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Introduction

Organic light emitting diodes (OLEDs) are now must-have displays due to several de-
sign advantages and they have better efficiency than usual liquid-crystal displays (LCDs). !
OLEDs have the most successful application in the field of plastic optoelectronics due to
their high brightness, higher contrast, lower power consumption and lightweight compared
to traditional LCD displays.! OLED devices are composed of a thin layer of fluorescent
organic material sandwiched between an anode and a cathode (see Figure 1, image cour-
tesy: cynora).>> When a sufficient voltage is applied across an organic semiconductor layer,
electrons and holes are injected and they travel through the organic semiconductor. These

electrons and holes then recombine in organic layers into electron-holes pair, also known as

excitons.*© The excitons may decay back to the ground state emitting a photon.

) 4
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Figure 1: Design of a generic OLED device.

Since electrons and holes are fermions with half integer spin (S = 1/2), and depending
on the relative orientations of the two spins, different spin states may be obtained for the

excitons. If the exciton has a total spin of zero (S = 0), it is called a singlet exciton; if it
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has a total spin of one (S = 1) it is a triplet exciton. As shown in Figure 2 (image cour-
tesy: Edinburgh Instruments), three possible recombination of half integer spins can form
S =1 exciton (hence the name triplet) and but only one recombination can form an S =0
spin (hence the name singlet). This means upon electron-hole recombination, 25% singlet

excitons and 75% triplet will be formed.

derdo ol 1
¢é¢’

l 1 Triplet State S=1
75 % of Excitons
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tl=]t | Sreecsies-o

Figure 2: Formation of 25% of singlet and 75% of triplet excitons in OLEDs device.

Sl Sl

The emission (radiative decay) from triplet state (77) to to ground state singlet (Sp)
is a spin-forbidden process and and this creates a major issue in creation of an efficient
OLED. 75% of total electrons and holes injected into device are therefore wasted and sets an
maximum Internal Quantum Efficiency (IQE) of 25% because of the limit of the harvestiing

fluorescent excitons only.>7# 1¢

generation of OLED devices are based on this principle
(Figure 3, 1* Generation). The External Quantum Efficiency (EQE), namely the ratio of
excitons to the incident photons, is determined by the IQE as well as an out-coupling term,
typically capped at 20%, for a maximum EQE of 5% in fluorescent OLEDs. Improving
IQE of OLED devices is the most pressing issue, involving a multidisciplinary effort of
chemists, physicists and engineers. Harvesting triplet states into emissive species is the
most attractive way to do so. Moving away from the pure organic materials to the use
of heavy metals (Ir, Pt efc.) materials was the first solution to this problem. The use of
heavy metals helps to increase spin-orbit coupling (SOC) between 77 and Sy states allowing
emission from the triplet states. Use of heavy metals also increase SOC between S; and T
states and the population of S state can trasferred to 7 state via intersystem crossing (ISC).
This leads to a maximum theoretical IQE of 100% for this phosphorecence based OLED
device.”!® OLEDs based on this mechanism are there known as Phosphorescent Organic
Light-Emitting Diodes (PHOLED) or 2"¢ Generation of OLED (Figure 3, 2"¢ Generation).
However, this approach has several limits: first of all, heavy metals such as Ir and Pt are
expensive. Since fluorescence and phosphorescence may coexist, color purity is degraded.
Moreover, blue emission represents a problem since phophorecence is typically red-shifted
with respect to fluorescence. Finally, long-lived triplet states in the device increase the risk

of chemical degradation and free radical formation, while, at the same time, hinder the
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applicability of PHOLEDs in systems where high frequency modulation of the emission is

needed.”!1-13
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Figure 3: The principles of 1, 2" and 3¢ generations of OLEDs.

A promising way to move away from phosphorescent emitters towards fluorescent emit-
ters is a phenomenon known as Thermally Activated Delayed Fluorescence (TADF). TADF
is a rare phenomenon occurring in systems where a triplet state sits very close in energy
to the lowest excited singlet. Once the triplet state is populated, either upon intersystem
crossing (ISC) following photoexcitation or upon injection of charges in a device, it may
transfer its population to the nearby singlet state via a reverse ISC (RISC). The process,
made possible by the exchange of thermal energy, leads to the observation of a very long-
lived (delayed) fluorescence with typical lifetimes in the microsecond regime (Figure 3,
3" Generation). TADF was discovered in 1961,'# but remained a scientific curiosity up
to 2011, when Adachi first suggested its exploitation to harvest triplets in OLEDs, rising
their theoretical efficiency from 25 to 100%.'>'® The TADF requirement of singlet and
triplet states lying close in energy is easily met in dyes with low-energy charge transfer
(CT) states, provided the conjugation between the electron-donor (D) and electron acceptor
(A) is weak. Dyes with the D and A units arranged almost orthogonally were immediately
recognized as target systems. '%-1°. However, strictly orthogonal (non-conjugated) systems
also have vanishingly small spin-orbit coupling between relevant states,?” hindering RISC.
Moreover, they have a negligible transition dipole moments from the excited singlet to the
ground state,?! strongly suppressing emission intensity. An enormous effort towards the de-
sign of novel and more efficient TADF dyes includes multipolar dyes, where several D and

12

or A groups are linked together in different geometries, ' macromolecular and dendritic sys-

tems?? also exploring the possibility of combining together different functionalities in the
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same molecular system towards TADF-dyes that may actively respond to different stimuli,
including mechanical stress and pressure. . Mastering TADF then requires reliable models
able to accurately account for the different interactions while maintaining the global picture

in control.

Quantum chemical calculations can help the work of synthetic chemists and material
scientists: the systematic in-silico study of a large amount of novel chemical structures
can indeed reduce the expensive and time-consuming work in the experimental laboratory,
allowing the experimentalists to focus on just the most promising structures. To this effect,
cheap, fast and reliable computational approaches are needed. Time-dependent density
functional theory (TD-DFT) arguably represents one of the most effective computational
tools in this respect, thanks to the favorable trade-off between accuracy and computational
cost. However, modeling CT transitions is non-trivial in TD-DFT, relevant results being
strongly dependent on the adopted functional. Progress in this direction is offered by the
development of tuned range-separated hybrid functionals, where the proper amount of exact
exchange for each system is selected, without the need for a comparison with experimental
data.?>=2>. Once the proper functional is selected, reliable TD-DFT results can be obtained
for isolated (gas phase) dyes, but material scientists need to address the properties of the
dyes in condensed phases (either in solution or in a matrix). The dielectric properties of local
environment also largely affect the behaviour of TADF dyes. Typically used continuum
models leads to wildly different results because of the adiabatic approximation used for
solvent electronic degrees of freedom. This Chapter discusses the basic understanding of
TADF process.

The dielectric properties of local environment largely affect the relative energies of CT
and LE states and therefore alter the properties and behaviour of TADF dyes. Continuum
solvation models are largely exploited to address the issue. However there are different
implementations of continuum models leading to wildly different results. We traced the
origin of this behavior to a fundamental problem of continuum model implementations in
dealing with fast solvation, i.e. the solvation component associated with the electronic
degrees of freedom of the solvent and usually described in continuum models in terms of
the solvent refractive index. In Chapter 1, an antiadiabatic approach is proposed to model
how the refractive index of the surrounding medium affects optical spectra of molecular
systems in condensed phases. The approach solves some of the issues affecting current
implementations of continuum solvation models and more generally of effective models
where a classical description is adopted for the molecular environment. This chapter is
divided in three sections. In Section 1.2, we discuss our antiadiabatic model, in Section 1.3
we discuss how refractive index of surrounding medium affects excitation energy of a few

selected sye. We propose how antiadiabatic approach solves some of the issues affecting
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current implementations of continuum solvation models and more generally of effective
models where a classical description is adopted for the molecular environment. In Section
1.4, we mostly focus a few selected TADF dyes, we show how current implementations of
continuum solvation models do not properly address environmental effects on the singlet-
triplet gap, with results that wildly depend on the adopted approximation scheme and lead,

in some cases, to an inversion of the order of the lowest singlet and triplet states.

In Chapter 2, DMAC-TRZ is presented as a representative dye with an extensive com-
putational analysis along necessary experimental data from the host lab. The information
obtained along the two paths were finally combined in a reliable complete model for the
system. We build, parametrize against TD-DFT and validate against experiment a first
complete model for a TADF dye, accounting for all relevant interactions.The model, ac-
counting for charge transfer and local singlet and triplet states, spin-orbit coupling, con-
formational and vibrational degrees of freedom, sets the basis for a sound understanding of
the photophysics of TADF dyes in different environments. The charge-transfer nature of the
fluorescent state and of the almost degenerate phosphorescent state is unambigously demon-
strated. The concurrent role played by conformational degrees of freedom and the matrix
polarizability in governing TADF is addressed. The model, without adjustable parameters,
satisfactorily reproduces the absorption and fluorescence spectra (in terms of band positions
and bandshapes) and their evolution with the solvent polarity, as well as absorption, fluo-
rescence and phosphorescence spectra in a solid matrix. To the best of our knowledge this
is a brand new result: reproducing observed spectra is not possible for any model published
so far for TADF dyes.

In Chapter 3, DMAC-py-TRZ, a new TADF dye is presented. The dye is obtained
via a modest chemical modification of the parent DMAC-TRZ dye, substituting a CH unit
in the triazine unit with an N atom. This marginal change has an enormous impact on the
structure and hence on the photophysics of the dye as the release of the steric hindrance,
that forces DMAC-TRZ in an orthogonal structure, allows in DMAC-py-TRZ for a planar
and slightly bent structure in the ground state. The large conjugation in the bent DMAC-
py-TRZ structure, demonstrated by the strong intensity of the lowest (CT) excitation, hin-
ders TADF, due to the very large singlet-triplet gap. Quite interestingly, the computational
analysis predicts that emission occurs from a relaxed orthogonal excited state geometry, as
confirmed by the huge Stokes shift observed in non-polar solvents. In this relaxed geom-
etry TADF is indeed observed. Emission from the unrelaxed state is recovered in glassy
frozen solvents, as demonstrated by the large blue shift of the emission band if compared
with liquid solvent and by the disappearance of the TADF response. In amorphous matri-
ces, structural disorder leads to the coexistence of both structures, even if, depending on the

dye concentration dual fluorescence may disappear as a result of a fast energy transfer from
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the bent to the orthogonal structures. We maintain that this efficient energy transfer is re-
sponsible for the good efficiency of DMAC-py-TRZ devices, in spite of the presence in the
matrix of a sizable portion of dyes in the bent structure, unfavorable to TADF. Part of this
work is carried out with a close collaboration with Prof. Eli Zysman-Colman, University of
St Andrews, Scotland.






Chapter 1

Environmental Effects on Excited States

1.1 Introduction

The definition of reliable and practical models to simulate how the local environment af-
fects the spectra of molecular materials represents a theoretical and computational chal-
lenge with enormous practical implications: environmental effects can be detrimental to the
performance of molecular materials for advanced applications, including OLED and solar
cells, but, when properly understood, they can be exploited towards optimized materials in

a smart-matrix approach.

If specific interactions can be neglected, electrostatic forces dominate the interplay be-
tween the solute (the molecule of interest) and the solvent (the local molecular environ-
ment, either a solvent, a solid matrix, a biological environment, etc), so that the solvent is
described in terms of its dielectric properties.”® A good solvent is transparent in the spectral
window of interest (typically the visible and near-UV, ~ 1-4 V) and its electronic absorp-
tion bands are found deep in the UV region (>6 eV). Kramers-Kronig equations relate the
real and imaginary parts of the dielectric response: since in the region of interest the sol-
vent is transparent, in the same region the dielectric costant is real and almost frequency
independent, its square root being usually referred to as the refractive index, &, = n2.%’
Vibrational transitions are weak and marginally contribute to the dielectric constant. Orien-
tational motions are optically silent in non-polar solvents, whose dielectric constant there-
fore stays almost invariant down to its static value: &; ~ &,,,. In polar solvents instead the
orientational motion of solvent molecules gives a large contribution to the static dielectric

constant and &; > €,p;.

With respect to relevant solute degrees of freedom (visible and near UV), the electronic
degrees of freedom of the solvent (with resonances deep in the UV) are much faster, while
the orientational motion of polar solvent molecules (picosecond timescale in liquid solvents,

longer in solid matrices) is much slower. In either case, the distinctly different timescales



14 1.1 Introduction

for the solute and solvent dynamics allow for the separation of the two systems in effective
solvation models. Two families of models have been developed in this context: in the QM-
MM approch the solute is modeled by a quantum-mechanical (QM) Hamiltonian accounting
for the electrostatic potential generated by the surrounding medium that is described in a
classical Molecular Mechanics (MM) approach. In a simpler but powerful approach, the
solvent is described as a continuum dielectric medium, as in the polarizable continumm
model (PCM) or in the conductor-like screening model (COSMO). 2834

In the following, we adopt the generic term solvent to address either the liquid solvent
surrounding the dye in solution, or the solid matrix surrounding the dye, as e.g. in a device.
Models where both the dye and the surrounding solvent are treated quantum-mechanically
are clearly impractical and approximation strategies must be devised to separate the solute
and solvent problem. In this perspective, effective solvation models are introduced where
a quantum mechanical Hamiltonian is defined for the solute, implicitly accounting for the
effects of the surrounding medium. When constructing an effective solvation model, a
hierarchy of approximations must be considered. The first step is the separation of the solute
and solvent problems, relying on the different timescales of relevant degrees of freedom
(DoF). Specifically, being interested to model the solute optical spectrum in the visible-near
UV regions, we can safely assume that polar solvation, related to the orientational motions
of polar solvent molecules around the solute, represents a slow motion and can be treated
adiabatically. On the opposite, electronic solvation accounts for the rearrangement of the
electronic clouds of solvent molecules in response to the charge distribution in the solute:
the corresponding DoF have typical frequencies far in the ultraviolet, and are therefore much
faster than the solute DoF. The adiabatic approximation must then be abandoned in favor of
the antiadiabatic (AA) approximation.3> Of course, cases may occur where the timescales
of solute and solvent motions are comparable. In these special cases effective solvation

models cannot be reliably defined.

Once the framework for the solute-solvent separation is set, models for the solute and
solvent and for their interaction must be defined. As for the solute, a vast variety of
quantum-mechanical models is possible, ranging from parametric models accounting for
just few electronic degrees of freedom, semiempirical models, first-principle DFT and TD-
DFT models, high-quality ab-initio etc. The choice of the model Hamiltonian and of the
relevant basis of course heavily affects the quality of the results and their reliability. The
solvent in turn can be described as a continuum dielectric medium, linearly responding to
electrostatic perturbations (elastic medium).?%3¢ Alternatively, one can rely on atomistic
pictures for the solvent, in MM or MD approaches. >’ Quite interestingly, in these mixed
approaches a number of solvent molecules can be included into the portion of system treated

quantum-mechanically, and, when this number is large enough, the limit of a full quantum
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mechanical treatment of the solute and solvent is reached.*°

The solute-solvent interaction can be simplified to a dipolar interaction in an approach
that can be extended to multipolar terms. In more refined approaches, the solute is contained
in a cavity carved in the solvent, whose shape and dimensions are defined according to
several approximation schemes with variable degrees of details. In continuum solvation
models, the solute generates charges at the cavity surface, that in turn affect the potential
felt by the solute. In atomistic models, the solute affects the orientation of surrounding
molecules and (in polarizable models) also their charge distribution. In turn, the charges on

the surrounding molecules affect the potential felt by the solute.

Fixing all the details in the approximation ladder leads to a proliferation of effective
solvation models, that cannot be reviewed here. However the first approximation, related to
the separation of solute and solvent degrees of freedom, leads to two qualitatively different
approaches to effective solvation. In the adiabatic approximation the molecular Hamilto-
nian is diagonalized for a fixed value of the potential generated by the surrounding medium
(that, depending on the model, means fixed charges on the surrounding molecules or on the
surface cavity, or a fixed reaction field, etc). The calculation can be repeated for different
values of the potential, typically fixing it at the equilibrium value relevant for each state
(hence leading to state-specific approaches). In any case, in the adiabatic approximation,
each Hamiltonian is defined and diagonazed for a fixed potential. The adiabatic approach to
solvation closely resembles the adiabatic approach adopted to separate electronic and vibra-
tional DoF in molecular systems (most often in the so-called Born-Oppenheimer scheme). *!
It is well known that the adiabatic approximation can be reliably applied to separate elec-
tronic and vibrational DoF when the nuclear dynamics is much slower than the electronic
dynamics. Analogously, the adiabatic approximation applied to separate solvation degrees
of freedom works well when solvation charges (and the resulting potential) move slowly
with respect to the solute DoF of interest. However, when dealing with electronic solvation
we are considering fast DoF: the adiabatic approximation must be abandoned since it relies
on a molecular Hamiltonian where the charges in the surrounding solvent are considered
frozen, while they actually move faster than the solute DoF. Rather an AA approximation
can be invoked, assuming an instantaneous rearrangement of the solvent charges and of the
resulting potentials to the charge fluctuations in the solute. A single AA Hamiltonian is thus

obtained, whose diagonalization leads in a single shot to all molecular eigenstates.

This chapter is divided in three section. In Section 1.2, we discuss our antiadiabatic
model, in Section 1.3 we discuss how refractive index of surrounding medium affects ex-
citation energy of a few selected dye. We propose how antiadiabatic approach solves some
of the issues affecting current implementations of continuum solvation models and more

generally of effective models where a classical description is adopted for the molecular
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environment. In Section 1.4, we mostly focus a few selected TADF dyes, and show how
current implementations of continuum solvation models do not properly address environ-
mental effects on the singlet-triplet gap, with results that wildly depend on the adopted
approximation scheme and lead, in some cases, to an inversion of the order of the lowest

singlet and triplet states.

1.2 The Model and the Antiadiabatic Approximation

In the absence of the solute the solvent is isotropic. The solute perturbs the solvent that
responds generating the reaction fields, F,; and F,, (we only consider the main component
of the fields as relevant for quasi-linear molecules, the derivation can be easily extended to
the general case). At the equilibrium, both the fast and slow components of the reaction
field are proportional to the expectation value of the solute dipole moment in the state of
interest, (F}, Jor)eq = Tel Jor{ ﬁ), with the proportionality constant determined by the medium

dielectric properties: +**3

Vel = Wf(eopt)

(1.1)
[f(gst) _f(gopt)]

T, = ————
or 47C£0a3

where a is the radius of the (spherical) cavity occupied by the solute, & is the vacuum

permittivity and f(€) = (¢ —1)/(2e 4+ 1). So the two terms in the parenthesis of Equation

1.1 will read as:

Eopr — 1
f(gopt) _ opr  —
2€0p + 1 (1.2)
g —1 ’
E =
f(&a) 26y +1

Since, we are interested for transparent solvent, in the same region the dielectric con-
stant is real and almost frequency independent, its square root being usually referred to
as the refractive index, &,,; = n2.%7 Orientational motions are optically silent in non-polar
solvents, whose dielectric constant therefore stays almost invariant down to its static value:
€ ~ &p- In polar solvents instead the orientational motion of solvent molecules gives a
large contribution to the static dielectric constant and &; > €.

In the hypothesis that the solvent behaves as an elastic medium, we introduce a quadratic

potential term, so that the solute-solvent Hamiltonian reads:

1 A o 1 A o
H :Hgas"‘ EKengZ["i_Tel — MU 'Fel:| + |:2KorF02r_.u 'Fnr:| (1.3)
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where K,;/, are the force constants associated with the electronic and orientational solvent
degrees of freedom and all other terms are defined in the before. H,,, is the gas phase
molecular Hamiltonian and the two parentheses group terms relevant to the electronic and
orientational solvation. 7, is the kinetic energy associated with the electronic reaction field.
The corresponding term in the second parenthesis is missing since the adiabatic approxima-
tion works well for the orientational field.

At the equilibrium the energy is at a minimum for both F,; and F,,, and, exploiting the

Hellman-Feynman theorem, we get:

_ OJ{H) _ o
0 = aFor —KorFor <‘LL>
_ ) _ A
0 = aFel —KelFel_<.u> (14)

Comparing these equations with the equations that impose the proportionality between the

fields and the dipole moments (F,;/o,)eq = Te/or(f1) and we obtain:

1
K()r -
ror
1
K;=— (1.5)
el
We finally obtain the Hamiltonian of the solvated molecule which reads: ***3
F? s o FX 5
H:Hga.v+ o +Tel_.a'Fel + i_.‘_l"For (16)
2re 2ror

In the following we only address electronic solvation, shortly discussing polar solvation
in the discussion section. Moreover, we consider quasi-linear molecules, whose dipole
moment has sizable matrix elements only along a special molecular axis (Figure 1.2), at
least for the states of interest. F,; and I denote the main components of the reaction field
and of the dipole moment operator, respectively.

In second-quantization, we set F; = g(b' +b), where b (b") is the boson annihilation
(creation) operator, g = \/FW and w,; is the frequency associated with the solvent
electronic polarization (typically in the ultraviolet). With these definitions, the Hamiltonian
of a molecule only coupled to F,; (the first two terms in the Hamiltonian in Equation 1.6)
reads:

Ho = Hgas — gfi(b" +b) + hewe (b7 + %) (1.7)

If Hyy is defined on a finite basis set (| f1),|f2),...,|fv)), a numerically exact non-adiabatic
solution of the Hamiltonian in Equation 1.7 is obtained diagonalizing the Hamiltonian ma-
trix written on the direct product basis: (|f1),|f2),.- |[fn)) x (]0),]1),]2),...), where |n)

are the eigenstates of the harmonic oscillator in the last term of Equation 1.7.% Of course,



18 1.2 The Model and the Antiadiabatic Approximation

the infinite oscillator basis is truncated to large enough n as not to affect the properties of
interest.

In the proposed model, a single effective oscillator with frequency w,; describes the
electronic spectrum of the solvent.*> This oversimplified view only applies if the solvent
absorption bands occur at much higher energy than the solute absorption bands, so that
the details of the solvent spectrum become irrelevant. This is not a specific limitation of
our model, but it is an intrinsic limitation of any effective solvation model. Indeed, if the
details of the electronic excitation spectrum of the solvent are important, then a complete

QM description of the solute and the surrounding medium is unavoidable.

=N

Hygs+1- ni V29m
If3)|1) =—— .
|f2)11) = Hgas_zrelﬂz
& u o 1)
g \AE,, ; gas
ol 1A /Ry —
/N |f2)]0) —
= = 10—
Fel !
Adiabatic Exact diagonalization ntiadiabatic
(LR, cLR, ET) 46 - 0 (ED) hw S8 (AA)

Figure 1.1: Central panel: a sketch of the non-adiabatic Hamiltonian. Left panel: in the
adiabatic approximation we show the ground and excited state potential energy curves and
the definition of the vertical and EI transition energies. Right panel: a sketch of the AA

renormalized molecular states and Hamiltonian.

For the sake of clarity, we consider a molecular system described in terms of 3 electronic
states (f1, f2, f3), even if the derivation applies to any number of states. The Hamiltonian

for the isolated (gas-phase) molecule reads:

hit hia hiz
Heas = | hat hxn  hos (1.8)
h31 hz h3z

On the same basis, the matrix elements of the dipole moment operator are:

wij = (fil 2| f;) (1.9)

The non-adiabatic basis is the direct product of the electronic basis (fi, f2, f3) times

the first three eigenstates of the harmonic oscillator describing fast solvation (]0),|1),|2),
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the calculation can be easily generalized to an arbitrary number of states). The nine basis

functions are:

|f1>‘0>ﬂ|f2>’0>7‘f3>’0>7‘f1>’1>7‘f2>|1>7‘f3>|1>7’f1>|2>7’f2>‘2>7’f3>‘2> (1.10)

On this basis the Hamiltonian describing the solute interacting with the fast solvation field

(Equation 1.7) reads:

hiy hiz his —gn —8H12 —8Hi3 0 0 0
hyn hs —glia —8H2 —8H23 0 0 0
hys  —gls —8H32 —8MH33 0 0 0
. hi1 + ey, hi2 hi3 —V2gu  —V2gun  —V2gui3
Hy = . . . . hy + oy ha3 —V2gl1  —V2gln  —V2gs
hys+hog  —V2gl3  —V28un  —V2glss
hi1 +2ho, hiz hi3
h2 + 270, ha3
h33 4+ 2ho,,
(1.11)

where we took advantage of the Hermiticity of the Hamiltonian matrix to only write its
upper triangle. This Hamiltonian can be diagonalized numerically to get the exact non-
adiabatic eigenstates.

To proceed towards the antiadiabatic (AA) Hamiltonian we use first order perturbation

theory to write the effective electronic states as:

/i) = 1£)10) +

ho,

3
8 Y sl ) (1.12)
el k=1

where, in line with the AA approximation, we neglect the coupling to states with more than
a single oscillator quantum and disregard molecular energies vs Z@,;. We can now calculate
the matrix elements of the AA Hamiltonian as the matrix elements of the non-adiabatic

Hamiltonian on the effective AA states:

2 2
7 # 8 8
ilHolf5) = hij = 23 o D ikt + 7,57 D ikt Ul Fol fl1) - (1.13)

In the (1|(f|Ho|fx)|1) term the contribution from the interaction part in the Hamilto-
nian, —gfl (l;T + b), goes high order and is neglected. The only relevant contribution is
(1|(fm|Hgas|fi)|1). Off-diagonal elements are (1|(fu|Hgus|fi)|1) = hmk so that resulting

. . . . . 2
corrections to the renormalized Hamiltonian are proportional to (hf)il)z and are therefore
(<

negligible in the @,; — co. Diagonal elements instead are (1|(fin|Hgas| fin)|1) = Amm + 1001 ~

. 2 . .
ha,;. Corresponding terms turn out o< %l and must be retained, leading to

2
7 g
(filH|f;) :hij—@;.uik.ukj (1.14)
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Having defined g = \/hi@,;r.; /2, the above equation reduces to Equation 1.15.

Tel »2
S B

We underline that the AA Hamiltonian is obtained via a perturbative expansion on 1/ ®,;

Hyp = Heyg — (1.15)

and therefore is the exact AA Hamiltonian relevant to the @,; — o limit, irrespective of the

strength of the solute-solvent interaction. Consistently with the separation of the solute-

), 444647
b

solvent dynamics, we then adopt an AA approach (Figure 1.1 setting @,; — oo to

obtain the above Hamiltonian in Equation 1.15.
This equation applies to quasi-linear molecules, its analogous for 3D structures has fi2

substituted by fi2.
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1.3 Environmental Effects on Excitation Energy

An antiadiabatic approach is proposed to model how the refractive index of the surround-
ing medium affects optical spectra of molecular systems in condensed phases. We de-
scribe the solute-solvent interaction in the dipolar approximation: the solvent generates at
the solute location an electric field (the reaction field) which, in turn, is proportional to
the solute dipole moment. This self-consistent model set the basis to understand solva-

43.48 4449551 and was used to discuss PCM

tochromism, was adopted in parametric models,
implementations. >, To validate our view on antiadiabatic approach, following a similar
strategy as in ref. 52, a few state model (FSM) is defined for the four molecules in Fig-
ure 1.2. DANS and RD are polar (electron-donor-acceptor, DA) dyes showing positive and
negative solvatochromism, respectively.>>* Q1 and Q2 are quadrupolar (DAD) dyes: both
have negligible polarity but Q1, of interest for non-linear optics,>' has a sizable transition
dipole moment to the first excited state, while Q2, of interest for thermally activated delayed

fluorescence,> has a negligible transition dipole moment.

Figure 1.2: The molecules considered in this chapter. The arrows mark the direction of the
main component of the dipole moment operator.*> DANS (dimethylamino-nitrostylbene)
and RD (the Reichardt dye) are polar dyes; Q1 (a fluorinated bis-alkylaminostyryl deriva-
tive) and Q2 (3,7-bis(10H-phenothiazin-10-yl)dibenzo[b,d]thiophene-S,S-dioxide) are rep-

resentative quadrupolar dyes.

1.3.1 Computational Details

Quantum chemical calculations have been perfomed for the four molecules in Figure 1.3
(see also Figure 1.2) in gas phase using the Gaussian16 program suite.’® Specifically we
have performed TD-DFT calculation using the CAM-B3LYP functional and the 6-31G(d)

basis set. Vertical energies and eigenstates are calculated at the equilibrium geometry es-
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DANS RD

Figure 1.3: The ground state geometry (gas phase) of the four molecules considered in this
work. The long arrow marks the direction of the main component of the dipole moment

operator.

timated for the ground state (same functional and basis set). The first 3 eigenstates (the
ground state and the lowest two singlet excited states) are typically used to construct the
few-state model. On this basis the gas-phase Hamiltonian is clearly diagonal. The matrix
elements of the main component of the dipole moment operator are calculated on the same
basis using the program Multiwfn (http://sobereva.com/multiwfn/), feeded with the Gaus-
sian outputs. For the non-adiabatic calculation we account for three boson states, having

checked that the inclusion of additional states does not affect the results.

Table 1.1 shows all molecular parameters entering the FSM for the four considered
molecules. Only the main component of the dipole moment operator is considered. The
largest values of the matrix elements of I directed along orthogonal directions and hence
neglected in the calculation are: DANS L17,=0.57 D, RD u»3=2.59 D; Q1 u;,=0.25 D, Q2
U22=1.80 D. In the worst case (RD), the largest neglected matrix element of the dipole

moment operator is less than 1/5 of the leading term.

Figure 1.4 shows the energies calculated for the four molecules either in the NA or AA
approaches selecting a smaller (2) or a larger (4) basis of electronic states. Indeed for the
quadrupolar dye, three states are the minimum needed to obtain sensible results and in this

specific case only results obtained for 3 and 4 states are compared.
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Figure 1.4: Comparing NA (left panels) and AA (right panels) transition energies calculated

in the few-state model accounting for 2, 3 and 4 states. The 2-state results are not reported

for Q1 and Q2, since at least three states are needed to capture the physics of quadrupolar

dyes.
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DANS RD Q1 Q2
E(eV) 0.00 000 000 0.0
ExeV) 352 167 337 3.6
Es(eV) 4.00 251 415 3.68
wiMD) 938  14.82  0.00 0.00
D) 2595 —3.75  0.00 0.00
u3D) 575 345 0.00 0.0
uo@D)  9.64 655 14.08  0.00
pi3D) —0.03  0.00 0.00 0.00
D)  0.04 038 1444 21.97
ap(A) 533 633 585 6.12

Table 1.1: Molecular parameters entering the FSM. Dipole moment matrix elements and

transition energies are obtained from gas phase calculations

1.3.1.1 Antiadiabatic and Exact Diagonalization

The matrix elements of the dipole moment operator are calculated by Multiwfn software.>’

Figure 1.5 compares the molecular properties calculated in the AA approximation and upon
exact diagonalization, ED, of Hy (Equation 1.7) setting ii@,; = 6 or 20 eV. Results are plotted

against f(&,,), estimated for each molcules setting « to the relevant Onsager radius. ¥

Results in Figure 1.5 confirm that the AA Hamiltonian in Equation 1.15 represents the
@,; — oo limit of the non-adiabatic Hamiltonian in Equation 1.7. Moreover, with the no-
table exception of Q1, results are marginally affected by the specific @,; value, suggesting
that effective solvation models are reliable even for solvents with comparatively low-energy
excitations (for most organic media 6 eV represents the absorption cut-off, but the absorp-
tion maxima are located at much higher energies*). For Q1, a highly polarizable dye,
the solute/solvent separation is more delicate and should be considered with care in largely

polarizable environments.

The ground state dipole moment of the two polar dyes, DANS and RD, smoothly in-
creases with f(€,,), due to the stabilization of polar states in condensed media. For DANS,
a polar dye with a neutral ground state, this implies an increase of the transition dipole mo-

ment and a decrease of the transition frequency*%->3

, while the opposite occurs for RD, a
dye with a zwitterionic ground state.** Quadrupolar dyes, Q1 and Q2, have vanishing per-
manent dipole moment, but the solvent polarizability is responsible for a sizable decrease

of the transition frequency.
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Figure 1.5: Top panels: for the two polar dyes the ground state dipole moment i, the
transition dipole moment L1, and the transition energy AE are reported vs f(&,,). Bottom
panels: for quadrupolar dyes the transition dipole moment (1, and the transition energy AE
are reported vs f(€,,). Black lines refer to AA results, magenta lines show ED results,
obtained for @,; =6 and 20 eV (dotted and dashed lines, respectively). For Q2 all lines are

superimposed. The shaded area marks the region where most organic solvents are located.
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1.3.1.2 Antiadiabatic vs Adiabatic methods

Current implementations of effective solvation models adopt the adiabatic approximation
to deal with fast solvation. Three different implementations of PCM are currently available
in the Gaussian package,® named linear response (LR), corrected linear response (CLR)
and external iteration (EI). In all cases, the calculation starts with a reference (initial) state
with equilibrated fast and slow solvent DoF, and a final state, defined in different ways in
the three approaches. 3-8

LR represents the default approach in TD-HF and TD-DFT calculations. In LR, ex-
citation energies are determined directly as singularities of the frequency-dependent linear-
response functions of the solvated molecule in the ground state, avoiding explicit calcula-
tions of the excited state wavefunctions, leading to a fast and computationally convenient
approach. Specifically, defining the frozen-solvent transition energy as the transition en-
ergy calculated maintaining the fast and slow solvent DoF equilibrated to the reference
state (the ground state for absorption, the excited state for emission), LR corrections are
applied that only depend on the transition dipole moment between the reference and the
final state. While computationally convenient, LR does not account for the variation of the
charge distribution in the solute upon excitation, and therefore its use for CT transitions is
not recommended. >

State-specific approaches were then proposed, accounting for the variation of the so-
lute charge distribution upon excitation. Specifically, in EI, the fast DoF of the solvent are
equilibrated to the excited state charge density, in a self-consistent procedure. *>° The non-
equilibrium transition energy is then computed as the difference between the energy of the
final state and of the initial state, both states being obtained with the fast solvent DoF equili-
brated for the relevant state (for polar solvents slow solvent DoF are maintained fixed to the
equilibrium value for the ground state, when referring to absorption processes, and to the
excited state when referring to emission). It is important to underline that in EI two different
potentials for the ground and the excited states are considered in an effort to account for the
fast relaxation of the solvent DoF. However the approach is still strictly adiabatic, as each
Hamiltonian is defined and diagonalized for a specific constant potential. Moreover, since
transitions are computed between eigenstates obtained from the diagonalization of different
Hamiltonians, the calculation of fundamental spectroscopic properties such as the transition
dipole moments is precluded.3%-%°

CLR bridges the gap between LR and EI and represents a perturbative approximation
to EL31"% As in LR, the zero-order transition energy is calculated as the frozen-solvent
transition energy. Corrections are then applied that depend on the variation of the charge
distribution upon excitation. According to Ref. 61 the correction is computed by consider-

ing the orbital response to the excitation of interest, in turn obtained as the solution of the
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Kohn—-Sham Z-vector equations (relaxed density). CLR relies on a first order perturbative
approach, so that corrections only apply to the energies, while wavefunctions are not af-
fected. Transition dipole moments are therefore accessible and indeed coincide with those
obtained in LR. However, CLR represents just a linear perturbative approximation to the
complete EI calculation, and, apart from computational convenience, it is unclear why a
linear perturbative treatment should be used rather than a nominally exact calculation.

For comparison purposes, we solve the Hamiltonian in Equation 1.7 in the adiabatic ap-
proximation, adopting the same strategies as implemented in Gaussian16.%° The first step
is the calculation of the ground state obtained upon diagonalization of the adiabatic Hamil-
tonian with F,; fixed at the ground state equilibrium. Top panels of Figure 1.6 compare the
adiabatic and AA estimates of DANS and RD permanent dipole moments (Q1 and Q2 have
vanishing dipole moment). The adiabatic approximation fails already in the calculation of
the ground state. In particular, the adiabatic approximation underestimates the increase of
the ground state dipole moment of DANS in condensed media. Indeed, the ground state

t.73 The reaction

dipole moment of DANS is smaller than its excited state dipole momen
field equilibrated at the ground state is therefore small and more polar states than the ground
state are less stabilized in the adiabatic approximation than in the AA approach where each
state is stabilized by the interaction with its own reaction field. The opposite occurs for RD,
whose dipole moment is larger in the ground than in the excited state.>*

Turning attention to spectral properties, in the LR approach the transition energy is

calculated from the vertical transition energy, AEQ(?) (see Figure 1.1) as follows: 82°

AELR = AEY) — 1y |11 |2 (1.16)

The LR transition energy in Figure 1.6 compares well with the AA result only for DANS.
In general the LR energies are not accurate since they do not account for the variation of the
solute polarity upon excitation. 2830

To improve on LR, state specific approaches were introduced.3%3!* Among them, the
EI approach equilibrates the fast solvation field around the excited state and calculates the
transition energy as the energy difference between the equilibrated excited and ground states

(Figure 1.1).3°

Calculated EI energies always deviate considerably from AA results. More
fundamentally, EI suffers from a basic flaw when applied to fast solvation, since the op-
timized ground and excited states are eigenstates of two different adiabatic Hamiltonians,
thus precluding the calculation of transition dipole moments. The CLR approach circum-
vents this problem only accounting for perturbative corrections to transition energies, while
maintaining the wavefuntions unperturbed. In CLR the correction to the transition energy

is proportional to the square of the variation of the dipole moment upon excitation:3!-344

re
AESHR = AEY) — 2 (i — ) (1.17)
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Figure 1.6: The same as in Figure 1.5 but comparing AA results (black line) with adiabatic

results (colored lines). The ground state dipole moment (11 (red line with dots) is the same

in all adiabatic implementations. The transition dipole moment (i, is undefined in EI, and

is the same for LR and CLR approaches. For transition energies, the dotted red lines show

the vertical excitation energy, the continuous red lines show LR results, the continuous red
lines with dots show CLR results, the blue line show the EI results. For DANS LR and

CLR energies are almost superimposed. For Q1 the vertical excitation energy, CLR and EI

energies are coincident. For Q2 all adiabatic energies but EI are superimposed. The shaded

area marks the region relevant for organic solvent and matrices.
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The CLR estimate of the transition energies is good for the two polar dyes, whose solva-
tochromic shifts are governed by the variation of the molecular dipole moment upon exci-
tation.*® Some error cancellation on the two dipole moments cleary enters into play here,
since, as disussed above, the adiabatic estimate of the ground state dipole moment is poor.

Adiabatic approaches fail in the most striking way for the quadrupolar dyes, Q1 and
Q2. These dyes have a negligible polarity and therefore have vanishing CLR corrections.
The sizable transition dipole moment of Q1 leads to a sizable LR correction, indeed largely
deviating from AA results. Q2 instead has a negligible transition dipole moment, then for
this dye both LR and CLR corrections vanish. Neither LR nor CLR reproduce the excited
state stabilization of Q2 due to the medium refractive index. The solvent polarizability
indeed stabilizes instantaneous charge fluctuations in the solute, an effect that cannot be
appreciated in any adiabatic approach to fast solvation.

To validate the proposed FSM adiabatic results in Figure 1.6 are compared with analo-
gous results from TD-DFT calculations for solvated dyes adopting the adiabatic implemen-

tations of PCM in Gaussian16.°® We discuss this in next Section.

1.3.1.3 Solvated Dyes: Comparison between Adiabatic FSM and TD-DFT Results

In order to compare adiabatic results obtained adopting the FSM with TD-DFT results we
have performed a series of TD-DFT (PCM model for solvation) calculations on the four
solvated molecules. Calculations were run for different €,,,, setting €, = &,,; to suppress
polar solvation contributions, using the same functional and basis set as for the definition of
FSM model. The LR transition energies and dipole moments are obtained as default output
in TD-DFT calculation for solvated dyes (PCM). The CLR transition energies were obtained
following the approach proposed by C. Guido and S. Caprasecca (details are provided in ref.
62). The vertical transition energy in the adiabatic calculation, AEE?), is obtained by running
a CLR calculation asking for extra information in the log file. The EI transition energies are
obtained following the procedure suggested in J.B. Foresman and AE Frisch in ref. 63.
Figure 1.7, 1.8, 1.9 and 1.10 compare adiabatic results obtained for the four molecules in
FSM and TD-DFT. A precise correspondence of FSM and TD-DFT results is not expected
since FSM offers a simplified description of the electronic molecular structure and of the
solute-solvent interaction. Specifically, apart from limiting attention to just few electronic
states, the solute-solvent interaction is described in the dipolar approximation. In PCM in-
stead a more detailed and realistic electrostatic potential is considered to describe the effect
of the solvent on the solute. Therefore, the FSM values of f(&,,;) do not compare directly
with PCM TD-DFT values. With these caveats in mind, results shown in Figure 1.7, 1.8,
1.9 and 1.10 confirm that FSM captures the main physics of these systems. Specifically, for

all dyes a reasonably good agreement is found between adiabatic FSM and TD-DFT. Some
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Figure 1.7: Adiabatic results for DANS. Left panels:
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Figure 1.8: Adiabatic results for RD. Left panels: FSM results (the same as in Figure 1.6).
Right panel: TD-DFT results.
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Figure 1.9: Adiabatic results for Q1. Left panels: FSM results (the same as in Figure 1.6).
Right panel: TD-DFT results.
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Figure 1.10: Adiabatic results for Q2. Left panels: FSM results (the same as in Figure 1.6).
Right panel: TD-DFT results.
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discrepancy is observed for RD, a zwitterionic dye with a large ground state dipole moment.
This results in large solvation potentials whose FSM description in terms of a reaction field
may lead to a FSM adiabatic ground state very different from the corresponding TD-DFT
state, with effects that propagate in all adiabatic results.

More interestingly, TD-DFT calculates sizable small but finite CLR corrections for Q1
and Q2. Since these molecules have vanishing polarity both in the ground and excited
states, these corrections must be ascribed to quadrupolar and higher order terms in the
solute-solvent interactions. Quadrupolar and higher-order interactions are disregarded in
the proposed FSM implementation where the solute-solvent interaction is described in the
dipolar approximation. While it is certainly possible extend FSM to multipolar terms, our
results demonstrate that current implementations of continuum solvation models do not cap-
ture the effect of the leading (dipolar) interaction term on the transition energies of non-polar
dyes.

The comparison confirms that the adopted FSM captures the basic physics of our sys-
tems. The only interesting observation is that sizable CLR corrections to the transition
energies of the two quadrupolar dyes are calculated in TD-DFT. Since Q1 and Q2 are non-
polar, these corrections are due to quadrupolar and higher order terms in the solute-solvent
interactions, that are fully disregarded in our model. However, the important point here is
not the quality of the dipolar approximation. Indeed our results demonstrate that the adia-
batic approximation fails in the most dramatic way to describe fast solvation since it cannot

account for the first order (dipolar) corrections to the transition energy of non-polar dyes.

1.3.2 Discussion

The limits of current implementations of continuum solvation models are known, 2?3134

here we demonstrate that they are rooted in the adiabatic treatment of fast solvation. Adopt-
ing different approximation schemes (LR, CLR, EI, etc) for the calculation of transition
energies cannot cure the basic problem: the adiabatic approximation does not account for
the fast fluctuations of the solvent electronic clouds in response to the charge fluctuations in
the solute and therefore cannot provide a reliable description of the effects of the medium
refractive index on molecular properties and spectra. This problem, addressed here with
specific reference to continuum solvation models, affects more generally all effective solva-
tion models where the solvent is described classically, including the QM-MM approach. In
QM-MM, even when accounting for the polarizability of the medium, a state-specific adi-
abatic Hamiltonian is defined for the solute and is diagonalized in the presence of a frozen
potential due to the surrounding medium.

Effective solvation models must rely on an AA description of environmental electronic

degrees of freedom, leading to a renormalized AA molecular Hamiltonian that accounts for
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the instantaneous response of the solvent electronic clouds to charge fluctuations in the so-
lute. The eigenstates of the AA Hamiltonian directly enter the calculation of optical spectra,
without the need to invoke state-specific Hamiltonians, quite naturally solving the conun-
drum of calculating transitions between states obtained upon diagonalization of different
Hamiltonians.

Once fast solvation is accounted for in the AA Hamiltonian, polar solvation can be dealt
with in the adiabatic approximation. For this application EI,*" leading to formally exact
results, is more accurate than either LR or CLR approaches, based on perturbative expan-

3134 Optical transitions occur vertically with respect to slow degrees of freedom.%*

sions.
Accordingly, the eigenstates involved in the absorption process are obtained diagonalizing
the adiabatic Hamiltonian with the potential due to slow solvation fixed to the ground state
equilibrium value. Similarly, the states involved in fluorescence are obtained diagonalizing
the adiabatic Hamiltonian with the slow-solvation potential equilibrated to the lowest ex-
cited singlet. In either case, transitions are calculated between states that are obtained from
the diagonalization of the same EI Hamiltonian. The issue of incongruent eigenstates, af-
fecting EI when applied to fast solvation, does not show up in dealing with polar solvation,
for which the adiabatic approximation works well.

Extending the model to multipolar terms in the solute-solvent interaction is certainly
feasible, but we believe that, having properly framed the problem of fast solvation, reliable
AA effective Hamiltonians will be developed towards realistic and detailed descriptions of
the molecular systems. The GW-Bethe-Salpeter Equation formalism coupled to continuum

solvation models39:63-60

is promising in this respect, but the development of reliable ap-
proaches to fast solvation to be implemented into popular TD-DFT computational codes is
highly desirable.

In next Section 1.4 we discuss the failure of currently implemented continuum models
focusing on TADF dyes. Several approximation schemes were proposed to mitigate the
issue, but we underline that the adiabatic approximation to fast solvation is inadequate and

cannot be improved, rather it must be abandoned in favour of an antiadiabatic approach.
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1.4 Environmental Effects on Singlet-Triplet Energy Gaps

In this section we focus on effects of enviroments for TADF dyes. As discussed before,
the effective design of dyes optimized for thermally activated delayed fluorescence (TADF)
requires the precise control of two tiny energies: the singlet-triplet gap, that has to be main-
tained within thermal energy, and the strength of spin-orbit coupling. A subtle interplay
among low-energy excited states having dominant charge-transfer and local character then
governs TADF efficiency, making models for environmental effects both crucial and chal-
lenging.

With reference to TADF dyes, we show how current implementations of continuum
solvation models do not properly address environmental effects on the singlet-triplet gap,
with results that wildly depend on the adopted approximation scheme and lead, in some
cases, to an inversion of the order of the lowest singlet and triplet states. In Section 1.4.2 we
briefly introduce the three available implementations of continuum solvation model (PCM)
in Gaussian package. In Section 1.4.2 we report results obtained with the three approaches
on 6 different TADF dyes. In section 1.4.3 we demonstrate that the observed inversion
of the singlet and triplet states is indeed a spurious result obtained imposing the adiabatic

approximation to fast solvation. Finally, the last Section puts main results in perspective.
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Figure 1.11: Molecules considered in this work. Al: PO-TXO2. A2: DPO-TXO2. BI:
2-PTZ-DBTO2. B2: DPTZ-DBTO2. C1: PTZ-DBTO2. C2: 3,7-DPTZ-DBTO2. In all

molecules red and blue color refer to the donor and acceptor groups, respectively.
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1.4.1 Computational Details

In this chapter, we consider three dipolar TADF emitters (A1, B1 and C1) and their quadrupo-
lar counterparts (A2, B2 and C2 respectively), as shown in Figure 1.11. For each emitter,
single point TD-DFT calculations on the optimized ground state geometry are performed
to obtain excitation energies (in the Tamm-Dancoff approximation),®’ both in gas phase
and accounting for non-equilibrium solvation in PCM. All DFT and TD-DFT calculations

1.6 The optimized ground state structures of A2, B2

are performed using Gaussian 16 B.0
and C2 are obtained at the B3LYP/6-31G(d) level. Ground state geometries for A1, B1
and C1 are obtained substituting one of the donor units with an hydrogen atom. TD-DFT
calculations are performed at the M06-2X/6-31G(d) level imposing the Tamm-Dancoff ap-

proximation.

1.4.1.1 Choice of the Functional

The choice of functional is a delicate issue for TADF molecules. Singlet-triplet (AEgy)
energy gaps as well as relative position of localised (LE) and charge transfer (CT) states
largely depends on the chosen functional. Range-separated functionals were recently pro-
posed to solve this issue.®®%” We selected LC-@PBE functional and found optimal @ (*)
for all dyes (listed in Table 1.2). Technical details about optimal @ computing could be
found in Appendix A.7°

o* (Bohr™ 1)
Al 0.1960
A2 0.1838
B1 0.1977
B2 0.1816
C1 0.1969
C2 0.1825

Table 1.2: Optimal @ values for dyes obtained using LC-@PBE functional.

We have obtained excitation energy using LC-wPBE and compared values with B3LYP,”!
MO06-2X7? and CAM-B3LYP’s”? output. Tamm-Dancoff approximation was used always
for all excited state calculation.’* Figure 1.12 shows excitation values with different func-
tionals for all six dyes. For all molecules, B3LYP largely underestimates the energies of CT
states and CAM-B3LYP overestimates them. In case of M06-2X, excitation energies are
slightly overestimated compared to LC-wPBE’s values. Moreover, M06-2X gives similar
trend of state energies (relative positition of LE/CT) compared to LC-wPBE. Therefore we
selected M06-2X functional for our studies. We underline that M06-2X was also reported
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previously as a good functional for TADF molecules. ”
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Figure 1.12: Excitation energies for dyes using different functionals - B3LYP (green),
CAM-B3LYP (grey), LC-w*PBE (red), M06-2X (blue). Shaded area contains charge-
transfer (CT) states and non-shaded area contains localized states (LE) with singlets (filled)

and triplets (open), respectively.

1.4.1.2 Excitation Energies in Natural solvent under PCM

As discussed in Section 1.3, the ground state properties of the solute are not properly ad-
dressed when the adiabatic approximation is adopted to fast solvation. Three different im-
plementations of PCM are currently available in the Gaussian package,® named LR, CLR
and EI.3>38 Since in current PCM implementations the ground state geometry is optimized
in this approximation, leading to unreliable results, all data below are obtained for the opti-
mized geometry in gas phase (see Figure 1.13). We have calculated excited states in natural
solvent. Inconsistency and inversion of excited states are encountered under different sol-
vation approaches.

Moreover, in order to exclude any contribution from polar solvation, we consider cus-
tom non-polar solvents, setting the static dielectric constant equal to the squared refractive
index. Calculations are repeated for different values of the refractive index, 1. Results are
displayed as a function of f(n?) = (n?—1)/(2n%+ 1), the region corresponding to most
organic solvents and polymeric hosts covering the 0.175 < f (nz) < 0.225 interval. We

discussed this in next section.
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Figure 1.13: Excitation energy using different solvation formalism of dyes under PCM

(Solvent: methylcyclohexane, chloroform)
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1.4.2 Computational Results

14.2.1 PO-TXO2 (A1) and DPO-TXO2 (A2)

Al and A2 are TADF emitters with dipolar (D-A) and quadrupolar (D-A-D) structure, re-
spectively, where A is 9,9-dimethylthioxanthene-S,S-dioxide (TX02) and D is the phenox-
azine (PO) group. The optimized ground state structure has the D and A moieties almost
orthogonal. Both A1 and A2 have a negligible permanent dipole moment. Figure 1.14
shows the f(n?)-dependence of the transition energies for the first few excitations of both
molecules, calculated in the different implementations of PCM, discussed above. The na-
ture of each state is defined with reference to the natural transition orbital (NTO), displayed
in Figure B.1 and B.3 (Appendix B).

In gas phase, the lowest triplet excitation of Al at 3.389¢V is fully localized on the
donor and has a negligible dipole moment; we call it >LEp. The second triplet at 3.487eV
and the lowest singlet at 3.504eV are instead almost pure CT states, labeled *CT and 'CT,
respectively, and have a large permanent dipole moment oriented along the CT axis (see Ta-
ble B.1 in Appendix B). Increasing f(n?), LR excitation energies marginally increase due
to the solvent stabilization of the ground state, without any significant effect on the energies
of the excited states. CLR and EI give qualitatively different results from LR: indeed al-
ready in non-polar solvents both approaches point to a different nature of the lowest excited
triplet that becomes a CT state rather than an LE state. This has enormous spectroscopic
consequences, >~’7 and it is important to realize that LR, the default approach to solvation,
gives the wrong order of excited states for TADF dyes. In fact, not accounting for the large
charge reorganization upon CT excitation, LR does not capture the large stabilization of CT
states when going from gas-phase to condensed phases, leading to unreliable results already
in non-polar media. On the other hand, CLR and EI lead to wildly different results, with
energy differences ~ 0.5eV for typical f ( 172) values for organic media. CLR and EI results
for the energy gap between the lowest singlet and triplet states, AEsy, are similar, even if
largely different from the LR result.

In A2, the number of relevant excited states doubles with respect to A1, as symmetric
and antisymmetric CT and LEp states enter into play. In gas phase, the lowest triplets
(~ 3.39¢eV) are two degenerate states localized on the donors, *LEp, while CT states are
at higher energies: a pair of almost degenerate triplets, >CT, at ~ 3.42eV and a pair of
singlets, 'CT, at 3.428eV and 3.436eV. Despite the different structure and higher number
of excited states, the dependence of LR, CLR and EI transition energies on f(n?) (Figure
1.14, right panel) can be explained in a similar way as for A1, with the caveat that EI and
CLR corrections are due to the variation of the molecular quadrupolar moment of A2 upon

excitation. Once again, AEgr results from CLR and EI calculations are similar but largely
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Figure 1.14: Results for A1 (left) and A2 (right) molecules. Top panels: excitation energies
vs f (172) for states 'CT (blue), 3CT (red), *LEp (green). Bottom panels: the calculated
energy gap between the lowest singlet and triplet states. In all panels solid lines refer to LR,

symbols refer to CLR, dashed lines refer to EI.
different from LR results.

14.2.2 2-PTZ-DBTO2,2,8-DPTZ-DBTO2 (B1 and B2) and 3-PTZ-DBTO2, 3,7-DPTZ-
DBTO2 (C1 and C2)

B1 and B2 have been extensively studied both from a theoretical and experimental
perspective.”>’® The D and A units (phenothiazine, PTZ, and dibenzo[b,d]thiophene 5,5-
dioxide, DBTO, respectively) are connected as shown in Figure 1.11. In the optimized
ground state, D and A moieties lie on nearly orthogonal planes. Results for B1 and B2 are
displayed in Figure 1.15. Several states must be considered for these systems. In fact the gas
phase NTO and MO analysis (Figure B.4 and B.5) reveals that B1 lowest triplet (3.493eV)
has a predominant CT character, so that we dub it as >CT, but with a non-negligible con-
tribution from a local state. The next triplet, 3LE,, at 3.604 ¢V, is almost entirely localized

on the A unit. The lowest singlet state at 3.607¢eV, !CT, is a pure CT state, with a large
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Figure 1.15: Results for B1 (left) and B2 (right) molecules. Top panels: Calculated excita-
tion energies vs f (nz) for states 'CT (blue), 3CT (red), 3LE, (black),’LEp (green). Bottom
panels: the calculated energy gap between the lowest singlet and triplet states. In all panels

solid lines refer to LR, symbols refer to CLR, dashed lines refer to EI.

permanent dipole moment aligned approximately along the DA axis. The third triplet at
3.753eV is a localized excited state on the D unit, *LEp state, with a non-negligible CT
character. As before, the LR corrections to the excitation energies are minor for all states, in
view of the very small transition dipole moments of relevant excitations. On the opposite,
CT states are largely stabilized in CLR and EI but, as before, the two approaches yield very
different results.

B2 is the quadrupolar counterpart of B1 and more states enter into play. However, the
nature and relative energies of the states in gas phase is similar in B1 and B2. The lowest
triplets (=~ 3.41eV) are mostly >CT, but have a non-negligible LE component, as shown
from the NTO analysis (Figure B.6 in Appendix B). Interestingly, the low energy triplet
in B2 has a larger CT character than in B1. The next triplet at 3.580eV is localized on A.
The pair of degenerate *LEp, states at = 3.70eV has a non-negligible CT component. The
lowest singlets, 'CT, at 3.473eV and 3.484¢eV are essentially pure CT states.
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Figure 1.16: Results for C1 (left) and C2 (right) molecules. Top panels: Calculated ex-
citation energies vs f(n?) for states !CT (blue), *CT (red), ’LE4 (black), *LEp (green).
Bottom panels: the calculated energy gap between the lowest singlet and triplet states. In

all panels solid lines refer to LR, symbols refer to CLR, dashed lines refer to EI.

As already discussed, LR corrections are negligible due to the very small transition
dipole moments in TADF dyes. In CLR, corrections to the 3LEA and 3LEp states are also
negligible. On the other hand, *CT and 'CT states are stabilized as the transitions occur with
a significant change in the charge distribution. However another serious problem emerges:
both CLR and EI show an inversion in the order of the lowest singlet and triplet states. In
other terms, according to these calculations, the lowest excited state of both B1 and B2
dissolved in an organic non-polar medium would correspond to a singlet and not to a triplet
state. As discussed below, this result originates again from the mishandling of fast solvation.
In B1, the lowest triplet has dominant CT character but with a sizable contribution from the
triplet excitation localized on A, while the lowest singlet state is an almost pure CT state.
The variation of the charge distribution upon excitation is therefore larger for the lowest
singlet than for the lowest triplet excitation, leading to a larger stabilization of the singlet

state with respect to the triplet state, with an effect that is most apparent in CLR. Indeed
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in CLR the nature of the states is frozen, while in EI the nature of the states changes in
the iterative process. Specifically, in our case, during the EI iterations the weight of the LE
component in the lowest triplet state decreases, reducing AEsr, that stays small but negative.
In any case, the three implementations of the solvation model lead to very different values
for AEgr. Due to the larger CT component in 3CT states in B2 with respect to the same
state in B1, the singlet-triplet inversion occurs at larger f (nz) values.

C1 and C2 are very similar to B1 and B2, respectively, as they share the same D and
A units, even if connected in a different way. Result in Figure 1.16 are self explanatory
now. NTOs (see Figure B.7 and B.9 in Appendix B) show a smaller mixing of local and
CT triplet states than observed in B1/B2. Accordingly, for both C1 and C2, 3CT states have
a larger weight of CT character than for B1 and B2, resulting in larger charge separation.

However, negative AEsr are observed again with most prominent effects in CLR.

1.4.3 Antiadiabatic Approach to Singlet-Triplet Energy Gap

The scattering of the results obtained in the three current PCM implementations available
in Gaussian package, the impossibility to calculate the transition dipole moment in the for-
mally exact EI approach, addressed by limiting the analysis to first order perturbation theory
in CLR, clearly point to some fundamental problem in solvation models, that can be traced
back to the adiabatic approximation, as discussed in Section 1.3. To demonstrate that also
the singlet-triplet inversion calculated in CLR and EI for some dyes in non-polar solvents is
a spurious effect resulting from the adiabatic approximation to fast solvation, we focus on
B1 dye and compare adiabatic and AA results.

At present, AA implementations of PCM are not available, therefore, following the
previous approach, we adopt a simplified model for the solvated molecule that relies on
the dipolar approximation to describe the solute-solvent interaction and on the choice of
a small electronic basis. With these approximations, we build a model that can be solved
both in the adiabatic and in the AA approximation to fast solvation, allowing for a stringent

comparison of the two approaches.

1.4.3.1 Few-State Model: LR, CLR and EI Approaches

To address the AA problem, we define a few state molecular model, writing the Hamiltonian
in Equation 1.15 on the basis of the eigenstates of the gas-phase Hamiltonian. Specifically,
we neglect spin-orbit coupling and consider two independent subspaces formed by the first
n singlets and the first m triplets, as obtained from the TD-DFT calculation for the gas-
phase molecule. On this basis Hy, is clearly diagonal. The dipole moment matrices were
obtained using the MULTIWFN software. '8 Results of course depend on the number of states

included in the basis sets and, since the diagonalization is performed independently in the



1. Environmental Effects on Excited States 43

singlet and triplet subspaces, it is important to consistently choose the number of states in
the two subspaces. Setting the same small number of states in both subspaces (Figure 1.17)
indeed gives rise to the crossing of singlet and triplet states. The reason for this result is
easily recognized in a basis that spans a much wider energy interval for the singlet vs the
triplet subspace. Increasing the number of triplet states, so that the same energy window is
roughly spanned in both subspaces, leads to more reliable results. Data in Figure 1.17 show

that spanning a range of ~ 6 eV with 17 singlets and 26 triplets leads towards convergence.
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Figure 1.17: Antiadiabatic approach to fast solvation. Panels a, b and c: Transition energies
of excited singlet (black) and triplet (red) states of B1 as a function of f (nz). The three
panels refer to results obtained truncating the electronic basis to the first (a) 10 singlet and
10 triplet states; (b) 10 singlets and 20 triplets; (c) 17 singlet and 26 triplets. Panel d:
AEgr as a function of f (nz) computed in the antiadiabatic approach for different number

of excited singlet and triplet states as denoted in the legend.

In the LR approach the transition energy from the ground state, 1 to the j-th state is
calculated from the frozen solvent transition energy, AEJ(.(I)) as follows:

0
AEHR = AE — | (1.18)

In CLR the correction to the transition energy is proportional to the square of the varia-

tion of the dipole moment upon excitation:

.
AEG = AE[) _E(ﬂjj—ﬂll)z (1.19)

The EI approach equilibrates the fast solvation field around the excited state and cal-
culates the transition energy as the energy difference between the equilibrated excited and
ground states.

Right panels of Figure 1.18 collect AA results for B1, obtained setting the cavity radius
to the Onsager’s radius, a = 5.44 A. These results clearly point to an excitation spectrum

where the transition energies for the state with CT character (either singlet or triplet) are
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Figure 1.18: Comparison between adiabatic and AA results (left and right panels, respec-
tively) for B1 in the few state model accounting for 17 singlet and 26 triplet states. Top
panels: Calculated excitation energies vs f(n?) for states 'CT (blue), *CT (red), >LEA
(black), LEp (green). Bottom panels: the calculated energy gap between the lowest singlet
and triplet states. In left panels (adiabatic results) solid lines refer to LR, symbols refer to
CLR, dashed lines refer to EI.

lowered due to the medium polarizability while LE states are less affected. As expected,
LR results are completely off for CT states. On the other hand, EI largely overestimates the
stabilization of CT states and CLR underestimates it (see Figure 1.15). At variance with EI
and CLR, AA results point to a normal order of excited states, with the lowest excited state

having a triplet nature.

Comparing AA results in the right panels of Figure 1.18 with PCM results in Figure
1.15 may however be misleading due to the approximations introduced to build the few-
state model adopted to run AA calculations. For a stringent comparison of AA and adiabatic
approximations, left panels of Figure 1.18 show results obtained in the adiabatic approxima-
tion (and specifically in its LR, CLR and EI variants) for precisely the same model adopted

for the AA approach (same basis set and dipole moment matrices).

The first observation is that adiabatic results in Figure 1.18 compare favourably with
PCM results in Figure 1.15, suggesting that the adopted approximations capture most of the
relevant physics. More important is however the comparison between adiabatic and AA re-

sults in Figure 1.18, relevant to the same model. Solvation effects on LE states are marginal,
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but, as for CT states, neither EI nor CLR properly capture the stabilization of either the sin-
glet or triplet states with differences in the estimated transition energies of several tenths of
eV at f(n?) ~ 2, as relevant to common organic media. Moreover, the singlet-triplet gap
decreases considerably as a result of the medium polarizability, but at variance with CLR
and EI results, it stays positive. Quite irrespective of the quality of the proposed molecular
model, results in Figure 1.18 unambiguously demonstrate that the adiabatic approach, when
applied to describe the spectroscopic effect of the medium polarizability, leads to unreliable

results.

1.4.4 Discussion

TADF dyes are particularly delicate to model since the subtle interplay between localized
and CT states makes environmental or matrix effects crucial in the definition of the tiny
energies, the singlet-triplet gap and the spin-orbit coupling, that define the system perfor-

38,39,83-90

mance. 3870.75-77.79-82 Explicit-solvent quantum-classical approaches are applied

in several papers to investigate matrix effects in TADF-dyes. Even more popular are contin-
uum solvation models, with LR, 80-8291-99 CLR % and EI implementations. '6-83:84.99,101-103
As extensively discussed here, none of these approaches properly accounts for the electronic
polarizability of the medium, leading to results that need a careful consideration.

Two main approaches are possible to separate the relevant DoF of the solute from the
solvent DoF: an adiabatic and an antiadiabatic approach. Both approaches rely on the dis-
tinctively different dynamics of solute and solvent DoF. In the adiabatic approximation, one
separates the relevant system (in our case the low-lying electronic excitations of the so-
lute, typically in the visible and near-UV spectral region) from slow solvent DoF, so that
the relevant Hamiltonian may be defined while maintaining the slow environmental DoF
fixed. Accordingly, one diagonalizes several Hamiltonians as relevant to the different con-
figurations of the slow DoF. This is indeed what is done in EI, where different molecular
Hamiltonians are defined with the solvent DoF specifically equilibrated to each state, in an
approach that is perfectly adequate to deal with polar solvation. As the name suggests, the
antiadiabatic approximation applies to the opposite case, i.e. when the DoF to be renormal-
ized away are much faster than the relevant ones. In this approximation one assumes that the
solvent DoF readjust instantaneously to the motion of the relevant DoF. Therefore, a single
Hamiltonian is defined for the relevant system in the antiadiabatic approximation. 3 This is
very well apparent if one works with a basis of diabatic states, as in ref. 104: the antiadia-
batic Hamiltonian describes a system where the fast DoF of the solvent are equilibrated to
each diabatic basis state.

Here a fairly simple implementation of the AA approximation is introduced to demon-

strate that the anomalous results obtained when the adiabatic approximation is applied to
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fast DoF are quite naturally solved when the proper approximation scheme is adopted. To
implement an AA calculation, a model is introduced, relying on a limited electronic basis
and describing the solute-solvent interaction in the dipolar approximation. Moreover, the
molecular geometry is always maintained fixed at the gas-phase equilibrium. Therefore,
AA results in the left panel of Figure 1.18 must be taken with care and we do not pretend
that they offer an accurate description of the system. Yet, the comparison with adiabatic
results obtained for precisely the same model is solid and unambiguously demonstrates that
the adiabatic approximation, implicitly adopted in all effective solvation models, leads to
unreliable results.

Of special concern here is the inversion of the lowest singlet and triplet states calculated
in the adiabatic CLR and EI implementations of PCM for some TADF-dyes. Indeed the
breaking of the Hund rule was reported in some very special molecular systems, typically
with highly symmetric structures and a very characteristic spatial separation of HOMO and
LUMO orbitals that are delocalized on the whole molecular structure. '%-1% The molecules
discussed here do not show these characteristics. Moreover, the singlet triplet inversion in
these very special structures was only observed in high quality ab initio calculation, involv-
ing at least double excitations. 1°%1% Quite interestingly, the inclusion of a standard TADF
dye in a polarizable environment was also suggested as a possible origin for singlet-triplet
inversion. %1% However these results were obtained and discussed treating the medium
polarizability in the adiabatic approximation and deserve a careful reconsideration, either
adopting the more adequate AA approximation or possibly addressing both the solute and

its surrounding medium in a fully quantum mechanical approach.

1.5 Conclusions

Several variants of continuum solvation models are discussed in the literature, 26-30-32:36.58-60

that face the problem of fast solvation from slightly different perspectives, however, with

the notable exception of early attempts, *64’

all approaches rely on the diagonalization of
molecular Hamiltonian obtained for a fixed potential from environmental charges. What-
ever choice is made for the definition of the excited states of interest for absorption and
emission processes, these methods are bound to fail, since the actual molecular states for a
molecule in a polarizable environment should all be obtained diagonalizing a single Hamil-
tonian where the environmental polarizability affects in different ways the energy of the
states of the systems and their coupling. Indeed, the adiabatic approximation leads to an
incorrect description of the molecular ground state itself.® Just as an example, in polar
dyes with a largely neutral ground state, the adiabatic approximation underestimates the

increase of the ground state dipole moment as due to the polarizability of the environment,
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simply because the equilibrium reaction field for a largely neutral ground state is small and
cannot account for the large stabilization of polar charge fluctuations.* Similarly quantum-
classical approaches with explicit solvent models do not properly account for the solvent
polarizability, even when a polarizable environment is considered. In fact in polarizable
models, one allows the charges on the solvent molecules to reorganize in response to the so-
lute perturbation, but the molecular Hamiltonian is always defined accounting for a frozen

potential generated by the surrounding charges.

While the adiabatic approximation can never be applied to electronic solvation, whose
dynamics is faster than the relevant solute DoF, the AA approximation works well when the
solvent degrees of freedom are much faster than the solute ones. The AA approximation
therefore should be considered with care when the solvent excitation spectrum comes very
close in energy to the solute spectrum, as it is the case for some matrices used in TADF
applications. For common solvents and polymeric matrices used in spectroscopy, the UV-
cutoff is typically larger (and often much larger) than 4 eV. Moreover, it must be recognized
that the UV cutoff signals the frequency where the solvent absorption starts, the relevant
absorption bands being located at much larger energy (just as an example, the water cutoff
is at 6.5 eV, but the absorption spectrum peaks at ~ 15 eV 1%, with a large UV tail that
moves the central frequency to ~ 24 eV33). In systems where the AA approximation to
fast solvation breaks down, due to similar timescales of the solute and solvent motions,
the adiabatic approximation does not represents a viable alternative. Rather, solute and
solvent degrees of freedom cannot be disentangled and one must resort to a full quantum
mechanical approach to the solute and the solvent. Along these lines, the beautiful work
reported in ref. %" for water solvated dyes, offers another independent demonstration of the
failure of the adiabatic approximation to fast solvation. In that work, a QM-MM approach is
adopted, where the potential generated in the QM region by the charges on water molecules
in the MM region is described (as usual) in the adiabatic approximation. In order to get
reliable results, the solvation sphere described by QM must include a large number of water

molecules (of the order of at least 200, depending on the solute and on the state of interest).

In the early 90’s antiadiabatic approaches were proposed for fast solvation, but never
gained traction. *>*’ Most probably, this is related to the choice of a wrong name for the ap-
proximation that was called Born-Oppenheimer rather than antiadiabatic. Indeed the Born-
Oppenheimer approximation is a specific flavor of the most general adiabatic approximation
that allows to separate slow DoF from relevant electronic DoF, through the definition of an
electronic Hamiltonian that parametrically depends on slow coordinates.*! It is true that
also slow DoF are finally treated in the adiabatic approximation, but this is only possible
after the adiabatic electronic Hamiltonian (defined for frozen slow coordinates) is diagonal-

ized. Using the name Born-Oppenheimer to address an antiadiabatic approximation, where
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instead a single electronic Hamiltonian is defined, was therefore unfortunate and may be the
reason why the strategy was not recognized until very recently as the only viable approach
to renormalize out the problem of the DoF related to fast solvation.

The term antiadiabatic, borrowed from the physics community working on polarons and

11 was used in the context of fast in 1999,%* with reference to semiem-

superconductivity,
pirical model Hamiltonians, and was proposed again in the context of quantum chemical
approaches.® Other authors have also recently recognized the value of the antiadiabatic
approach to treat fast solvation.''> Unfortunately, they stick on the Born-Oppenheimer no-
tation, that obscures the qualitatively different nature of the antiadiabatic approach with
respect to the adiabatic approximation. As extensively discussed in Ref.35 the antiadiabatic
approximation can be applied to solute DoF slower than the electronic DoF of the solvent,
typically located deep in the UV (energies much larger than 6eV): applying it to all elec-
tronic excitations in the solute is bound to fail, as also demonstrated in Ref. 112. However,
a clever choice of the basis states can be made as to renormalize only relevant DoF, and, as
the results in Figure 1.17 show for a specific example, converged antiadiabatic results can
be obtained working in an energy window well within the critical threshold for common
solvents.

Effective solvation models are of paramount importance in material science, since molec-
ular properties are largely affected by the local molecular environment. Treating the active
molecule and its environment on the same foot is a formidable task. Quantum-classical
and continuum solvation models are therefore widely adopted in the community of com-
putational chemists, physicists and material scientists. The main message of this work is a
warning to these communities: the adiabatic approximation implicitly assumed in all these
approaches to deal with fast solvation, i.e. to account for the medium polarizability, yields
uncontrolled results, exemplified here by the prediction of a singlet excited state lying at
lower energy than the lowest triplet state. The adiabatic approximation of course works
very well to deal with slow solvation DoF, including e.g. polar solvation. However it can-
not be applied to fast solvation: there is no way to improve on it. A different scheme, based

on the antiadiabatic approximation, must rather be adopted.






Appendix A

Long-Range w-tuned Functional

TD-DFT calculations based on different functionals lead to wildly different results for the
excitation spectrum of TADF dyes, particularly with reference to the AEsr value and, more
generally, in terms of relative order of CT and local excited (LE) states. 113 Range-separated
exchange functionals were suggested to solve the issue. In this approch, the range-separated
parameter (w) is optimally tuned to to get the exact exchange (eX) according to the inter-

electron distance, rj: '3

i _ 1— [(X—f—ﬁerf((x)‘r]z)] n Oc—i—ﬁerf(a)-rlz) — SRALR (A1)
r2 2 r2

where erf(x) = % 5 exp(—t?)dt and @ is range-tuning parameter.

The first term is the short-range (SR) component which is evaluated by DFT derived
from local-density or generalized-gradient approximations. The second term is the long-
range (LR) component which is evaluated by Hatree-Fock (HF). The o parameter quantifies
the amount of eX in the SR limit, and @ + 8 quantifies the amount of eX in the LR limit.
The range-separation parameter @ defines the inverse distance at which exchange terms
switch from DFT to HF. For any functional, 0 < o <1, 0<f <land0<a+f <.
We use CAM-B3LYP (o =0.19, 0+ B = 0.65), M06-2X (56% eX), B3LYP (20% eX) and
LC-wPBE (& =0, ¢ + 3 = 1) for comparison. ' '3!'* By deafult LC-PBE has a @ value of
0.4 Bohr~!.115116 Now we tune this parameter to get the optimal @ (®*) using LC-wPBE
functional.

Baer et al. proposed a nonempirical method to get optimal @ by enforcing Koopmans’

117

theorem, '’ stating that the negative HOMO energy, —eg(N), of the N-electron system

should be equal to the molecular vertical ionization potential, I/P(N) (see Figure A.1).
— e (N)=1IP®(N) (A.2)

Since, TADF molecules are donor-acceptor systems, it is useful to focus on ionization

potential (related to donor component) as well as on electron affinity (related to acceptor
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Figure A.1: Energies of molecular orbitals and its relation with ionization potential and

electron affinity.

component). The vertical electron affinity of N-electron system, EA(N) should be equal to
the negative energy of HOMO energy of anion system, —&g (N + 1) (see Figure A.1).

— e (N+1)=EA®(N) (A.3)
In optimal range-separated method, the goal is to minimize J(®) defined as:
(@) = |eB (N)+1IP°(N)[> + e (N + 1) + EA°(N)|* (A.4)

We have performed our study using LC-@wPBE Figure A.2 shows @ vs. J? curve to get
optimal w (wx) for a few representative dyes considered in different chapters in this thesis.
A detailed discussion on DMAC-TRZ is provided in Chapter 2, other dyes are discussed
in Chapter 1 (Section 1.4). Optimal @ (wx*) depends also geometry dependent. A more
detailed discussion is presented in Section 2.3 for DMAC-TRZ molecule.
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Figure A.2: @ vs. J? curve to get optimal @ (=) for a few representative dyes considered

in different chapters in this thesis. A detailed discussion on DMAC-TRZ is provided in
Chapter 2, other dyes are discussed in Chapter 1 (Section 1.4)






Appendix B
Additional TD-DFT Results on TADF Dyes

B.1 Molecular Orbitals Analysis

B.1.1 Molecule: A1

State HONTO-1 LUNTO+1

3LEp
3.389eV

Figure B.1: NTOs of A1 molecule.

3CT (78.35%)

M
|

T e |
31E, (66.16%)

Figure B.2: Molecular Orbitals of A1
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B.1.2 Molecule: A2

State

HONTO

HONTO-1 LUNTO+1

3LEp
3.389eV

3LEp
3.390eV

0.494
s

3cr
3.416eV

0.702
=

3cr
3.421eV

Icr
3.428¢eV

es)
3.436eV

Figure B.3: NTOs of A2 molecule (DPO-TXO02).
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B.1.3 Molecule: B1

State HONTO LUNTO HONTO-1 LUNTO+1
3cT 0.942
5
3.493eV °
SLE4 0911
-
3.604eV
et 0.994
Rstait
3.607eV .
3
LEp 0.913
H “
3.753eV A

Figure B.4: NTOs of B1 molecule.
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Figure B.5: Molecular Orbitals of B1
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B.1.4 Molecule: B2

State HONTO LUNTO HONTO-1 LUNTO+1
el % 2
3CT 5 0.810, > 5 0.157 >
= =25
3.407eV > >
3cr S 5 0.165 >
=
3.415eV S s
el s 0913 0
-
3.473eV >
“ k)
IcT s 0.910, s
-
3.484eV >
> > ) >
3LEA 2 0.909 Y
==
3.580eV
SLEp : 0.554 > 5 0.345 s
-2 Rt
3.702eV > > >
D) > 5
LEp 5 0.559 > s 0.342 5
= -5
3.705eV > > >

Figure B.6: NTOs of B2 molecule.
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B.1.5 Molecule: C1

State HONTO LUNTO HONTO-1 LUNTO+1

3CT P 0961 g
- AN
3.514eV

cT | e 09% @
—
3.559¢V

SLE4 % 0914 g
==
3.582eV

SLEp ,' ; 0.913 ,'
-
3.662eV

Figure B.7: NTOs of C1 molecule.
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Figure B.8: Molecular Orbitals of C1
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B.1 Molecular Orbitals Analysis

B.1.6 Molecule: C2

State HONTO LUNTO HONTO-1 LUNTO+1
3cT W 0.888
=
3.420eV » >
3cT m 0877
=5
3.438eV » >
lcT W 0.934
-
3.445eV » °
IcT m 0.932
0 >
3.465eV ] »
SLEA '”W 0914
. =5
3.549eV ° d
3LEp W 0.535 m 0374 W
) — ) E— H o
3.636eV ‘ ° ‘ ]
3LEp W 0.538 m 0372 m
3.640eV . ° . »

Figure B.9: NTOs of C2 molecule.
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B.2 Additional TD-DFT results

Selected TD-DFT results for the considered dyes (gas-phase result, M06-2X/6-31G(d)).

TD-DFT analysis are obtained using Gaussian 16 B.01.° Transition dipole moment (TDM)
and permanent dipole moments (PDM) of excited states are obtained using MULTIWFEFN

software. /8

B.2.1 Al and A2

Al | Excitation Permanent dipole Transition dipole
. energy moment (Debye) moment (Debye)
X odlne 1 P (eV) (x,y.2) (X, ¥, 2)
o So - (0.037, 2.413, 4.056) -
o’ lcr 3.389 (-17.686, 4.430, 7.033) | (-0.559, 0.041, 0.069)
¥ 3CT 3.487 (-17.214, 4.325, 6.945)
3LEp 3.389 (0.147, 2.402, 4.080)
A2 | Excitation Permanent dipole Transition dipole
energy moment (Debye) moment (Debye)
. (eV) (X, y.2) (X, y.2)
s _eglpe. ¢ S0 - (0.000, 2.179, -2.226) -
x:\ b = T . : : lcr 3.428 (0.085, 10.628, -8.565) | (-0.731, 0.000, 0.001)
:s : 1 :» 3.436 (-0.085, 10.638, -8.555) | (0.003, -0.313, 0.250)
; 3cr 3.416 (0.038, 9.261, -7.625)
3.421 (-0.022,9.612, -7.862)
SLEp 3.389 (0.039, 3.319, -3.061)
3.390 (-0.054, 2.961, -2.801)

Table B.1: TD-DFT outputs for A1 and A2. Molecules are shown with axis alongside
(hydrogens are hided for simplicity).
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B.2 Additional TD-DFT results

B.2.2 Bl and B2

B1 | Excitation Permanent dipole Transition dipole
& energy moment (Debye) moment (Debye)
Bz (V) (x, % 2) (%, Y, 2)
: : 5 » .b 2 So - (-2.501, 0.000, 2.647)
&\ *-¢ cr 3.607 (1.570, 0.000, 22.306) | (0.000, -0.048, 0.000)
3CT 3.493 (-1.028, 0.000, 12.950)
X 3LE, 3.604 (-3.039, 0.000, 2.615)
3LEp 3.753 (-0.734, 0.000, 12.745)
B2 | Excitation Permanent dipole Transition dipole
energy moment (Debye) moment (Debye)
(eV) x,y,2) x,y,2)
So - (1.673, 0.029, 0.000) -
lcr 3.473 (16.503, 1.970, 0.000) | (0.000, 0.000, 0.065)
3.484 (16.570, -1.980, 0.000) | (0.000, 0.000, 0.001)
3T 3.407 (13.131, 1.465, 0.000)
¢ 3.415 (12.978, -1.420, 0.000)
3LE, 3.580 (1.921, 0.013, 0.000)
SLEp | 3.702 (6.017, 0.433, 0.000)
3.705 (6.250, -0.433, 0.000)

Table B.2: TD-DFT outputs for B1 and B2. Molecules are shown with axis alongside

(hydrogens are hided for simplicity).
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B.2.3 C1and C2

C1 | Excitation Permanent dipole Transition dipole
energy moment (Debye) moment (Debye)
Z (eV) (X, y,2) (X, ,2)
{ So - (2.157, -0.002, 4.834)
)(::..::—} st cr 3.559 (-20.043, -0.001, 2.547) | (-0.002, -0.106, 0.000)
P 3CT 3.514 (-13.705, -0.002, 3.461)
3LE, 3.582 (2.283, -0.001, 4.985)
3LEp 3.662 (-6.139, -0.002, 4.937)
C2 | Excitation Permanent dipole Transition dipole
energy moment (Debye) moment (Debye)
(eV) *xy,2) x,y,2)
e s So - (0.000, -0.001, -3.832) -
e, [t T 3.445 (-0.134, -0.001, -2.144) | (0.003, 0.000, 0.000)
T 3.465 (0.134, -0.001, -2.192) | (0.000, 0.146, -0.001)
\ 3cr 3.420 (-0.140, -0.002, -2.373)
2 3.438 (0.141, -0.001, -2.468)
3LE, 3.549 (0.001, 0.000, -3.883)
3LEp 3.636 (-0.163, -0.002, -4.659)
3.640 (0.162, -0.002, -4.623)

Table B.3: TD-DFT outputs for C1 and C2. Molecules are shown with axis alongside

(hydrogens are hided for simplicity).







Chapter 2

Understanding TADF of DMAC-TRZ

2.1 Introduction

TADF requires a delicate balance of several and sometimes competing interactions, as to
ensure a tiny energy gap between the lowest excited singlet and triplet states, a large spin-
orbit coupling between the same states, with the singlet showing reasonable emissive prop-
erties. The requirement of singlet and triplet states lying close in energy is easily met in dyes
with low-energy charge transfer (CT) states, provided the conjugation between the electron-
donor (D) and electron acceptor (A) is weak. Dyes with the D and A units arranged almost
orthogonally were immediately recognized as target systems. |°~'° However, strictly orthog-
onal (non-conjugated) systems also have vanishingly small spin-orbit coupling between rel-
evant states,”’ hindering RISC, as well as negligible transition dipole moments from the
excited singlet to the ground state,! strongly suppressing emission intensity. An enormous
effort towards the design of novel and more efficient TADF dyes includes multipolar dyes,

2 macromolec-

where several D andor A groups are linked together in different geometries, !
ular and dendritic systems?? also exploring the possibility of combining together different
functionalities in the same molecular system towards TADF-dyes that may actively respond

to diffent stimuli, including mechanical stress and pressure. '>

Conformational flexibility, modulating the D-A conjugation, and hence affecting both
the singlet-triplet energy gap and spin-orbit coupling is crucial to efficient TADF, 677118

76,119

but, as first recognized by Monkman, also local excited (LE) triplet states enter into

the picture, mixing up with CT triplets to release the El-Sayed constraint of vanishing spin-

7781120 1 E states, at variance with CT

orbit coupling between pure CT singlet and triplets.
state, are characterized by an excitation localized on either the D or A fragment. The pres-
ence of several states with different nature lying close in energy calls for a non-adiabatic
approach to electron-vibration coupling, whose effects in speeding up RISC have been dis-

cussed recently.”>'21-124 To make the picture even more intricate, the matrix properties,
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including dielectric properties, mobility, viscosity etc, may affect in different ways states
with different nature, with dramatic effects on the relative energies of excited states, their
mutual mixing etc.389%125-130 The concerted optimization of the active dye and its matrix
requires a detailed understanding of several interconnected features and concurrent forces
towards the precise control of the tiny energy gaps, and of the tiny interactions that govern
TADF efficiency. This challenging endeavor must rely on a careful and critical exploitation
of several tools available to the theoretician, validating against a large body of experimental

data the adopted approaches and relevant results.

(a) (b)

N
H@«ﬁj .
R

Figure 2.1: (a) Crystal structure and (b) molecular structures of 10-(4-(4,6-Diphenyl-1,3,5-
triazin-2-yl)phenyl)-9,9-dimethyl-9,10-dihydroacridine (DMAC-TRZ).

This chapter presents a first step in this direction for a representative TADF dye, '+13!

DMAC-TRZ in Figure 2.1. Here I present a detailed computational analysis of the dye sup-
ported by experimental data are collected by experimentalists in host lab. The information
obtained along the two paths were finally combined in a reliable complete model for the
system. Our developed model for DMAC-TRZ, accounts for low-lying electronic excited
states, a conformational degree of freedom, a coupled molecular vibration while address-
ing environmental effects. This model is developed for a prototypical D-A dye, but sets a
sound basis for modeling multipolar dyes. In these systems, the synthetic flexibility due to
the presence of multiple D and A moieties in the same molecule in a variety of different
geometries has an enormous potential towards the optimal design of TADF dyes, ' but can
only be fully exploited if reliable structure-properties relations emerge from a deep under-

standing of the physics of the dye, including its interaction with the surrounding medium.

2.2 Optical Spectroscopy

DMAC, TRZ and DMAC-TRZ were acquired from Merck, and used without further pu-

rification. Spectroscopic data were collected in solution using HPLC-grade solvents from



2. Understanding TADF of DMAC-TRZ 67

300 400 500 600 700 300 400 500 600 700
T T T T T T T

T . : T T
1 R DMAC —1 1= DMAC
\
N 1l \\
H PN ] A |
1
DMAC LN Noo8e
| NS — 0 ! f | , |

T t
TRZ 1

sl

- o

-
T /
< - 5
==,
-2
Z v |
&
5
T
z

- o

Normalized Intensity
—
=
~4
]
F I

— Cyclohexane
— Toluene

Chloroform
— DMSO

N, T,
0 /NS
N
57 h o

Lo I ST P Py I L
300 400 500 600 708 300 400 500 600 700
wavelength (nm) wavelength (nm)

F

- Zi -
N ;\ Z
Normalized Intensity

| | '
+ $ 0
DMAC-TRZ _|

DMAC-TRZ

Figure 2.2: Left: molecular structures of 9,9-dimethyl-9,10-dihydroacridine (DMAC),
2,4,6-triphenyl-1,3,5-triazine (TRZ) and DMAC-TRZ. Central panels: absorption (con-
tinuous lines) and emission spectra (dashed lines) of DMAC, TRZ and DMAC-TRZ in
solvents of different polarity. Toluene, with a cut-off wavelength of 285 nm, is not suitable
for DMAC and TRZ. Moreover, DMAC is not stable in chloroform, while the emission of
DMAC-TRZ in DMSO is very weak. Right panels: excitation (black) and emission (red)
spectra of DMAC-TRZ in 2MeTHF at 77 K. Dashed lines in the bottom panel report gated

measurements, collected with a gate delay of 1 s and a gate width of 7 s.

Merck. Absorption spectra were recordered with a Perkin Elmer Lambda 650 spectropho-
tometer. Steady-state and time-resolved luminescence spectra (including anisotropy) were
recordered on dilute solutions (absorbance lower than 0.1) with a FLS1000 Edinburgh Flu-
orometer equipped with a gated PMT detector. Low-temperature measurements were col-
lected on glassy matrices of 2MeTHF at 77K (the solvent was stored over molecular sieves
for one night, and filtered before use), that were fastly cooled using an Oxford Instrument

OptistatDN cryostat.

Room temperature absorption and fluorescence spectra of DMAC-TRZ, and of the two
subunits, DMAC and TRZ (Figure 2.2), dissolved in solvents of different polarity (cyclo-
hexane, toluene, chloroform and DMSO) are shown in the central panels of Figure 2.2 and
relevant data are summarized in Table 2.2. TRZ is not emissive at room temperature. Both
DMAC and TRZ are transparent at A > 350 nm, so that the weak DMAC-TRZ absorption
band (molar extinction coefficient ~ 2000 L mol~'cm™!, Table 2.2) observed at 380 nm is
safely assigned to a CT band. Its marginal solvatochromism points to a very small perma-
nent dipole moment for DMAC-TRZ, '3? in line with a largely neutral ground state (i. e. a
ground state where the contribution from the charge-separated zwitterionic DMAC"-TRZ~
structure is negligible). On the opposite, DMAC-TRZ emission shows a large red-shift

upon increasing the solvent polarity: the emission is therefore ascribed to a CT state, a state
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Compound Solvent Aabs Aem Quantum Lifetime Molar Extinction
[nm]* [nm]® Yield [ns] Coefficient

[L mol 'ecm™!]

DMAC Cyclohexane 280 332 - 2.1 (10.1%) -
3.9 (89.9%)
DMSO 291 361 - 3.6 (4.6%) -
7.8 (95.4%)
TRZ Cyclohexane 269 - - - -
Chloroform 271 - - - -
DMSO 274 - - - -
DMAC-TRZ Cyclohexane 380 442 0.22 9.8 (99.6%) -
84.5 (0.4%)
Toluene 382 510 0.18 12.7 (97.5%) 1990
62.1 (2.5%)
Chloroform 382 571 0.23 14.4 (75%) 2180
120.1 (25%)
DMSO 385 - - - 2250

Table 2.1: Spectroscopic data for DMAC, TRZ and DMAC-TRZ. ¢ maximum absorption

wavelength,  maximum emission wavelength.

with a largely zwitterionic character and hence a large permanent dipole moment. The emis-
sion is safely ascribed to fluorescence, in view of its lifetime ~ 10 ns (Table 2.2 and upper
panel of Figure 2.3). Indeed an emission component with longer lifetime is observed, with
a sizable weight in chloroform, suggesting a possible delayed fluorescence contribution, as
also supported by time resolved emission spectra (lower panel of Figure 2.3) whose shape

and position are time-independent.

The different emission bandshapes observed in polar and non-polar solvents are some-
times ascribed to an emissive state whose nature changes from LE to CT. This is easily ruled
out by fluorescence excitation spectra (Figure 2.4): it is clear that, in all solvents, emission
comes from the same CT state responsible for absorption. Indeed, the broadening of the
emission band with increasing solvent polarity is due to the inhomogeneous broadening

related to polar solvation. 3313

To address long-lived emission, including delayed fluorescence and phosphorescence,
spectra were collected in a glassy 2MeTHF matrix at 77 K, as shown in Figure 2.2 (right
panels). DMAC shows two separate emission bands: the short wavelength band (lifetime:
5.2 ns (38%) and 15.4 ns (62%) is due to fluorescence, while the long-wavelength band
(lifetime 4 s) is ascribed to phosphorescence. A single long-lived emission (lifetime 1 s) is

observed for TRZ, in the blue-green spectral region, again ascribed to phosphorescence. The
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Figure 2.3: Fluorescence intensity (excitation 375 nm, detection at the maximum of emis-
sion for each solvent) vs time for DMAC-TRZ in different solvents. Lower: Time resolved

emission spectra of DMAC-TRZ in chloroform.

emission observed for DMAC-TRZ at 485 nm, in a spectral region where neither DMAC
nor TRZ emit, is clearly CT in nature. The emission decay (Figure 2.6) shows a short (of
the order of ns) and a long (of the order of s) lifetime component in the same spectral re-
gion. Time resolved emission spectra are reported in Figure 2.7. After a marginal red shift

in the first few tenths of ns, the emission profile is constant in time over several order of
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Figure 2.4: Absorption and fluorescence excitation spectra of DMAC-TRZ in different
solvents.

magnitudes, as expected for TADF. Then, at ~0.1 s the emission bandshape narrows appre-
ciably. Dashed lines in the bottom right panel of Figure 2.2 show emission and excitation
spectra obtained collecting photons reaching the detector 1 s after the excitation (gated mea-
surements, collected with a gate delay of 1 s and a gate width of 7 s). These long-delayed
emission spectra are again superimposed to steady-state emission, even if with narrower
bandshape, suggesting either a delayed fluorescence (even if with an unusually long life-
time) or a phosphorescence occurring in the same spectral region as fluorescence. Irrespec-
tive of the nature of this long-lived emission, the relevant excitation spectrum peaks in the
same spectral region as the steady state excitation spectrum of DMAC-TRZ, i.e. in a region
where neither DMAC nor TRZ show any absorption feature, demonstrating a dominant CT

nature for the long-lived emission.

To gain more information on the nature of the long-lived states, Figure 2.5 shows time
resolved fluorescence anisotropy spectra collected up to 2 s. Anisotropy remains constant

at ~ 0.25 up to at least 10 ms, and then decreases. The constant and large value of the
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Figure 2.5: Time-resolved anisotropy of DMAC-TRZ collected in 2MeTHF at 77 K in

different time ranges (excitation wavelegth 405 nm, emission wavelength 485 nm).

emission anisotropy over 6 orders of magnitude in time (from ns to ms), and the invariance
of emission spectra in the same temporal windows (Figure 2.7) unambigously point to the
observation of delayed fluorescence up to ~ 10 ms. At longer times, the anisotropy de-
creases (Figure 2.5 bottom panel), and the shape of emission spectra (but not their position)
changes (Figure 2.7, and Figure 2.2), offering a clear evidence of the involvement of a dif-
ferent emissive state, corresponding to a very long-lived triplet state. As discussed above,
this triplet state has a CT nature, since the corresponding excitation spectrum (black dashed
line in Figure 2.2) is distinctively red-shifted with respect to the absorption spectra of either
DMAC or TRZ subunits. The marked decrease of the anisotropy for the phosphorescence
signal can be understood in terms of a small mixing of the CT triplet state with an LE triplet.
Transition dipole moments associated with (weak) CT transitions are orders of magnitude
smaller than those relevant to LE states: even a weak LE contribution to the phosphorescent
state would dominate the observed transition dipole moment, being therefore responsible

for its rotation with respect to the CT direction.
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Figure 2.6: Fluorescence intensity (excitation: 405nm, emission 485nm) collected for
DMAC-TRZ in 2MeTHF at 77K on different time ranges.
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Figure 2.7: Time resolved emission spectra of DMAC-TRZ in 2-Me-THF at 77K in differ-

ent time ranges.
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2.3 Computational Analysis

The ground state geometry of DMAC-TRZ is optimized in DFT (M06-2X/6-31G(d)) in
Gaussian 16 B.10.® Spin-orbit coupling (SOC) in DMAC-TRZ is calculated using M06-
2X/6-31G(d). All calculations are performed under TD-DFT within Tamm-Dancoff approx-
imation. The default Breit-Pauli Hamiltonian is adopted to calculate SOC between TD-DFT

136,137 Avogadro '3® was used as visualization tool.

states in Orca 4.1 package.
The equilibrium dihedral angle, 8 in Figure 2.9a, amounts to 90°, suggesting a negligi-
ble delocalization of electrons between the donor (DMAC) and acceptor (TRZ) units. To
address excited states in such a large molecule, TD-DFT is the method of choice and, being
interested in both singlet and triplet states, we adopt the Tamm-Dancoff approximation.5”.
The most delicate issue is the choice of the functional. Recent studies propose the use of
range-separated exchange functionals to solve the problem for CT states, optimizing , the
range-separation parameter, for each molecule of interest.>>~>>. Fairly reliable results for
TADF-dyes are obtained in the optimal long-range corrected PBE (LC-w*PBE). >
Excitation energies of DMAC-TRZ, reported in Figure 2.9b for the lowest singlet and
triplet states, are obtained for the optimized w=0.195 value (Table 2.2) and are compared
with results obtained with B3LYP,”! CAM-B3LYP"? and M06-2X functionals.’> While all
functionals find almost degenerate singlet and triplet states with a dominant CT character,
the relative energies of CT and LE states change wildly, with B3LYP and PBEO largely un-
derestimating the energy of CT states and CAM-B3LYP overestimating it. M06-2X slightly
overestimates all transition energies, but gives a very similar trend as LC-w*PBE functional
for the excitation energies of singlet and triplet states. Results in Figure 2.9b refer to the
equilibrium geometry, 8 = 90°, but optimal ® is geometry dependent.'?°. So, we calcu-
lated the optimal @ for dihedral angles of 75°, 60°, 45° and compare with other functionals.
Optimal o values are listed in Table 2.2 and plots for transition energy calculated for differ-
ent dihedral angles and functionals are shown in Figure 2.8. Similar results were obtained
for selected values of the dihedral angle (Figure 2.8). On this basis, M06-2X is adopted as

functional of choice.

Dihedral angle w

90° 0.195
75° 0.195
60° 0.190
45° 0.185

Table 2.2: Optimal @ values estimated for different geometries

Figure 2.9 summarizes main TD-DFT results. At the equilibrium geometry, the planes
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Figure 2.8: Excitation energies of the four lowest excited states calculated with different

functionals and for different 6 values.

of DMAC and TRZ moieties are mutually orthogonal (6 = 90°) and the lowest lying singlet
and triplet states (S; and T, respectively) are almost degenerate. The next excited state 7>,
at 3.75 eV (not shown in the figure), is again a triplet. Based on relevant natural transition
orbitals (Figure 2.9d) we describe the two lowest and almost degenerate singlet and triplet
states as CT states (!CT and 3CT, respectively), while the next excited state is a triplet state
localized on donor unit CLEp). To further confirm the nature of the states, Figure 2.9¢
shows the evolution of the energies of the lowest states vs an electric field applied along
the D-A axis. The energy of the ground (Sp) and of the 7, state marginally depends on the
applied field, suggesting that the two states have a very small permanent dipole moment,
confirming the local nature of 75. On the opposite, the large and almost linear dependence
of the energy of S| and 77 states on the applied field, points to a large and almost constant

dipole moment for both states, confirming their CT nature.

The pure CT nature of the lowest singlet and triplet states accounts for a vanishing
singlet-triplet gap, AEsy = 0, but, according to the El-Sayed rule,?” it also implies a negligi-
ble spin-orbit coupling, hindering RISC and hence TADF. To better understand the physics
of TADF in DMAC-TRZ, we therefore calculate the energies of the relevant states upon
varying the dihedral angle, while keeping the geometry of the two fragments fixed. Re-
sults in Figure 2.9c are interesting in several respect. First of all, the potential associated to
the ground state and to the first singlet state is fairly flat, suggesting considerable thermal
configurational disorder. Moreover, a double-minimum structure is observed for the lowest
triplet state: the equilibrium conformation for the relaxed triplet has a twist angle 6 ~ 60° or

120°. As discussed in the next section, this variation of conformation in the triplet state can
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Figure 2.9: (a) a sketch of DMAC-TRZ, showing the dihedral angle, (b) Excitation energies
for the three lowest excited states calculated at the equilibrium geometry with different
functionals. (c) The energy of the ground (black), lowest excited singlet (blue) and triplet
(red) states calculated as a function of 6 in TD-DTF (symbols) and ESM (lines). The green
dashed line shows the effective LE triplet introduced in the ESM. (d) Natural transition
orbitals of the lowest singlet excited state and of the two- lowest triplet states. (e) Energies
of the four lowest states vs the applied field (results for transition energies are shown in
Figure 2.16) (f) The singlet-triplet gap (black) and the spin-orbit coupling (orange) between
the lowest singlet and triplet states vs 8. Symbols and lines refer to TD-DFT and ESM
results, respectively. (g) The weight of the CT state in the lowest triplet as estimated in
ESM.

only be rationalized accounting for the coupling with some higher energy (local) excited
triplet state. Figure 2.9f finally summarizes results of interest for TADF: the 68-dependence
of the singlet-triplet gap and of the corresponding spin-orbit coupling. As expected, the
singlet-triplet gap increases as the mutual orientation of the D and A planes deviates from
orthogonality, at the same time the spin-orbit coupling first increases, to decrease again for
75° < 6 < 105°.

The comparison with experiment requires a careful analysis of solvation effects, typi-
cally dealt with approximating the solvent as a continuum dielectric medium.® However, as
discussed in Chapter 1, current implementations of continuum solvation models in quantum

chemical packages do not properly account for the role of the solvent electronic polarizabil-
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ity, leading to results that, as shown in Figure 2.10 for the available implementations of the
polarizable continuum model in Gaussian 16,%¢ wildly depend on the specific approxima-
tion scheme adopted, already in the comparatively simple case of a non-polar solvent. In
the following Section we will therefore develop a minimal model for DMAC-TRZ that will

allow us to discuss solvation and matrix effects in a simple and reliable approach.
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Figure 2.10: Excitation energies of the lowest singlet and three-lowest triplet states in gas
phase and methylcyclohexane using different formalisms for solvent response: linear re-

sponse (LR), corrected linear response (CLR) and state specific correction (SSC). 140-142

2.4 Understanding TADF: Conformational Disorder and Ma-
trix Effects

2.4.1 Setting up the Model

Having collected a large amount of experimental data and of computational results, we are
now in the position to set up a model for DMAC-TRZ. In the spirit of essential state models
(ESM) 133:134.143.144 e select the minimal set of electronic diabatic basis states to describe
the ground and the low-energy excited states.

As for singlet states, the two-state model, proposed and extensively validated for D-A

dyes, 133,134,145

also applies to DMAC-TRZ. The electronic basis states are selected as the
neutral DA state, N, and the zwitterionic DT A~ state, Z. The two states are separated by an
energy difference 2z and are mixed by a matrix element —7, as sketched in Figure 2.17. As

discussed above, the orthogonal configuration of the D and A planes, suggests a vanishing T
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at the equilibrium so that the ground state Sy and the first excited state S; basically coincide

with N and Z, respectively.

To account for the lowest triplet state, the basis must be extended to account for the
zwitterionic triplet state 7. The energy of the singlet and triplet zwitterionic basis states, Z
and T, is the same, and, according to the El-Sayed rule, the spin-orbit coupling between the

two states vanishes. A small but finite spin-orbit coupling V,. instead mixes T with N.

2.4.1.1 6O Dependence of T

We are interested to reproduce the 0 dependence of the calculated energies of the excited
singlet and triplet states in Figure 2.9c. To this aim, the spin orbit coupling V,. can be
treated as a minor perturation, so that, at the lowest order, only two electronic parameters
enter the three state model: 2z whose marginal 0-dependence is neglected, and T whose de-
pendence on 6 is definitely relevant. Information on the 7(6) dependence can be extracted
mapping TD-DFT results on ESM. Specifically, in ESM the product between the transi-
tion frequency and the transition dipole moment is proportional to 7.'4. Relevant TD-DFT

results in Figure 2.11 are fully consistent with 7(0) = 7| cos(0)].

T T T T T

|
45 90 135
dihedral angle

Figure 2.11: TD-DFT results for tcrhiocr (symbols) fitted with the function A| cos 8| (line)

with A as fitting parameter.

System properties in ESMs are dependent on the ionicity p that is defined by the model

parameters as:

1 z
=1 —— 2.1
P 2( \/z2+1’2) @D
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In particular the transition dipole moment, picr is given by:

ter = o/ p(1—p) (2.2)

where L is the dipole moment associated to the zwitterionic state. The CT transition energy,

o (6)
T
hoer = (2.3)
" Vp(i-p)

The product pcrhoer has the same 6 dependence as 7(6):
Ucrhaer = UoT(0) (2.4

The dependence of 7(0) is obtained fitting the values of pcrhocr predicted using MO6-
2X/6-31G(d) calculations for different values of 6 with the function f(6) = A|cos(0)| as
in Figure 2.11.

2.4.1.2 Three-State vs Four-State Model for DMAC-TRZ

We must also introduce a restoring potential that we set equal for all states, in the hypothesis
that state-specific features can be reproduced by the ESM, provided the relevant physics is
properly accounted for. The restoring potential is set via an expansion to the fourth order
around the equilibrium V (§) = a,6% 4 a48*, where § = 6 —90°.

Initially, we employ a three state model and relevant 3 x 3 three-state Hamiltonian reads
(basis: |N), |Z), |T)):

0 —Tp|sind|  Vioc
Hiy3 = —Tp|sin | 2z 0 +ay8% + a,8* (2.5)
Vsoc 0 2Z

where all symbols are defined before.

Irrespective of model parameters, in the three-state model the triplet state only marginally
mixes with the singlet state and therefore the relevant potential energy curve cannot develop
the double minimum calculated in TD-DFT (Figure 2.12). A TD-DFT analysis of the nature
of the lowest triplet state shows that it is a pure CT state at & = 90°, but it acquires some lo-
cal nature when the system deviates from orthogonality. Unfortunately, several local triplet
states enter into play and including all of them would lead to an impractical ESM, with too
many parameters. On the other hand, we are not interested to model in detail higher excited
triplets, rather we just want to capture the effect of their mixing with 7.

We therefore set up a four-state model that, besides the three states,

N), |Z) and |T),
described above, also includes an effective local triplet state |[L) whose energy, 2k is a free

fitting parameter. As for the mixing matrix element with 7 we assume the same angular
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Figure 2.12: Energy of the ground and lowest excited singlet and triplet states calculated as
a funcion of 6 in TD-DFT (symbols) and three-state ESM (lines).

Table 2.3: ESM parameters extracted from the fit of the potential energy curves in Figure

2.9¢

z (eV) 1.72
7o (eV) 0.75
k (eV) 1.96
Bo (eV) 0.85
az (eV) 6.00-1073
as (eV) 1.43-1077

dependence as for 7, setting 3(6) = Po|cos 8]. The relevant Hamiltonian, on the |N), |Z),
|T) and |L) basis, reads:

0 —Tp|sin J| Vioc 0

. —Tp|sind 2 0 Wioe

Ay = | —Plsindl ¢ 0 b8t ast (26)
Vsoc 0 2z —ﬁ0| sin 5|
0 Weoc —Po|sind| 2k

The spin-orbit coupling elements, V,. and W;,., are very small and do not appreciably
affect the calculated potential energy curves. To reproduce TD-DFT results model param-
eters are set to the values in Table 2.3. The agreement is very satisfactory (Figure 2.9¢),
suggesting that the proposed ESM properly captures the low-energy physics of the system.
Quite interestingly, the lowest triplet state, the one relevant to TADF, has a pure CT charac-

ter at 90°, but it acquires a partial local character at the equilibrium geometry (Figure 2.9g),
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Figure 2.13: Natural transition orbitals calculated for T state for different 0 values.

as also confirmed by the analysis of the evolution with the dihedral angle of the natural

transition orbitals calculated for T} state in Figure 2.13.

2.4.1.3 The Role of the Effective Local Triplet State

The choice of the effective local triplet *LE) state coupled to the CT triplet is somewhat
arbitrary as it mimics the effects of several local triplet states. However, since we are inter-
ested in the properties of Ty, the lowest triplet, adopting different choices for the effective
state has marginal effects on molecular and spectroscopic properties we are interested in. In
Figure 2.14, we compare results obtained with models parameters in Table 2.4, with those
obtained for different choices for the effective triplet state, and specifically we show results
for a system where the state has a larger energy and a larger coupling strength and one
where two coupled local triplet states are considered. The left panels in the Figure showing
results for Model 1 coincide with data reported in the previous section (Figure 2.9). Middle
panels refer to Model 2, where the energy and the coupling strength of the effective local

triplet state are increased. Finally the rightmost column show results obtained for Model
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3 that considers two coupled local triplets. Results are marginally affected by the choice:
the 0-dependence of relevant electronic states and the SOC magnitude which are in fact
governed by the nature of the lowest triplet state, and more precisely by the weight in this
state of the CT triplets, while the precise properties of the effective triplet state(s) play a
marginal role, as also demonstrated by calculated spectra in next section and Figure 2.15.

We therefore reuse Model 1 for subsequent analysis.

Model 1 Model 2 Model 3

z (eV) 1.72 1.72 1.72
7o (eV) 0.75 0.75 0.75
k (eV) 1.96 2.20 1.96
Bo (eV) 0.85 1.20 0.75
K (eV) - - 2.20
By (eV) - - 0.60
a> (eV) 6.00-107°  6.00-10™>  6.00-107>
as (eV) 1431077 1.43-1007 1.43-1077
Vige (em™)  3.10 3.10 3.10
Wioe (cm™)  1.40 1.40 1.00
W . (mm) - - 1.00

Table 2.4: Different parametrizations of the model prosposed. Model 1 is the same
parametrization as in Table 2.3. Model 2 is a different parametrization, obtained for a
different energy of |L). Model 3 accounts for an additional local state |L') that is coupled
through the following matrix elements: (L'|H |T) = —B}|sin(8)| and (L'| H |Z) = W,..

Since at the equilibrium geometry the ground state Sg and T practically coincide with
IN) and |T), respectively, we set Vi, = 3.84-10~* eV equal to the TD-DFT value for the
spin-orbit coupling between Sg and T states. Finally, the value of W, = 1.74- 10~% eV is
adjusted in order to match the 6-dependence of the S;-T; SOC (Figure 2.9f).

2.4.2 Validating the Model against Steady-State Spectra

Having built and parametrized against TD-DFT the electronic model for DMAC-TRZ, we
now validate it against experimental spectra in Section 2.2. Towards this aim, the model
must be extended to account for electron-vibration coupling and for solvation effects, as to
address the observed vibronic structure and solvatochromism.

Typically, ESMs for D-A dyes describe electron-vibration coupling in terms of a single
effective coordinate Q that accounts for the different geometry of the neutral and charge-

separated diabatic states. '*>13%14> For DMAC-TRZ, the frequency of the effective coor-
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Figure 2.14: From top to bottom: PES, singlet-triplet energy gap and spin-orbit coupling
and the weight of the CT triplet in T state. Left: Model 1 parametrization (see Table 2.4);
middle: model 2; right: model 3.

dinate is easily estimated as @, ~ 0.18 eV from the partially resolved vibronic structure
of optical spectra in non-polar solvents. The strength of the coupling is measured by the
vibrational relaxation energy, €,, the energy gained by the charge separated (either Z or T)
states upon relaxation. From DFT energies of the isolated D and D™ and A and A~ species
we extract €, ~ 0.17 eV.

Determination of €,: The vibrational relaxation energy, €,, is estimated through DFT
energy calculations on the isolated donor (D) and acceptor (A) and the respective ionized
species, D* and A™:

&= (B +EY) - (BY + B
()

where E;” is the energy of i in the equilibrium structure of j (See Table 2.5). Calcula-

tions involving the open-shell systems D* and A” were done using unrestricted M06-2X/6-
31G(d).

2.4.2.1 Modelling the Solvent Response

The simplest solvation model describes the solvent as a continuum elastic medium that re-
sponds to the presence of a solute molecule generating at the solute location an electric field,

called the reaction field, proportional to the solute dipole moment. As extensively discussed
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Figure 2.15: Top: Normalized absorption and fluorescence spectra (continuous and dashed
lines, respectively) of DMAC-TRZ in different solvents. Bottom: emission and excitation
spectra of DMAC-TRZ in glassy 2MeTHF. The columns show spectra calculated for model
parameters listed in Table 2.4 (from left to right: model 1 to 3).

SCF Energy (a.u.)
EY) 634873448021
EL) 634.875775452
EX 973174499157
EX) -973.178453857

Table 2.5: SCF energies of D™ and A~ used to estimate &,.

in Chapter 1, two components of the reaction field must be considered, a fast component as-
sociated to the electronic polarizability of the solvent and a slow component, of interest for
polar solvents, associated with the orientational motion of the solvent molecules. The fast
solvation component can be treated in the antiadiabatic approximation leading to a renor-
malization of the z parameter. In the hypothesis that the solute occupies a spherical cavity

of radius a inside the solvent, the renormalized z reads:

ug  2n*—1

% J—
e 167ega’ 22 + 1

2.7

where €& is the vacuum dielectric constant, 1 is the solvent refractive index at optical
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frequencies, a is the cavity radius and L is the dipole moment associated with zwitteri-
onic (Z and T') states. We set a = 6.44 A as the suggested Onsager radius (0.5 A larger
than the radius corresponding to the computed molecular volume inside a contour of 0.001
electrons/Bohr? density).°

Estimation of ly: In order to estimate (y, we make resort to the dependence of the
excited states with CT character (S and 77) on an applied external electric field, as shown
in Figure 2.9e. More precisely, to get rid of the small F'-dependence of the ground and local
excited states, we estimate [y ~ 22.71 D from a linear fit of the S| and 7] transition energies
(Figure 2.16).
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Figure 2.16: Left panel: a sketch of the molecule under an applied uniform electric field.
Right panel: transition energies of the lowest singlet and triplet states as a function of an
external electric field applied along the CT direction. Symbols refer to TD-DFT results,
continuous lines show ESM energies for the CT states.

The slow component of the reaction field F,, enters the model as a slow coordinate and

can be treated in the adiabatic approximation. The total Hamiltonian then reads

A, =H+ {—\/ha)verA (1Z)(Z]+|T)(T])+ hTm” (0? +ﬁ2)] + (2.8)

+ [—mr (12) (2] +T)(T]) + zrlo,F‘ﬂ

where H is the electronic Hamiltonian in Equation 2.6 with renormalized z as in Equa-
tion 2.7 to account for fast solvation. The first square bracket groups the vibrational terms,
P being the momentum operator associated to the coordinate Q. The second square bracket

collects polar solvation terms, with r,, defined as

2 g—1 nr—1
- Amega® |2e4+1 202+ 1

(2.9)

Yor

where & is the static dielectric constant of the solvent. The values of 1 and & of the

solvents of interest are listed in Table 2.6. The above equation (Equation 2.9) is used to
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estimate solvent relaxation energy which is defined as (energy unit): **
1 2
Eor = 5 orHg (2.10)

We solve the model Hamiltonian in Equation 2.8, writing the corresponding Hamil-
tonian matrix, for fixed F,, and & values, on the basis obtained as the direct product of
the 4-dimensional electronic basis states times the first M states of the harmonic oscilla-
tor associated to the vibrational coordinate . M is large enough (typically in this work
M=10) to ensure convergence. The Hamiltonian matrix is then diagonalized numerically
to get vibronic eigenstates. Absorption and fluorescence spectra are computed assigning to
each transition a Gaussian bandshape with a half-width at half-maximum of I" = 0.08 eV.
Spectra calculated for different F,, and § values are then summed over accounting for their
Boltzmann weight with reference to the energy of the ground state for absorption spectra,
and of the lowest singlet and triplet states for fluorescence and phosphorescence spectra,
respectively. 143

Calculated absorption and fluorescence spectra in solvents of different polarity are shown
in Figure 2.17a. The values of 1) and & of the solvents of interest are listed in Table 2.6.
The required dielectric parameters for the solvents are taken from the literature (except for
2MeTHF at 77K) and are listed in Table 2.6. Literature data for &, and g,, of glassy
2MeTHEF at 77 K are not available. Since the refractive index of organic solvents increases
147 we set ef}}feTHF(WK ) = 2.016. As for the static
dielectric constant, the effective polarity of 2MeTHF increases as the temperature decreases
and, for glassy 2MeTHF at 77K it is comparable to that of liquid EtOH or DMF, '8 so we
set 2MeTHE (77K) = 30.5.

linearly as the temperature decreases,

Solvent Eopt &y
Cyclohexane 2.03 2.03
Toluene 224 238

Chloroform 2.09 4281
2MeTHF 1.98 6.97

Table 2.6: Solvent dielectric properties at ambient conditions.

Absorption spectra agree well with experimental results in Figure 2.2 (see also Fig-
ure 2.18 for an easy comparison), showing negligible solvatochromism. Emission spectra
qualitatively agree with experiment, reproducing the observed solvatochromism and the
bandshape evolution with solvent polarity. The Stokes shift is overall underestimated with
respect to experiment, possibly suggesting the presence of other sources of conformational

disorder. We unerline that quantitative agreement (Figure 2.18) can be obtained if &, is
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Figure 2.17: Left: schematic representation of the four electronic basis state entering the
ESM model for DMAC-TRZ. Right panels: spectra calculated in the complete ESM also
accounting for vibrational and conformational degrees of freedom and environmental ef-
fects. (a) absorption and fluorescence spectra (continuous and dashed lines, respectively)
of DMAC-TRZ in solvents of different polarity at 298 K. (b) Calculated spectra in frozen
2MeTHF. Continuous lines: calculated fluorescence and fluorescence excitation spectra.
Dashed lines: phosphorescence and phosphorescence excitation spectra. Excitation spectra
are computed setting the excitation wavelength at 412 nm. The temperature was set to 77 K
in the calculation of the Boltzmann distribution along the conformational coordinate, while
it was set to 91 K (matching 2MeTHF glass transition temperature) for the Boltzmann dis-

tribution along the solvation coordinate.

treated as an adjustable parameter, accounting for all relaxation phenomena and relaxing

the crude approximation of a spherical solvent cavity.

2.4.3 Matrix Effect

The model developed and validated for DMAC-TRZ in liquid solutions also applies to
DMAC-TRZ in solid matrices, at least as long as the concentration is low enough to ne-
glect intermolecular interactions. As a rule of thumb, concentrations ~1% result, for typical

matrix density ~ 1 gr/cm?, in an average distance between dyes of the order of few nm. Up
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Figure 2.18: Normalized absorption and fluorescence spectra (continuous and dashed lines,
respectively) of DMAC-TRZ in different solvents. Top panel: experimental data as in
Figure 2.2. Middle panel: calculated spectra with &,, estimated as described in Equation
2.10 (same data as in Figure 2.17a). Bottom panel: calculated spectra (298 K) adjusting
&, as free fitting parameter: &, (Cyclohexane) = 0.10 eV; &,, (Toluene) = 0.22 eV; &,,
(Cholorform) = 0.40 eV. The HWHM associated to each transition is I' = 0.03 eV.

to these concentrations electrostatic intermolecular interactions can be safely neglected. In
diluted solid matrices, the solvent molecules surrounding the solute do not readjust follow-
ing the solute excitation, while the conformational flexibility of DMAC-TRZ is maintained.
In this hypothesis, we calculate fluorescence and fluorescence excitation spectra of DMAC-
TRZ in frozen 2MeTHF at 77 K as shown in Figure 2.17b. As discussed in the previous
section for absorption and fluorescence in liquid solvents, also in this case the calculated
Stokes shifts are somewhat underestimated, but a good agreement with experimental results

in Figure 2.5 is obtained in terms of bandshape and band positions.

More delicate and interesting is the calculation of phosphorescence and phosphores-
cence excitation spectra. Phosphorescence is a forbidden process that occurs because spin-
orbit coupling generates a very small mixing of singlet and triplet states. As a result, the
triplet state borrows a tiny transition dipole moment from the singlet states. The lowest
triplet state in DMAC-TRZ is described as the CT triplet plus a minor but non neglibible
contribution from a local triplet state. Phosphorescence intensity then has a contribution

from the (tiny) transition dipole moments associated with CT and LE triplets. Since the
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transition dipole moments associated with CT states are orders of magnitude lower than
the transition dipole moments associated with LE states, we assume that the contribution
to phosphorescence from the LE state dominates over the contribution from the CT state.
This hypothesis is also supported by the decrease of the emission anisotropy at very long
delay times (Figure 2.5). Accordingly, phosphorescence and phosphorescence excitation
spectra in Figure 2.17b are calculated only accounting for the LE contribution to the tran-
sition dipole moment (spectra calculated accounting only for the CT contribution in Figure
2.19 are in any case very similar). Calculated spectra in Figure 2.17b, referring to glassy
2MeTHF matrix at 77 K, compare very well with experimental results of Figure 2.2. Of
course we only address phosphorescence bandshapes, the intensities of this process is very

low and in any case it is not accessible experimentally.
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Figure 2.19: Emission and excitation spectra of DMAC-TRZ in frozen 2MeTHF. Top
panel: experimental spectra as in Figure 2.2. Middle panel: calculated spectra as in Figure
2.17(b). Bottom panel: the same as in the middle panel, but with phosphorescence spectra

calculated only accounting for the contribution from the CT state.

Low-T spectra are of special interest to collect reasonably intense phosphorescence
spectra, The model of course applies to the calculation of finite temperature spectra as
well. Indeed temperature enters in the definition of the Boltzmann distribution relevant

to the ground state (for absorption and excitation spectra) or to the relevant excited state
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for fluorescence and phosphorescence spectra. Increasing the temperature then leads to a
broadining of the spectra, as shown in Figure 2.20 that shows room temperature spectra cal-
culated for DMAC-TRZ dissolved in a matrix with the same dieletric properties adopted
for glassy 2-MeTHF.
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Figure 2.20: Calculated emission and excitation spectra of DMAC-TRZ in matrix with the
same dielectric properties of 2-MeTHF at RT. Continuous lines: fluorescence and fluores-
cence excitation spectra. Dashed lines: phosphorescence and phosphorescence excitation
spectra. Excitation spectra are computed setting the excitation wavelength as the wave-
length of the maximum of the respective emission (fluroescence or phosphorescence) spec-

tra.

The spectroscopic effects of polar solvation are well documented experimentally, 32
well understood in terms of simple solvation models**!3%134149 and are reliably addressed
in current implementations of continuum solvation models in quantum chemical calcula-
tions. 26132 The role of the electronic polarizability of the solvent (including rigid matri-
ces) is more delicate. The marginal variability of the refractive index in common organic
matrices makes an experimental analysis very difficult, while available implementations of
continuum solvation models in quantum chemical approaches do not treat the correspond-
ing solvation contribution properly.*> However a sound understanding of the effects of the
environmental polarizability on TADF-dyes is important in order to concurrently optimize
the dye in its matrix, in the so called smart matrix approach. Specifically, the important in-
formation extracted from quantum chemical calculations for a dye in the gas phase cannot
be transferred directly to a solvated dye, not even to a dye in a comparatively simple envi-
ronment like a non-polar solvent. To illustrate this point we now disuss how the properties

of DMAC-TRZ vary from gas-phase to a non-polar matrix with refractive index n = 2 (for
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Figure 2.21: Calculated emission and excitation spectra of DMAC-TRZ in a 1 = | ma-
trix (top) and in a = 2 matrix (bottom) at 298 K. Continuous lines: fluorescence and
fluorescence excitation spectra. Dashed lines: phosphorescence and phosphorescence ex-
citation spectra. Excitation spectra are computed setting the excitation wavelength as the
wavelength of the maximum of the respective emission (fluroescence or phosphorescence)

spectra.

comparison the refractive index of common matrices is in the 1.5 - 1.7 range).

Specifically, Figure 2.22 shows the evolution with the dihedral angle, 6, of the energy
of the first excited triplet and singlet and of the corresponding spin-orbit coupling. The first
effect of the solvent polarizability is a considerable red-shift of CT states, that shows up
with a marked red-shift of absorption and emission bands (see Figure 2.21). However, the
most important effect of the environmental polarizability is expected on the properties that
govern TADF. Indeed, since environmental effects are minor for LE states, the energy gap
between CT and LE triplet increases, so that overall the spin-orbit coupling decreases, an
effect that is clearly unfavorable for TADF applications. There is however another effect of
the environmental polarizability: the potential energy curve associated to the lowest triplet
is flatter in the matrix than in gas phase. Accordingly, a larger region is found where the
singlet-triplet gap is thermally accessible (the shaded areas in the figure mark the inaccessi-
ble regions, those where the gap is larger than thermal energy at ambient conditions). Even
more important, because of the shallower potential energy curve for the lowest triplet state,
the distribution of 6 equilibrated to the lowest triplet state is much broader in the matrix

than in the gas phase. This is relevant, since TADF occurs from the equilibrated lowest
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Figure 2.22: Comparison of ESM model results for DMAC-TRZ in the gas phase (left)
and in a non-polar solvent with refractive index 17 = 2 (right). Top panels show the 8-
dependence of the energies of the lowest excited singlet (blue) and triplet (red) states. The
dotted line show the Boltzmann distribution calculated for the lowest triplet state. Bottom
panels show the 8-dependence of the spin-orbit coupling between the lowest excited singlet
and triplet states. The shaded areas mark the regions where the singlet triplet gap is larger

than thermal energy at ambient conditions.

triplet state and in the gas-phase the population of conformations with thermally accessi-
ble RISC is marginal, while it becomes sizable in the matrix. This of course considerably
favors TADF, possibly outweighting the decrease of the spin-orbit coupling among states
responsible for RISC.

2.5 Conclusions

This chapter presents both experimental and theoretical analysis of DMAC-TRZ, a proto-
typical dye for TADF applications. Experimental results unambigously demonstrate that a

state with predominant CT nature is responsible for fluorescence and delayed fluorescence.
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Phosphorescence occurs in the same spectral region as fluorescence, from a triplet state
with dominant CT character. Extensive gas-phase TD-DFT calculations, run in the pres-
ence of an applied electric field and for different conformations, confirm the experimental
analysis and are exploited to build a reliable essential-state model for DMAC-TRZ. The
model accounts for few electronic states, as needed to describe the low-energy properties of
the dye, for the coupling to a molecular vibration, responsible for the vibronic structure of
the absorption and fluorescence bands, and for the conformational degrees of freedom as-
sociated with the torsional angle that modulates spin-orbit coupling. Environmental effects
are properly addressed to simulate spectral properties in liquid solution and solid matrices,
accounting for the different role of polar solvation and of the electronic polarizability of
the environment. The resulting picture, extensively validated against experiment, offers a
sturdy and flexible toy model to investigate TADF.

The approach proposed here for a specific dye is general and can be applied to set up
reliable few-state models for other dyes, including multipolar dyes, with multiple D and A
groups. The enormous variability of the properties of these dyes, depending on the number
and strength of the D and A groups, on bridging units and geometry, ! calls for the defini-
tion of practical models to define reliable structure-properties relationships for the large and
technologically relevant family of TADF dyes. The power of few-state models is in the pos-
sibility to account for a large number of interactions that range from vibrational coupling, to
be treated in a truly non-adiabatic approach, conformational motion, treated adiabatically,
and the interaction with the local environment, accounting for both the polarizability and
the polarity of the environment. The model also sets the basis to build an open-quantum
model °%151 for TADF dyes able to address ISC and RISC processes, together with other
competitive relaxation process without introducing additional approximations. The evolu-
tion of the population of excited states can be followed over several orders of magnitude in
time, to trace the subtle competition between fluorescence, phosphorescence, non-radiative
relaxation, ISC, RISC that govern the delicate TADF phenomenon shedding clear light on
and their interdependence with vibrational and conformational motion and on environmen-

tal effects.






Chapter 3

Large Dihedral Angle Relaxation of DMAC-
py-TRZ

3.1 Introduction

Commonly employed D and A fragments are 9,9-dimethyl-9,10-dihydroacridine (DMAC)
and 2,4,6-triphenyl-1,3,5-triazine (TRZ), and the simplest combination of the two is found
in DMAC-TRZ from Tsai et. al.'>' DMAC-TRZ shows excellent properties, with photo-
luminescence yield ®p; ~ 90% in mCPCN films, and OLED with external quantum effi-
ciency EQE ~ 26.5% at 500 nm. In devices based on pure DMAC-TRZ matrices, EQE up
to 20.0% were measured. The very low quenching at high concentration can be attributed to
the conformation of the material, the dihedral angle between the DMAC and TRZ fragment
is almost 90°, making for a very non-planar molecule, effectively suppressing & — 7 aggre-
gation. In Chapter 2, we present a detailed theoretical and experimental characterization

and different affecting parameters that govern TADF properties.

Modification of DMAC-TRZ with adamantane has been published by Li et. al. and
Wada et. al. with the emitters a-DMAC-TRZ'>?> and MA-TA '>3 respectively. Even if the
two reports functionalize the donor and the acceptor with the adamantane, the effect is that
of reducing the conjugation of the material, leading to a bluer emission. The substitution
of the two methyl groups with the adamantane in a-DMAC-TRZ also makes for a more
rigid and bulky structure, suppressing excited state geometry deformation, leading to higher
performances. The photoluminescent and electroluminescent performances remain similar
to DMAC-TRZ ones, with ®p; of 86% and an EQEmax of 28.9%, the main difference is
the blue-shift in the emission color, at 488 nm. The insertion of the adamantane unit on the
triazine made for a larger improvement in the ®p;, bringing it almost to unity, at 99%, while
the device, solution-processed in this case, presented a lower EQEmax at 22.1%, with also
a blue-shifted Ag; of 475 nm. Also from Wada et. al. came the material DMAC-bPmT. 1>*
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While the adamantane modification was aimed to tune the emission color, in this work they
presented a design concept to enhance the kg;sc and thus the efficiency of DMAC-TRZ by
using two pyrimidine instead of phenyls on the triazine. DMAC-bPmT presents a kgysc of
8.8 x 10°s~ 1, three times faster than DMAC-TRZ, at 2.9 x 10°s~!, even though the addition
of the pyrimidine led to a lower ®p; of 70% (vs 90% for DMAC-TRZ). 154
Dual-conformation TADF emitters have also been documented by Shi ez. al. with the
emitters TP2P-PXZ and TP5P-PXZ.'> The presence of quasi-equatorial (QE) and quasi-
axial (QA) conformation for TP2P-PXZ led to a unique self-doped system, where the QA
conformation effectively acts as the host material. This led to a highly efficient OLED
for TP2P-PXZ, with EQEmax od 25.4% at Ag; of 548 nm. TP5SP-PXZ also presented
decent device efficiency, at 14.6% of EQEmax at a slightly red-shifted Ag;, of 560 nm. Both
materials also present extremely low-efficiency roll-off, with EQE1000 values of 16.5%
and 8.0% for TP2P-PXZ and TP5P-PXZ respectively, with TP2P-PXZ representing the

current state-of-the-art performance for non-doped devices. 1>
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Figure 3.1: Crystal structure and molecular structure of DMAC-TRZ and DMAC-py-TRZ,

respectively. The relevant

The role of steric hindrance was investigated by Chen et. al. in the two phenoxazine
based-emitters PXZ-PPO and PXZ-BOO.'3® The large steric hindrance between nearby
hydrogens, in PXZ-BOO, results in a twisted structure. PXZ-BOO shows TADF, leading
to efficient devices (EQE 19.4% at 528 nm). In PXZ-PPO the steric hindrance is relieved
and nearby H and N atoms allow for different structures. The dye shows indeed two different
conformations, a quasi-planar structure with a twisted structure. The planar conformation
shows a deep-blue emission but no TADF, while the twisted structure shows a green delayed

emission. The planar conformation is dominant in the crystalline state, however, in solution
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TADF is observed from the twisted conformation, despite its low population. The PXZ-
PPO device has a slightly worst performance than PXZ-BOO, with EQEmax = 14.1% at
the same Ag; = 528nm. 150

Dual-conformation TADF emitters have also been documented by Shi er. al. with the
emitters TP2P-PXZ and TP5P-PXZ.'> Phenoxazine and a central pyridine bridge were
chosen to promote the formation of intra-molecular hydrogen bond in TP2P-PXZ, while
TPSP-PXZ is presented as the control compound, with a conventional twisted conforma-
tion. The presence of quasi-equatorial (QE) and quasi-axial (QA) conformers of TP2P-PXZ
led to a unique self-doped system, where the QA conformation effectively acts as the host
material. This led to a highly efficient OLED for TP2P-PXZ, with EQEmax = 25.4% at
Aer=548nm. TP5P-PXZ also shows decent device efficiency, at 14.6% = EQEmax at Agy
= 560 nm. Both materials have extremely low efficiency roll-off, with EQE1000 values of
16.5% and 8.0% for TP2P-PXZ and TPSP-PXZ respectively, with TP2P-PXZ represent-
ing the current state-of-the-art performance for non-doped devices. !>

In this chapter, we present a new TADF emitter DMAC-py-TRZ, which comes from
a modification of the previously known, and discussed previously, emitter DMAC-TRZ.
Besides presenting a good solution and solid-state photophysical properties, the interest in
this material was sparked by the unusual crystal structure that was found. Instead of pre-
senting the usual ~ 90° dihedral angle, the x-ray showed a very small twist of ~ 19.73°
and a v-shaped bent molecule, with an angle of around ~ 19.73°. The interesting molecular
geometry led us to carry out an in-depth computational study of the dihedral angle relax-
ation and excited-state properties, together with a complete optoelectronic and photophysi-
cal characterization. For the sake of clarity, we will refer to the one that presents the ~ 90°
dihedral angle as the orthogonal conformer, and to v-bent molecules, with a dihedral angle
of ~ 19.73° as the bent conformer. Experimental data are collected by experimentalists in
the host lab and with close collaboration with Prof Eli Zysman-Colman’s lab, University of
St Andrews, Scotland under TADFlife network. Here I present experimental data to have a
better understanding of the process. I then performed a critical analysis of TD-DFT analysis

and combined them.

3.2 Computational Analysis

The ground state geometry of DMAC-TRZ and DMAC-py-TRZ was optimized in Gaus-
sian 16 B.10,%° followed by excited state TD-DFT calculation (Tamm-Dancoff approxima-
tion) ©774 using M062X functional’> and the 6-31g(d) basis set. In the following, we will
dub “orthogonal” for the structure with a dihedral angle similar to 90° and “bent” for the

structure with a small dihedral angle and V-shaped geometry.
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In Chapter 2, I discussed an extensive computational analysis of DMAC-TRZ, set the
basis for a few-state model that allowed us to discuss how the molecular geometry in the
ground and excited states affects the energy gap, spin-orbit coupling, transition dipole mo-
ments, etc. More recently the same model was exploited to calculate ISC and RISC rates,
also accounting for environmental effects. 37 In line with the crystal structure DFT calcula-
tion predicts an orthogonal geometry for the ground state. The optimized S; ('CT) and T»
(LE) states retain an orthogonal geometry, while the optimized T state undergoes a large
deformation ending up with a dihedral ~ 30°. At this small angle AEsr increases, but, at
the same time, SOC increases, allowing for efficient ISC/RISC. A rigid scan of the dihedral
angle (Figure 3.2 ) is also informative. Specifically, starting with the optimized ground state
geometry, we calculated the ground and excited state energy, upon gradual rotation of the D
and A units without allowing for any additional molecular relaxation. The resulting Sg, Si,
T, and T3 potential energy surface (PES) show a flat minimum for the orthogonal geometry,
while 77 gives a double minimum around (90 4 30)° angle due to its mixing with higher

excited triplet states.
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Figure 3.2: Sketch of (a) DMAC-TRZ and (b) DMAC-py-TRZ showing four adjacent
atoms to define the dihedral angle of the dihedral rigid scan of interest. Energies of ground
(black), lowest energy singlet (blue), lowest energy triplet (red) and two higher energy triplet

(green) states.

For a direct comparison with DMAC-TRZ, we started our analysis by optimizing DMAC-
py-TRZ in an orthogonal structure. A rigid dihedral angle scan analysis of the twisted
DMAC-py-TRZ gives qualitatively similar PES as for DMAC-TRZ, with a single min-
imum for Sy, S; (\CT), T» and T3 CLE) at 90° and a double minimum for 7; (CCT)
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Figure 3.3: (Upper Panel) Sketch of DMAC-TRZ and DMAC-py-TRZ showing four adja-
cent atoms fixed during relaxed dihedral angle scan. (Middle Panel) Relaxed dihedral angle
scan of (a) DMAC-TRZ and (b) DMAC-py-TRZ for Sy. (Lower Panel) Excited state en-
ergies of (c) DMAC-TRZ and (d) DMAC-py-TRZ relaxed energy suraface.

around (90 4 30)° angle (NTOs are shown in Figure 3.7). The nitrogen on the pyridine
bridge increases the withdrawing strength of the A group with a decreased HOMO-LUMO
gap in DMAC-py-TRZ (Egomo—rumo = 4.78eV) orthogonal structure) vs DMAC-TRZ
(Egomo-Lumo = 4.99¢V). Accordingly, S1 and 7 excitations occur at lower energy in
DMAC-py-TRZ than in DMAC-TRZ (Figure 3.4). The rigid scan results show a very steep
increase in the energy of the molecule when decreasing the dihedral angle, suggesting a
strong sterical hindrance. Therefore we undertook for both DMAC-TRZ and DMAC-py-

TRZ a relaxed scan analysis for the dihedral angle. To carry out the relaxed energy scan we
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took the previous rigid scan geometries and marked four adjacent atoms to define the dihe-
dral angle of interest (Figure 3.2a and 3.2b). This angle is then frozen, while the molecule is
otherwise allowed to relax towards the ground state equilibrium structure (Figure 3.3a and
3.3b).

The relaxed scan shows for both dyes two minima, corresponding to the orthogonal and
bent structures. However in DMAC-TRZ, the orthogonal structure is lower in energy and
the energy barrier from the orthogonal to the bent conformation amounts to 0.22 eV, making
interconversion unlikely. In DMAC-TRZ the orthogonal geometry is therefore mostly pop-
ulated at room temperature, fully in line with crystallographic data. In DMAC-py-TRZ, the
bent conformation (dihedral angle ~ 10°) has lower energy than the orthogonal structure.
Again, the energy barrier between the two conformations (~ 0.20eV) is too large to allow
for interconversion between the bent and orthogonal structures. In line with crystallographic

results, the bent geometry is the stable ground state geometry for DMAC-py-TRZ.

a. DMAC-TRZ b. DMAC-py-TRZ
Bent Orthogonal Bent Orthogonal
(Angle = 10°) (Angle =90°) (Angle = 10°) (Angle =90°)

LUMO LUMO LUMO LUMO

HOMO HOMO HOMO HOMO

Figure 3.4: Molecular orbitals (HOMO and LUMO) of (a) DMAC-TRZ and (b) DMAC-
py-TRZ for both bent and orthogonal geometries.

Very interesting results are obtained for the excited state energies at the geometries
relevant to the rigid/relaxed scans of the dihedral angle(Figure 3.3c and 3.3d). In DMAC-
TRZ both the rigid and the relaxed scan calculation lead to the same results: S; state is
stable in the orthogonal structure, while 7 state is stabilized in a twisted structure (dihedral
angle ~ 30°). Full optimisation of S and 77 confirms this result. The scenario is much more
interesting for DMAC-py-TRZ. The relaxed scan suggests the bent structure as for the stable
ground state geometry. In these conditions, the vertical excitation energy to S; amounts to
4.1 eV and the singlet-triplet gap ~ 0.78¢V is by far too large for TADF. However, it is

clear that the bent geometry is not the equilibrium geometry for S; (blue line in Fig. 3.3d):
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Figure 3.5: Optimized geometries (bent and orthogonal) of the ground state (Sp), first singlet
excited state (S7), first triplet-excited state (77) for both DMAC-TRZ and DMAC-py-TRZ.
All geometries are obtained at the M06-2X/6-31g(d) level of theory.

indeed we do predict a huge structural deformation of the excited molecule from the bent
to the orthogonal structure. In other terms, we do expect that fluorescence will occur from
the orthogonal structure at a much lower energy (~ 3.17¢V) than calculated for the bent
structure. Quite interestingly, in this orthogonal geometry, the singlet-triplet gap closes
(~ 8.2meV’), making TADF possible.

T; state is predicted for DMAC-py-TRZ in a twisted geometry in either the rigid (Figure
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3.2d, red line) and relaxed scans (Figure 3.3d, red line). The full optimization of the excited
state geometry however yields conflicting results. For Sy the situation is clear: taking either
the bent or the orthogonal geometry as starting points for the excited state optimization, S;
(Figure 3.5) always reaches the orthogonal conformation, supporting the results from the
relaxed scan analysis. For 77, instead, two different geometries are reached (Figure 3.5,
middle (AEsy = 0.93¢V) and right panel (AEsy = 0.41¢V)) with comparable energies , so
that it is not possible to reach a firm conclusion about the equilibrium geometry for 7;.
NTOs calculated at the optimized S; geometry, and at the two possible geometries for 7;

are shown in Figure 5.
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3.3 Experimental Details

3.3.1 Cyclic Voltammetry

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) of DMAC-py-TRZ,
and of DMAC-TRZ as a comparison, were measured in degassed DCM with tetra —n —
butylammoniumhexafluorophosphate as the electrolyte and Fc/Fc™" as the internal refer-
ence, data are reported versus a Saturated Calomel Electrode (SCE) (Figure 3.6a). Both
materials present reversible reduction and oxidation waves, with nearly identical profiles,
which is expected, as the D and A moieties are basically the same in the two compounds.
The effect of the pyridyl bridge can be observed in the higher oxidation potential of the
pyridine material, with 0.97 V (for DMAC-TRZ) vs 1.11 V for DMAC-py-TRZ. The same
behavior is observed for the reduction potential, also shifted up-fields, with values of -1.72
V and -1.64 V for DMAC-TRZ and DMAC-py-TRZ respectively. The calculated HOMO
and LUMO values are -5.31 eV/ -2.62 eV and -5.45 eV/ -2.70 eV for DMAC-TRZ and
DMAC-py-TRZ, respectively. The electron-withdrawing nature of the nitrogen lowers the
electron density on the donor, leading to a weaker donor and a lower HOMO in DMAC-py-
TRZ. The electron-withdrawing character also lowers the electron density on the acceptor,

resulting in a lower LUMO level, meaning a stronger acceptor.

a) DMAC-TRZ DMAC-py-TRZ b) Toluene solution

Ccv —_— —_— Molar absorptivity
DPV  ---- DMAC-TRZ ——
DMAC-py-TRZ ——

T T T T T T
-2 -1 0 1 300 400 500

Potential vs Standard / V A/ nm

Figure 3.6: (a) Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) of
DMAC-TRZ (black) and DMAC-py-TRZ (red) in DCM (scan rate = 100 mV/s). (b)
UV-vis absorption spectrum of DMAC-TRZ (black) and DMAC-py-TRZ (red) in 1073

M toluene solution.
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3.3.2 Optical Spectra
3.3.2.1 Absorption Oscillator Strength

As for UV-vis absorption, we focus on the lowest band, whose maximum is located at
382 nm and 370 nm in toluene in DMAC-TRZ and DMAC-py-TRZ, respectively. The
slight blue shift of the absorption band in DMAC-py-TRZ is ascribed to the more efficient
HOMO-LUMO mixing in the bent structure if compared with the marginal mixing in the
orthogonal structure of DMAC-TRZ. Since the bent geometry has higher mixing between
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Figure 3.7: Natural transition orbitals of DMAC-TRZ for both (a) bent (b) orthogonal ge-
ometries and DMAC-py-TRZ for both (c¢) bent (d) orthogonal geometries shown.
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HOMO-LUMO, energy gaps between the ground state and excited state increase. This
causes the blue shift in absorption spectra for DMAC-py-TRZ. The different structure and
hence mixing of orbitals in the two systems is however most dramatically demonstrated
by the massively different intensity of the transition in the two systems. As shown in Fig-
ure 3.6b, the extinction coefficient of DMAC-py-TRZ is 20 times larger than for DMAC-
TRZ, in line with the hypothesis of a much stronger conjugation in DMAC-py-TRZ than in
DMAC-TRZ.

3.3.2.2 Effect of Solvent Polarity

The effect of solvent polarities on the absorption and emission spectra of the material is in-
vestigated for both DMAC-TRZ and DMAC-py-TRZ. Figure 3.8 shows room temperature
absorption and emission spectra of DMAC-py-TRZ solutions in solvents of increasing po-
larity (cyclohexane, toluene, chloroform and DMSO). Relevant spectroscopic quantities are
collected in Table 3.1. In-room temperature (Figure 3.8a and 3.8b), absorption is not solva-
tochromic, suggesting a small permanent dipole moment of the molecule in the ground state.
Emission spectra instead show a large solvatochromism, suggesting that the emissive state
has a large permanent dipole moment for both molecules. '34!58159 In case of DMAC-py-
TRZ, absorption is more blue-shifted, suggesting a higher §; states than DMAC-TRZ’s §;
state. Recollecting the excited energy of DMAC-py-TRZ, an orthogonal geometry should
give red-shifted and bent geometry should give blue-shifted absorption energy. This clearly
suggests the existence of bent geometry of DMAC-py-TRZ in the ground state. The most
interesting result is the very large Stokes shift (0.72 eV) observed in the non-polar cyclohex-
ane solvent. This can only be explained in terms of a large rearrangement of the molecular
geometry following photoexcitation.

To collect more information about the emissive state for DMAC-py-TRZ, we collected
the spectra in the viscous polyTHF solvent at room temperature. Spectra are shown in
Figure Figure 3.10. Even if a very weak emission is observed from the solvent, a double
emission from the solute is detected. The emission at 410 nm is similar to the one observed
in the glassy matrix at 77K; the second emission at 600 nm is similar to the emissions
observed in DMSO at room temperature. We tentatively ascribe the observation of the
two bands to the simultaneous presence of the unrelaxed emissive species (as in the glassy
matrix) as well as of relaxed species (as in the liquid solvent). Excitation spectra in Figure
3.10 were collected detecting emitted light at 410 nm and 600 nm. The emission at 600 nm
can be safely ascribed to DMAC-py-TRZ, the corresponding excitation peaks at 370, in
correspondence with the absorption band. The emission at 410 nm has two components, as
clearly seen from the excitation spectrum that shows a peak at 370, related to the DAMC-

py-TRZ absorption and a peak at 340 that is due to the spurious emission from the solvent
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Figure 3.8: Steady state absorption and emission spectra of (a) DMAC-TRZ at room tem-
perature; (b) DMAC-py-TRZ @ RT Lower panel; (c) emission spectra of DMAC-py-TRZ
in 2MeTHEF at 77K. The blue dotted line show spectra obtained in the same sample, with a

gated measurement, collecting light emitted in the time interval 1-7 s following excitation.

(as confirmed by the spectra collected in the pure solvent). Fluorescence anisotropy spectra

in Figure 3.10 show a very large value for the anisotropy of 0.38.
In Figure 3.8c, we show spectra collected in a glassy 2MeTHF matrix at 77K. The
maximum of the steady state spectrum at 404 nm is largely blue-shifted with respect to

the spectra collected in liquid 2MeTHF showing a maximum at 596 nm (Table 3.1) but also
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SOLVENT Aabs  Aem (nm) 7(ns) Av(em™") f eMem™)
T1=13.11 (97,14%)
cyclohexane 370 472 5840 0,21
To=91.46 (2.86%)
T1=14.07 (81.79%)
toluene 370 550 8845 0,19 34100

7,="77.98 (18.11%)
1= 10.04 (69,34%)

chloroform 370 573 9575 0,012 35100
7= 108.90 (30.66%)
DMSO 368 675 * 12212 *
7= 8.80 (77.67%)
OMeTHF (298K) 370 596 10192 0.055

T=62.90 (22.33%)
T1=1.95 (88.94%)
2MeTHF (77K) 370 404 2275

T=2.93 (11.06%)

Table 3.1: Spectroscopic data: absorption wavelength A, emission wavelength A,,,, life-
time 7, Stokes shift Av, and fluorescence quantum yield (®) (reference: fluorescein water
0.1 M NaOH). *the weak emissivity of DMAC-py-TRZ in DMSO hinders the estimate of

the fluorescence lifetime and quantum yield.

with respect to cyclohexane (472 nm). This suggests that the large variation of the molecular
geometry that in cyclohexane is responsible for the large Stokes (abs maximum at 370 nm,
emission max 472 nm) is hindered (or partially so) in the frozen matrix, where the Stokes
shifts reduce to 0.28 eV (abs max at 370 nm emission 405 nm). The gated signal (blue
dotted line in Figure 3.8c collecting the light emitted with a delay of 1s after excitation)
is ascribed to phosphorescence, suggesting a large singlet-triplet gap. Figure 3.9 shows
emission (A.,.=370 nm) and excitation (A.,,= 405 nm) fluorescence anisotropy spectra for
DMAC-pyTRZ in 2MeTHF at 77K. Excitation anisotropy is roughly constant 0.25 in the
region of the absorption band, suggesting that a single state is responsible for absorption.
The emission fluorescence anisotropy decreases at longer wavelengths, possibly due to a
contribution from phosphorescence. The AEsr of the DMAC-py-TRZ was first measured
in a frozen (77K) 2Me-THF, 10~>M solution (Figure 3.9). The material presented a triplet
energy level of 2.77 eV and a single energy level of 3.21 eV, leading to a high AEsr of 0.44
eV. DMAC-TRZ presents a slightly smaller energy gap, at 0.33 eV, with 77 and S| energies
of 2.57 eV and 2.88 eV.

The emission of DMAC-TRZ and DMAC-py-TRZ falls at Ap; of 499 nm and 539 nm
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Figure 3.9: (a) Emission (A.,=370 nm) and (b) excitation (A,;;;= 405nm) fluorescence
anisotropy spectra of DMAC-py-TRZ in 2MeTHF at 77K. (c) Prompt fluorescence and
phosphorescence spectra at 77 K in 107> M 2MeTHF solution (Aey. = 343 nm, prompt and
delayed fluorescence spectra were obtained in the 1 — 100 ns and 1 — 8.5 ms time range,

respectively.

respectively. The ®p; of the two materials was obtained via the relative method, DMAC-
TRZ an efficiency of 67.3% under N,, which decreases to 21.8% when exposed to air.
As previously reported, the material presents both prompt and delayed fluorescence, with
respective lifetimes of 20.8 ns and 5.2us. DMAC-py-TRZ presents slightly lower PLQY,
at 58.3% under N,, which went down to 16.9% when exposed to air. Prompt and delayed
fluorescence was also observed, the prompt component presents a longer decay lifetime
of 44.0 ns, while the delayed shows a much faster one, at only 1.5us. Looking at the
theoretical AEgr values, the presence of a delayed component for DMAC-py-TRZ would
only be possible from the twisted conformer, since the bent material should present any
TADF behavior due to the too large gap between singlet and triplet.

By looking at the behavior of the material in the solution, we can see that is in line with
what was predicted by the DFT calculations. For measurement that involves the ground
state of the molecule (UV-vis, excitation spectra), the material behaves as expected from
the planar conformation, showing a large overlap between HOMO and LUMO, leading to
very high €. As soon as the excited state of the molecule is involved (emission spectra and
lifetime measurements), the behavior mirrors what was predicted for the twisted conformer,
showing clear evidence of a TADF charge transfer state. These latter results closely resem-
ble the one obtained for DMAC-TRZ, which presents a very similar conformation to the
twisted conformer of DMAC-py-TRZ.
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Figure 3.10: a) Emission spectrum (red line) of DMAC-py-TRZ dissolved in polyTHF
(Aexc=370nm). The blue dotted line is the emission of the pure solvent. b) red line: ex-
citation spectrum collected revealing at 410 nm. The blue dashed line is the excitation
spectrum of the solvent, collected revealing the emission at 401 nm. c) excitation spectrum
of DMAC-py-TRZ in polyTHF collected revealing at 600nm. (d) emission (left, A,,,=370

nm) and (e) excitation (right, A,;,;;s=600 nm) fluorescence anisotropy spectra.
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3.3.3 DMAC-py-TRZ in Solid Matrixes

DMAC-py-TRZ was then doped in amorphous films. In the weakly polar PMMA matrix
(Figure 3.11), at a doping concentration of 10 wt%, emission is observed at Ap;= 516 nm
with ®p; 63.8% under N, atmosphere, which decreased to 58.0% after exposure to air.
Prompt fluorescence is observed with lifetime 7, 26.0 ns, while delayed fluorescence is
better described by two exponentials with 7;=1.0 us (32.6%), 17,=7.4 us (67.4%). When
switching to the more polar host material mCP (Figure 3.11), in 10wt% doped films, we
observed a blue shift of the emission color at Ap; of 496 nm, with similar ®p; as in PMMA
films, 57.4% in N, atmosphere, 53.5% in air. Prompt and delayed fluorescence were again
observed with 7, 24.9 ns and a bi-exponential fit for the delayed fluorescence with 7,=1.4
us (46.8%), 17=7.7 us (53.2%), again in line with PMMA results. The TADF nature of
the material was confirmed by measuring the temperature dependence properties of the two
samples (Figures 3.11). A clear increase in the emission intensity is observed with increas-
ing temperatures. The AEgr in both environments was measured, yielding very similar
results with values of 0.02 eV and 0.05 eV for 10 wt% drop-casted PMMA and mCP film
respectively (Figure 3.11.

The emission spectra measured in 10% doped films are largely red-shifted, possibly
suggesting emission from a relaxed dye in orthogonal conformation. However, at these
large concentrations energy-transfer phenomena may occur so that, in a system with the
conformational disorder, the emission is only seen from the dyes emitting in the red part of
the spectrum. We, therefore, studied films with lower dye concentrations (Figure 8). At a
doping concentration of 1 wt%, the blue-shifted emission band appears again and coexists
with the red-shifted emission. The blue-shifted emission does not present any delayed com-
ponent and it is safely ascribed to the bent conformer. The progressive disappearance of the
blue-band due to the bent conformer upon increasing the dye concentration then suggests
that at 10% concentration the homo transfer is fast enough to completely remove the signal
of the bent confirm, quickly transferring all population to the orthogonal conformer. In the
neat DMAC-py-TRZ film most of the emission is seen at 513 nm, attributed to the orthog-
onal structure, but a minor peak at 415 nm is also observed that can be attributed to the bent
conformation. Lifetimes measured at 500 nm show a prompt fluorescence component (7,
56.7 ns) and a bi-exponential delayed component (7;=1.0 us (35.7%), 7,=4.6 us (56.1%)).
At 425 nm, only prompt fluorescence is observed, confirming the nature of the two emis-
sions. Efficient energy transfer is expected also in neat films, shifting most of the intensity
to the red portion of the emission spectrum, however, in this case, a residual emission from

the bent structure is seen whose intensity increases at 77 K (Fig.3.12).
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Figure 3.11: (a) Emission spectra of DMAC-py-TRZ in spin-coated 10 wt% mCP film,
spin-coated 10wt% PMMA film, and drop-casted neat film (A, = 340nm). (b) Time-
resolved fluorescence decay in spin-coated 10 wt% mCP film of DMAC-py-TRZ (A =
378nm). (c) Delayed fluorescence decay data measured at different temperatures in spin-
coated 10 wt% mCP film of DMAC-py-TRZ (A, = 378nm). (d) Prompt fluorescence and
phosphorescence spectra at 77 K in drop-casted 10 wt% mCP film (Aexe = 343nm), prompt
and delayed fluorescence spectra were obtained in the 1-100 ns and 1-8.5 ms time range,

respectively
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Figure 3.12: a) emission spectra of DMAC-py-TRZ in drop casted neat film (A,.,.=340

nm); b) time-resolved fluorescence decay in spin-coated 10 wt% mCP film of DMAC-py-
TRZ collected at A,,;=500 nm and A,,,;=425 nm (A.=378 nm); Prompt fluorescence and

phosphorescence spectra at room temperature and at 77 K in drop-casted neat film (A.=343

nm, prompt and delayed fluorescence spectra were obtained in the 1-100 ns and 1-9 ms time

range, respectively), and calculation of the AEgr from the phosphorescence spectra at 77K

and the fluorescence spectra at ¢) 77K (corresponding to the AEgy of the bent conformer),

and d) room temperature ( corresponding to the AEsy of the twisted conformer)
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Material Environment Apr (nm)® ®pp Ny (air)(%)? 1T, (ns); Ta(ts)® Si (eV) Ty (eV)® AEsr(eV)
DMAC-TRZ Toluene (107> M) 499 67(22)° 20.8;5.2 2.88 2.57 0.31
mCP 10 wt % - - - 2.83 2.81 0.02
PMMA 10 wt% - - - 2.85 2.74 0.11
neat - - -
DMAC-py-TRZ  Toluene (107> M) 539 58(17)¢ 44.0; 1.5 3.21 2.77 0.44
mCP 10 wt% 496 57(54)¢ 24.9;5.3 2.76 2.71 0.05
PMMA 10 wt% 516 64(58)d 26.0; 4.7 2.76 2.74 0.02
neat 4257 55(54) - 3.12 2.65 047
500¢ 56.7;3.2 2.85" 2.65 0.2

Table 3.2: ¢ measured at room temperature; b ere = 340 nm; € obtained via the optically
dilute method22 (see SI), quinine sulfate (0.5 M) in H>SO4 (aq) was used as the reference,
Dpp: 54.6%, Auye = 360 nm;23 9 obtained via integrating sphere; °7, (prompt lifetime) and
74 (delayed lifetime) were obtained from the transient PL decay of degassed solution/doped
film, Aexe = 378 nm; /S was obtained from the onset of the prompt emission measured at
77K;8T) was obtained from the onset of the phosphorescence spectrum measured at 77K;
S, was obtained from the onset of the fluorescence spectrum measured at room tempera-
ture; ‘AEgr =S, —Ty; / assigned to the bent conformer of DMAC-py-TRZ; k assigned to
the twisted conformer of DMAC-py-TRZ
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Figure 3.13: (a) screen of low-concentration spin-coated films emission spectra of DMAC-
py-TRZ in spin-coated 1wt% mCP film (A= 340 nm); (b) time-resolved fluorescence
decay in spin-coated 1wt% mCP film of DMAC-py-TRZ collected at A,,,; = 490 nm and
Aemi = 430 nm (A, = 378 nm)
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3.4 Conclusions

This chapter presents a new TADF dye, DMAC-py-TRZ, together with an extensive com-
putational analysis and experimental characterization. The experimental data are collected
from the host lab and collaboration lab. The chemical structure of DMAC-py-TRZ only
marginally differs from that of the parent DMAC-TRZ compound, with a CH group sub-
stituted by a N atom. However, this minor substitution has an enormous impact on the
structure and hence on the photophysics of the dye. Specifically, DMAC-TRZ has the
same orthogonal geometry in both the ground state and in the first excited singlet, DMAC-
py-TRZ assumes a bent geometry in the ground state, as best demonstrated by the large
oscillator strength measured in solution for this dye. However, upon excitation in the S;
state, the system undergoes a large geometrical rearrangement that brings it to an orthog-
onal geometry. This large relaxation is confirmed by the very large Stokes shift measured
in non-polar solvents. In frozen (glassy) solvents and low temperatures, the relaxation is
hindered and a blue-shifted emission is seen from the unrelaxed bent state. In PMMA and
mCP films a distribution of structures is seen, so that, at low concentrations emission is
observed both from bent and orthogonal structures. However, upon increasing concentra-
tion efficient energy transfer is observed from the bent to the orthogonal structures, so that
the spectrum at high concentration is dominated by the red-shifted emission. While TADF
is not possible nor observed in the bent structure, due to a too large singlet-triplet energy
gap, the efficiency of DMAC-py-TRZ devices is similar as for DMAC-TRZ: indeed the
efficient energy transfer of excitons created on bent (and TADF silent) structures towards
molecules in the orthogonal (and TADF-active) structure allows to retrieve all singlet photo-
generated states for TADF activity. Most probably, efficient triplet to triplet energy transfer
is also required to explain the good efficiency of DMAC-py-TRZ OLED, but this will be

the subject of a subsequent study.






Conclusions and Perspectives

TADF is a rare phenomenon occurring in systems where a triplet state sits very close in
energy to the lowest excited singlet. It requires a delicate balance of several sometimes
competing interactions, as to ensure a tiny energy gap between the lowest excited singlet and
triplet states, a large spin-orbit coupling between the same states, with the singlet showing
reasonable emissive properties. Governing this delicate balance requires the control of the
relative energies and mixing of charge-transfer and local excited states, that in turn are
affected by vibrational and conformational motions as well as by the interaction with the
surrounding. To make the picture even more intricate, the matrix properties, including
dielectric properties, mobility, viscosity efc., may affect in different ways states of different
nature, with dramatic effects on the relative energies of excited states. Mastering TADF
then requires reliable models able to accurately account for the different interactions while

maintaining the global picture in control.

This thesis provides a guide and fundamental understanding toward this direction. Hav-
ing charge-transfer as well local-excited states for TADF dyes, one of the most delicate
issues is the choice of the functional to treat all the states properly. This issue is addressed
in Chapter 1 and Chapter 2 as well as also got published in Ref. 70 and 160. The dielectric
properties of the local environment also largely affect the behavior of TADF dyes. Typically
used continuum models lead to wildly different results because of the adiabatic approxima-
tion used for solvent electronic degrees of freedom. The development of the antiadiabatic
approach is demonstrated to treat the relaxation of the fast (electronic) solvent degree of
freedom and this implementation is extensively addressed in Chapter 1. Ref. 35 and 160
contain this discussion further. Chapter 2 represents a detailed discussion of extensive ex-
perimental and TD-DFT results for a typical TADF dye, DMAC-TRZ. The essential-state
model, without adjustable parameters, satisfactorily reproduces the absorption and fluo-
rescence spectra (in terms of band positions and bandshapes) and their evolution with the
solvent polarity, as well as absorption, fluorescence and phosphorescence spectra in a solid
matrix. The model offers safe guidance on environmental effects on the photophysics of the
TADF dye. This is a very important step toward the so-called smart-matrix approach, where

the dye and the matrix are optimized together for the best device performance. These results
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are published in Ref. 70 and 161. In Chapter 3, a new novel emitter DMAC-py-TRZ is
discussed in-depth to understand dihedral angle relaxation and excited-state properties. The
computational results shed light on an anomalously large Stokes shift observed experimen-
tally, in terms of a large molecular relaxation upon photoexcitation. This work is carried out
in close collaboration with Prof. Eli Zysman-Colman, University of St Andrews, Scotland.
Based on this understanding, we have developed an approach to simulate TADF dynamics
(including the time evolution of spectral properties) in condensed phases.

In conclusion, this thesis provides an original and fundamental approach to reliable
models of the TADF process, accounting for the delicate role of environmental effects as
well as geometrical effects. A large body of literature is now available that quite unam-
biguously points to important and highly non-trivial phenomena due to disorder in TADF
systems, however, TADF remains a delicate phenomenon that requires precise control of
a tiny singlet-triplet gap and of an even tinier and somewhat elusive spin-orbit coupling
in systems where molecular vibrations, conformational modes and the interaction with the
environment heavily affect the properties of the dye. All the computational approaches
developed and discussed in this thesis provide the scientific and technological community
with a useful tool as needed to guide the design and synthesis of concurrently optimized
TADF dyes. The comprehensive and detailed model presented here is validated against the
experiment and should set a solid basis for a reliable simulation of TADF-OLED, which is

a prerequisite for the design of efficient devices.
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