corrected LR (cLR)* PCM model in its nonequilibrium limit. Excited states are
represented using density difference plots, in which the excited state density was
determined at the TD-DFT level using the Z-vector approach. The vibrationally resolved
emission spectrum was determined using the FCClasses code**** applying the Franck—
Condon approximation and using default parametric values that were found to be
sufficient for obtaining a converged Franck—Condon factor.

Results and Discussion

Design and synthesis

Two recent advances motivate the design of the hybrid with extended n-conjugation,
compound 3: (i) our discovery of a particularly strong solvatofluorochromic behavior of a
symmetrically 2,5-dinitrophenylated pyrrolo[3,2-b]pyrrole 1, ¥ and (ii) despite the large

dihedral angles induced by hindrance in penta- and hexa-aryl-substituted pyrrolo[3,2-

95



b]pyrroles, aromatic rings at positions 3 and 6 exhibit sufficient electronic coupling with
the PP core to affect its electronic properties.* For this study, we choose a dithiophene
derivative of DPP, 2, because thiophene and thiophene-linked substituents cause
bathochromic spectral shifts.> Furthermore, five-membered rings improve m-conjugation

due to decreased dihedral angles with respect to the polycyclic core.?%:%
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Figure 1.Absorption and fluorescence spectra of 1, 2, and 3, for: (a) cyclohexane, (b)
tetrahydrofuran (THF), and (c) N,N-dimethylformamide (DMF); the emission of 1 for DMF
is not detectable. The fluorescence spectra are divided by the intensity of the absorbed
light at the excitation wavelength (1-10-A(Aex) ), making the integrated emission
proportional to ¢f . The insets present the fluorescence spectra plotted against
logarithmic abscissa (Aex = 450 nm).
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Established procedures allow for the synthesis of 2, and the monobromination of it
affords 2 (Scheme 1).264¢ Subjecting the bromide derivative 2’ to optimized conditions
for direct arylation*” with 1 at its electron-rich pyrrolopyrole core leads to the formation

of the hybrid dye 3 with a reasonable yield (Scheme 1).

Optical Properties of 1, 2, and 3

The absorption spectra of 3 for various solvent media show two transitions: (i) at about
570 nm resembling the absorption of 2 that is bathochromically shifted and (ii) at 460—
480 nm, similar to

the absorption of 1 shifted about 20 nm to the red (Figures 1 and 2a). Comparison of the
spectra of 3 with those of the parent compounds, 1 and 2, reveals that attaching 1 to one
of the thienyl substituents of 2 leads to bathochromic shifts in the absorption (20 nm) and
the emission (50—70 nm) (Figures 1 and 2a,b). The Stokes’ shifts of 3 are about three-to-
four times larger than those of 2 (Figure 2c), which is consistent with an increase in
relaxation energy accompanying the optical transitions of 3.

The fluorescence spectra of 3 are quite like those of 2. For alkane solvents, the shapes of
the emission spectra of 1, 2, and 3 closely resemble one another, exhibiting three
discernible vibronic features. Toluene, and other solvents with increased polarity, cause a
loss in the vibronic structure in the emission of 1, as previously shown,'® (52) while the
spectral shapes of 2 and 3 remain solvent independen). The long-wavelength absorption

bands of 1, 2, and 3 follow the same trends. For alkanes, they all show well-defined
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vibronic structures (Figure 1a). An increase in solvent polarity does not significantly
perturb the absorption spectra of 2 and 3 (the red-edge band of the spectrum of 3).

As the polarity increases, however, the absorption of 1 broadens and loses its vibronic
structure observed for alkane solvents (Figure 1). Therefore, it appears that the DPP
component, 2, of the hybrid 3 dominates the transition from the excited to the ground
state.

To what extent do the inherent properties of 1 affect the photophysics of 3? The most
obvious similarity between 1 and 3 is the polarity-induced quenching of their
fluorescence. While the fluorescence quantum yield, ¢r, of 2 has negligible solvent
dependence, an increase in medium polarity causes a drastic decrease in

¢f of 1 and 3 (Figure 2d). The lifetimes, t, of the singlet excited state of 3 reveal that
solvent polarity enhances the rates of nonradiative decay. While the rate constants of
radiative decay, k, vary between about 1 x 10 and 4 x 108 s, the rate constants of
nonradiative deactivation, kqr, increase with solvent polarity by a factor of 200 (Table 1).
Therefore, while the DPP component dominates the transitions between Sp and S; states
of 3, the PP moiety strongly affects the nonradiative deactivation of the photoexcited
hybrid, 3.

The solvatofluorochromic behavior of 1 is its most characteristic spectral

feature.'® Increasing solvent polarity causes a fluorescence bathochromic shift exceeding
100 nm, while the absorption of 1 shifts only by about 20 nm (Figure 2a,b). ACT-
induced break in the acceptor—donor—acceptor symmetry of the excited state of 1 is the

underlying reason for the observed solvatofluorochromism.?
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Conversely, 2 exhibits neither solvatochromism nor solvatofluorochromism (Figure 2a—
c). Akin to 2, the red-edge band of the absorption of 3, ascribed to the So — Si transition,
shows no solvent dependence (Figures 1 and 2a). The second absorption band of 3,

ascribed to the Sg — S» transition, shifts from about 460 to 490 nm with an increase in
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Figure 2 Dependence of photophysical properties of 1, 2, and 3 on solvent polarity
represented in terms of the Onsager solvation function, Afo(g,n? ) = fo(€) - fo(n? ), where
fo(x) = 2(x - 1)/(2x + 1). Solvents used: cyclohexane, n-hexane, CCls, toluene, 1,4-
dioxane, THF, chloroform, DCM, DMSO, and DMF. Polarity dependence of: (a,b) the
wavelengths of the absorption, Aabs, and fluorescence, Aem, maxima, (c) Stokes’ shifts,
AV= Aaps™ = Aem™ , and (d) fluorescence quantum yields, ¢y.

the medium polarity (Figure 1). These findings suggest that the solvent polarity lowers

the energy level of the S state more than that of the S; state.
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While the So — S; transition of 3 is insensitive to the solvent medium, 3 manifests a
sovatofluorochromic behavior that is quite different from that of 1. A moderate increase
in solvent polarity, e.g., from alkanes to DCM, causes a more than 20 nm bathochromic
shift in the fluorescence of 3. A further increase in the polarity causes a hypsochromic
shift (Figure 2b). This property is inherent solely to 3 and appears to emerge from the
hybridization of 1 and 2 (Scheme 1).

Theoretical analysis

To identify the nature of the optical transitions, we resort to time-dependent density
functional theory (TD-DFT) computations. The electron-density difference (EDD)
between the first two excited states and the ground state reveals the nature of the So —
S1 and the So — S transitions (Figure 3a). The lowest singlet-excited state, Sy,
responsible for the absorption at about 570 nm, is localized on the DPP unit, with
absolutely no contribution from the pyrrolo[3,2-b]pyrrole. This state is symmetric and
possesses a small CT dipole moment (uct = 0.7 D). The So — S; transition does not
change the polarity of the hybrid, 3, which is consistent with the lack of solvatochromism
for the long-wavelength absorption band of 3 (Figures 1 and 2a).

In contrast, the second singlet excited state, S, responsible for the absorption at about
470 nm, involves the pyrrolo[3,2-b]pyrrole moiety. The Sp — S> transition moves the
electron density from the pyrrolo[3,2-b]pyrrole core (in blue in Figure 3a) toward the
nitro groups (in red). Comparing 3 with quadrupolar pyrrolo[3,2-b]pyrrole, which lacks 3
and 5 substituents, reveals that the presence of the DPP moiety induces a significant

asymmetry in Sy. The intramolecular CT state is significantly biased toward the nitro
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group closer to the thienyl linker with DPP. For cyclohexane, TD-DFT predicts a pct of
5.9 D for this state. Thus, the So — S; transition significantly polarizes the hybrid, which
is consistent with the observed positive solvatochromism of the second absorption band
(Figures 1 and 2a). Furthermore, when changing the implemented solvent media in the
TD-DFT calculations from cyclohexane to DCM, the first and second vertical absorption
bands shift by —0.006 and —0.080 eV, respectively, complementing the experimental
results.

To provide further insights into the spectral features of 3, we identify the emitting states
using TD-DFT computations. Optimization of S; and S; states for cyclohexane (the
solvent delivering one of the highest ¢r) and DCM (yielding one of the smallest) reveals
medium effects on the lowest excited states. For both solvents, the state localized on the
DPP core of 3 remains the one presenting the lowest energy after relaxing the excited-
state geometries. The close match between the shapes of the experimentally measured
and the TD-DFT-determined emission spectra (Figure 3b) confirms that the origin of the
observed emission is principally from the lowest excited state localized on the DPP

moiety.

Upon transitioning from the ground to the excited state, the dihedral angle between the
PP core and the DPP moiety decreases from 58.6° to 41.4° for cyclohexane and from
57.7° 10 40.0° for DCM. The electronic transition affects the other dihedral angles to a
lesser extent. Therefore, the thiophene linker enhances the m-conjugation between the two

components of the hybrid when transitioning from the ground to the excited state. This
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enhancement in the electronic coupling between the PP and DPP moieties in the excited
state of 3 causes a small change in the emitting excited state. EDD emission plots,
determined for the S; geometries, deliver a picture similar to the one for the So —

S1 transitions but with slightly enhanced contributions on the carbon atoms connecting
the DPP and PP units. This difference between the EDDs of the So — S; and S1 —

So transitions may be indicative for the solvent-induced shifts in the fluorescence spectra
of 3, while the red-edge bands of its absorption remain unaffected.

In the linear-response regime, the computed emission wavelengths for cyclohexane and
DCM are 601 and 644 nm, respectively, whereas in the corrected linear-response
approach they are 572 and 576 nm, respectively. The computed emission oscillator
strengths for the two solvents are large (0.99 for cyclohexane and 1.15 for DCM). Thus,
the decrease in ¢r with increasing solvent polarity is not a result of a decrease of the
intrinsic rates of radiative deactivation of S1, which is consistent with the experimental

trends (Table 1).

Table 1. Solvent Dependence of the Photophysics of 3

solvent Aqpy/nm? Aen/nm” & 7/ns? ke x 1078/s71¢ ke X 107857V
n-hexadecane 568 +2 616 +£3 031 + 0.07 3.30 + 0.33 094 + 0.29 21+03
cyclohexane 567 £1 611 £ 1 029 + 0.05 246 + 0.14 12 +03 29+£03
n-hexane 565 + 1 609 + 1 0.28 + 0.07 249 £ 0.19 11 +04 29+ 04
toluene §71+3 618 +3 0.16 + 0.04 1.02 + 0.26 16 + 08 82+08
THF 568 + 1 626 +2 0.057 + 0.018 0.133 + 0.016 43+ 18 71 + 1.8
chloroform 566 + 2 632+ 1 0.010 + 0.003 0.0383 + 0.0059 26 + 1.1 260 + 1.1
DCM 566 + 1 634 + 4 0.004 + 0.001 0.0256 + 0.0064 16 +08 390 + 0.8
DMF 566 + 1 616 + 4 0.004 + 0.002 0.0240 + 0.0045 16+ 14 410 + 1.4

“Wavelength of the absorption maximum of the red-most band of the spectra. bWavelength of the fluorescence maximum. “Based on measurements,
using a methanol solution of rhodamine 101 as a standard. “The intensity-weighted average lifetimes, 7 = (Z; o;z,2)/(Z; a;7,), were obtained from the
results from multiexponential fits of the emission decays, F(Zmt) = ; @; exp(—t/1;), or of the decays of the S, transient absorption, AA(Jg,,t).
“Average rate constant of radiative decay, k= (,b[/?,fAverage rate constant of nonradiative decay, k,, = (1 — ¢;)/7. The propagated errors for kfand
k,, are the same, estimated for the ratios between ¢b; and 7.
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Figure 3 TD-DFT analysis of the optical transitions of 3, with cyclohexane
implemented as the solvation medium. (a) EDD plots for the first (left) and second
(right) singlet excited states determined on the ground-state geometry. The blue and
red regions indicate decrease and increase of electron density upon absorption,
respectively. Contour threshold is set at 0.001 atomic units (au). (b) Comparison
between the experimentally measured fluorescence of 3 for cyclohexane (dotted
lines) and the computed emission of the DPP core of 3 (sticks and solid line
convoluted with a Gaussian of HWHM = 0.08 eV). The theoretical zero-to-zero energy
was set to the experimental value to visualize the comparison between band
topologies.
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Figure 4 Electrochemical and spectroelectrochemical properties 1 and 2. (a) Cyclic
voltammograms showing the reduction and oxidation of 1 and 2 for DCM in the
presence of 50 mM electrolyte, (n-C4H9)aNPFs; scan rate 50 mV s . (b) Dependence of
the half-wave reduction potentials, E*/?, of oxidation and reduction of 1 and 2 on the
electrolyte concentration, Ce. (c) Change in absorption during oxidation of 1 and
reduction of 2 for DCM in the presence of 100 mM (n-C4H9)sNPFs. The insets show the
corresponding voltammograms.
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Electrochemical properties of 1 and 2

For DCM, 1 undergoes chemically reversible oxidation and reduction, and 2 shows
reversible oxidation and quasireversible reduction (Figure 4a). The half-wave
potentials, E¥?, show an important trend pointing to the origin of the medium-polarity
dependence of the optical properties of 3 (Figure 4). The reduction potentials of the
reduction and oxidation of 2 are more positive than those of 1,

i.e., E1en®? < B2 oM and E11..-M2) < Eg..Y2) (Figure 4b). For DCM, therefore, 1 can
act as an electron donor and 2 as an acceptor, when either of them is photoexcited in

proximity of each other.>>%

This CT feature is consistent with the solvent dependence of the photophysics of the
hybrid. The energy level of the CT state of 3, 172", is sensitive to the media polarity. For
nonpolar solvents, the CT state lies above the S; state, and the radiative deactivation

of 3 is of a DPP conjugate. An increase in the solvent polarity lowers the energy level of
the CT state below that of the S; one, making the photoinduced charge separation (CS),
followed by charge recombination (CR), an efficient pathway for a nonradiative
transition to the ground state.

The absorption spectra of 3 contain no evidence for direct photoexcitation from the So to
the CT state, i.e., no apparent CT band, and no polarity-induced shift of the band at 570
nm (Figures 1 and 2a).12*® While the thiophene linker provides a sufficient electronic
coupling to aid CT between the PP donor and the DPP acceptor in 3, the coupling is not

strong enough to make the So — CT optical transition possible.
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Excited-State Dynamics

Transient absorption (TA) spectroscopy confirms that CT is responsible for the solvent

dependence of the exited-state dynamics of the hybrid. Photoexcitation of 3 leads to TA

spectra typical for DPP conjugates,? showing the DPP* transient along with the ground-

state bleach and the stimulated emission (Figure 5). The TA spectra of 3 closely resemble

those of 2 even when excited to the S; state. The TA spectra of 1, however, are distinctly

different from the spectra of 2 and 3 (Figure 5a—).
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Figure 5 TA dynamics of 1, 2, and 3 (Aex = 465 nm, 4 u per pulse). (a—c) TA spectra for
cyclohexane, showing where the transients of the singlet excited states of 2 and 3
absorb, 1 2* and 1 3%, respectively, along with the stimulated emission (SE) and the
ground-state bleach (B). (d,e) TA spectra for DMF. (f) Principal components obtained
from singular value decomposition of the TA spectra of 3 for DMF and the distribution of
the amplitudes, ai, from a multiexponential global fit, AA(A,t) = aeo(A) + Zi ai (A)
exp(-t/ti ), where the obtained lifetimes are t1 = 1.6 ps, 12 = 7.2 ps, and 13 = 40 ps.
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For nonpolar solvents, 3 undergoes nanosecond decays with TA spectra forming a
defined isosbestic point as they decrease in amplitude (Figure 5c). For polar media,
however, the picosecond decay of 3 reveals an early rise of TA features between about
580 and 700 nm (Figure 5e). We ascribe these TA features to a CT state, resembling the
absorption of 1*" and 2*~ (Figures 4c and 5e). Regardless of the type of solvent, 2 exhibits
TA dynamics similar to that of 3 for nonpolar media (Figure 5b,d). Therefore, the PP
moiety in the hybrid appears to provide CT pathways responsible for the polarity-induced
fluorescence quenching.

Global fits reveal multiexponential decay of the TA of 13*, which is plausibly a result of
the large size of the hybrid and slow rates of interexchange between conformers. For
nonpolar solvents, the multiexponential decays of 13* lead to bleach recovery and a
decrease in the intensity of the stimulated emission, which is consistent with a S; —

So transition. For polar solvents, the fast decay components of the 13* accompany a rise
of the CT state and depletion of the stimulated emission, without bleach recovery
(Figure 5f), which is consistent with CS (e.g., kes = 6.1 x 10 st and 1.5 x 101° s* for
DMF and THF, respectively). The slow components of the decay of 13* appear like a

S1 — So transition, leading to a bleach recovery and not to a growth of the CT state
(Figure 5f). The polarity dependence of these slow decay components (e.g., kcs = 1.4 x
10 st and 7.0 x 10° s for DMF and THF, respectively), however, suggests the
involvement of CT processes. For conformers mediating CR that is faster than CS, the
latter is the rate-limiting step, and the sequential CS and CR processes, i.e., S1 —» CT —

So, appear the same as the S; — So transition, i.e., without a buildup of CT TA.2
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The photophysical properties of the hybrid, 3, are consistent with transitions involving a
nonfluorescent CT state. The absorption of 3 exhibits no solvent dependence. Therefore,
we can view the S; state as a locally excited state, e.g., 13* = PP-'DPP* = 112*. For
nonpolar media, the energy level of the CT state, 172", is above that of S, 1'2*. Hence,
S1 decays directly to Soe. Increasing the solvent polarity lowers the CT state.

When the CT state is slightly below but still close to S1, mixing between them may cause
bathochromic spectral shifts. The TD-DFT studies suggested the possibility for such
mixing for the relaxed S; state but not for the Franck—Condon excited state. That is, the
EDD of the relaxed S; state (corresponding to the S1 — So transition) shows slightly
more density changes localized on the carbons linking DPP with the PP moiety than the
EDD on the Sp minimum (corresponding to the So — S1 transition). It is consistent with
the fluorescence bathochromic shift for moderately polar solvents, while the So —

S1 absorption remains unperturbed.

In the Franck—Condon approximation, TD-DFT calculations do not predict the presence
of low-lying dark excited states. To avoid the prediction of spurious (nonphysical) CT
states,*® we select the M06-2X meta-GGA hybrid functional for our calculations, which
yields results that agree well with the experimental absorption and fluorescence data.
Other functionals, such as B3LYP, may possibly predict low-lying dark CT states, but
they would likely be due to self-interaction artifacts, rather than presenting the correct
physical description. Higher levels of theory, e.g., EOM-CCSD, would reliably predict
the existence of a dark CT state, but they are beyond the reach for systems as large as the

hybrid 3.
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Further polarity-induced lowering of the CT state decreases the extent of its mixing with
S1, causing hypsochromic fluorescence shift for solvents more polar than chloroform and
DCM (Figure 2b). The decrease in solvent polarity increases not only the CS driving
force, ~AGcs®, but also the outer reorganization energy. Therefore, even for solvents
with moderate polarity, such as THF and chloroform, the CS rates are large enough to
cause the observed drastic decrease in ¢fand t (Table 1).

Overall, the moderate solvatofluorochromism of the hybrid 3 has a distinctly different
origin from the pronounced solvent effect on the fluorescence of its component 1. The
PP 1 is a symmetric acceptor—donor—acceptor conjugate. Breaking the electronic-
structure symmetry of the excited state of 1 polarizes it and results in enormous polarity-
induced Stokes’ shifts that result in the observed solvatofluorochromism.(54) Conversely,
the hybrid 3 has an asymmetric structure, acceptor;—donor(acceptorz)—acceptors, where
acceptor: is the DPP moiety. Changes in the solvent polarity modulate the energy of the
CT state involving the DPP acceptor. The CT state is coupled with the relaxed S; state
but not with the Franck—Condon S; conformer. Therefore, shifts in the CT energy affect
the fluorescence rather than the absorption of 3.

Conclusions

A few synthetic steps provide routes to a DPP dye hybridized with an electron-rich PP
moiety containing electron-deficient nitrophenyl substituents. The red emission of the
dye displays pronounced environmental sensitivity, while solvent polarity does not affect
its absorption. The invariance of the absorption, along with the polarity-induced

fluorescence quenching and the bidirectional solvatofluorochromism of the hybrid dye
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(which is positive for nonpolar media and negative for polar), makes this type of
molecular design immensely promising for multimodal sensing of the microenvironment

based on intensity and the wavelength maximum of the emission signal.
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Appendix:

Facile synthesis and cleaning of CsPbBr3 nanocrystals for High Photoluminescence.

Authors: Jesse Tamayo, Cambria Bennett, Pauline Do, Tori Do, Karen El-Maraghy,

Maximillian F. Mayther & Valentine I. VVullev. Underline indicates undergraduate.

Introduction:

All-inorganic perovskites have gained much interest in the past years due to their
attractiveness in optoelectronic materials such as photovoltaics, lasers, LEDs and
photodetectors. Additionally, their facile synthesis allows for scalability and tunable
optical properties. Specifically, by adjusting the halide composition, X, one is able to
span the visible spectrum of light. Halides may be either single halide composites of
chloride, bromide or iodide or stoichiometric variants of the halide composition such
Bros/lo.s where some ratio of the halide is used to turn the absorption and emission of the

particles.

During the standard synthesis of perovskite crystals, the growth of the crystals can be
confined to the nanometer scale by utilizing long chain organic ligands capped by
carboxylic acids and amines. The typical synthesis is a hot injection method wherein the
size and morphology can be controlled through ligand chain length and reaction
temperature. CsPbBr3 nanocrystals used herein form a cubic phase regardless of halide

when the temperature of the synthesis is between 120-200 °C.
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Impurity doping such as the addition of Ni?*, cation exchange of Mn?* for Pb?*, and
inclusion of Bi®* have been introduced to improve the PLQY and thermal stability. These
choices provide great enhancements to the reported PLQY however the drawback is the

additional cost of precursors.

Herein, we introduce a systematic study of how proper post-synthetic cleaning of
CsPbBrz nanocrystals yields particles with high PLQY. We reveal how the photophysics,

heterogeneity, and native ligands change during the cleaning process.
Results and Discussion:

Adopting previously reported procedures,! we prepare CsPbBrs perovskite nanocrystals
(NCs) that assume cubic shapes.(TEM 1). Specifically, to produce cesium oleate, CsCO3
(81 mg, 0.25 mmol) and oleic acid (0.25 mL, 0.8 mmol) were suspended in 4 mL
octadecene and stirred at 110 °C for 1 hour under vacuum and placed under nitrogen. In
parallel, PbBr, (69 mg, 0.19 mmol) was suspended in 5 mL octadecene and also stirred at
110 °C for 1 hour under vacuum and placed under nitrogen. Oleic acid (0.5 mL, 0.16
mmol) and oleylamine (0.5 mL, 0.15 mmol) were injected in the PbBr» suspension and
the temperature of the mixture was elevated to 150 °C. Concurrently, the temperature of
the cesium oleate solution was elevated to 180 °C. A quick injection of the hot cesium
oleate solution (0.4 mL) into the vigorously stirred PbBr, mixture resulted in the
formation of yellow colored suspension with distinct greenish fluorescence. During the

hot-injection synthesis in 1-octadecene (C1gHsg) solvent, oleylamine (C1gH3ssNH>) and
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Figure 1 Steady state absorption and photoluminescence normalized to show the
difference in quantum yield produced by each supernatant. (SN1-blue trace, SN2-
green trace, SN3-red trace.

oleic acid (C17H33CO2H) coat the formed NCs and maintain their structural integrity and

colloidal stability in hydrocarbon solvents.

The reaction mixture was immediately cooled down in a water bath. Addition of 1 mL
acetone to the cooled mixture and centrifugation at 10,000 rpm for 3 minutes resulted the
formation of a yellow pellet that was collected and resuspended in 0.600 ml benzene.
This solution was centrifuged for 30 seconds at 10,000 rpm and the supernatant
(SN1)was collected. This process was repeated 2X more times and the supernatant (SN2
and SN3) retained each time. Transmission electron microscopy (TEM) images of the

supernatant confirmed the formation of the NCs.
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Each of the 3 supernatent samples were analyzed via UV-Vis absorbance, steady state

fluorescence, time correlated single photon counting (TCSPC), *H-NMR, and TEM.

UV-Vis absorbance (fig. 1) spectra were recorded on a Jasco-V670 UV-Vis absorption

spectrophotometer. Spectra were collected from 650 nm to 350 nm and baseline
corrected. The optical density at 400 nm was held between 0.4 and 0.6. The absorbance
of SN1(blue trace) shows a hypsochromic shifted band edge. This shift is indicative to
the monodisperity of the sample yielding a smaller edge length of nanocrystals. In
comparison, SN2 and SN3 (green and red trace) are bathochromically shifted relative to
SNL1. The nanocrystal distribution observed via TEM unequivocally shows a greater size

distribution trending towards larger sizes.

The steady-state emission spectra and the time-correlated single-photon counting
(TCSPC) fluorescence decays are measured, using a FluoroLog-3 spectrofluorometer
(Horiba-Jobin-Yvon, Edison, NJ, USA), equipped with a pulsed diode laser (A = 406 nm,

196 ps pulse width).

The steady-state emission was collected with 1 nm slit width on both excitation (400 nm)
and emission windows. Spectra was collected in the range of 415 nm to 600 nm. The
optical density at excitation was held to 0.1-0.2 to ensure inner filter effects were
minimized. The photoluminescence quantum yield (PLQY) was recorded for each

sample. The quantum vyield is calculated by equation 1
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Where @, ris the quantum yield of the reference i.e. fluorescein (PH 10 buffer) and ny
and ng. s represent the refractive indices of the solvents used, benzene and water
respectively. [Area]nc and [Area]rer represent the integrated PL of the respective
samples. Absrer and Absnc are the absorbance of the samples at 400 nm. The limitation

to this method is that the QY is a function of the reference standard.

SN1 shows the highest PLQY exceeding 90% is all samples. This sample has the best
monodispersity amongst all samples. Considering the photoluminescence quantum yield
can also be expressed as equation (2). Wherein kp;, k,,,, k. are the rate constants of
photoluminescence, non-radiative dissipation, and energy transfer, respectively. In this
instance the PLQY is determined by the rate constants of these non-radiative processes as

they compete with photoluminescence.

()

It can be said that kp; has increased which contributes to the increase in quantum yield.
There are two possibilities as to why kp; has increased. One is that the reduction in

concentration of non binding ligands, i.e. octadecene as the synthesis solvent, which has
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Figure 2 TCSPC decays shows a decrease in the PL lifetime of SN1 which exhibits the
highest PLQY. Inset: Early time of the decays shows a nearly monoexponential decay
after 50 ns.

been reduced in the cleaning process enables the primary amine containing ligand,
oleylamine to easily reach the surface of the nanocrystal and passivate any surface traps
caused by crystal lattice imperfections. The second is that since there is an increase in the
monodispersity of the sample compared to SN2 and SN3 the emission averaging is more
defined. To better answer these possibilities, we examined the PL lifetimes for each
supernatant. (fig 2) The PL lifetime can be analyzed via the following equation, (3) and

by fitting with multiexponential formulas.

1

Tpg = ———— (3
PL ™ kol +knr+ke )

Each supernatant was examined via TCSPC and each decay fit with multiexponential

decay functions and the lifetime is reported as an average lifetime (1) given by equation
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The average lifetimes reveal indeed SN1 has a superior average lifetime of 14 ns while
SN2 and SN3 have closely spaced lifetimes of 53 and 54 ns respectively. Considering
equation 3 and the fact that the monodispersity of SN1 is improved over the other
samples and the possibility of trap suppression we can easily conclude the decreased

lifetime is a product of both of these factors.

While the photophysics can provide us with some information to formulate conclusions
proton NMR also is useful when determining the concentration of organic ligands and
solvent molecules present with the nanocrystals. The successive washing of the particles
and redisbursement in hexane shows a gradual decrease in octadecene and oleylamine

and oleic acid two important ligands (fig 3) to the colloidal stability of the nanocrystals.
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Figure 4 NMR spectra showing the original discarded supernatant for comparison of the relative concentration
decrease of solvent and ligand molecules

dispersity regarding the nanocrystal sizes and the increase in nanocrystal size 9.0 nm
and std. dev. 1.23 nm.
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TEM provides a solid means to ascertain the size distribution and dispersity of the
particles. The images clearly shows a decrease in the monodispersity of the samples.

Importantly the average edge length does not vary much but the standard deviation more

than doubles as we examine the supernatants.

1 SNt
— it

# of paticles

Edge length / nm

<Edge Std.
Sample | length> Dev.
el SN1 8.40 0.87
100 nirp)
= : 3 o SN2 9.17 1.23
TEM 1 SN1 shows monodisperse SN3 9.00 1.54

nanocrystal sizes along with histogram

which shows an edge length of 8.4 nm with

a std. dev. of 0.87 nm. The lowest edge size

and std. dev. of the three samples.

Of consideration is when comparing the NMR to the TEM we can see the ligand density

decrease while the nanocrystal monodispersity increases. The is similar to what was
observed in my work regarding interfacial charge transfer in that where the ligand density
is perturbed the presence of larger crystals grows larger. More work would need to be
done to analyze the relative change in total volume of nanocrystals to understand if the

particles are aggregating or being etched.
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TEM 3 SN3 The wide view clearly shows the larger abundance of nanocrystals and a
wide range of size distributions. The nanocrystals average edge length is 9.0 nm

with a std. dev of 1.54 nm.
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Conclusion:

A simple method to synthesized and clean CsPbBrz nanocrystals has been investigated as
to the role of using an antisolvent in the cleaning procedure and how it affects the

photophysics, sample monodispersity, and ligand loading. The superior supernatant has
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the most ligands after cleaning, the best monodispersity, highest PLQY and improved PL

lifetimes.

This method uses simple antisolvent without extra precursors that are required in doping
methods. This method is easily scaled upon batch size and has implications for perovskite

synthesis and interfacial modifications.

References:

1. Protesescu, L. et al. Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, and I):
Novel Optoelectronic Materials Showing Bright Emission with Wide Color Gamut. Nano Letters
15, 3692-3696 (2015).
2. De Roo, J. et al. Highly Dynamic Ligand Binding and Light Absorption Coefficient of Cesium
Lead Bromide Perovskite Nanocrystals. Acs Nano 10, 2071-2081 (2016).

3. Schreckenbach, G. Differential Solvation. Chemistry-a European Journal 23, 3797-3803
(2017).

125





