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%The determination of transport mechanisms in organic light-emitting diodes (OLEDs) is crucial for optimizing device performance.
{ Magnetic field measurements enable the differentiation of spin state interconversion mechanisms, but data interpretation remains
() challenging. Here, experimental and theoretical investigations were combined to provide a comprehensive understanding of the un-

derlying processes. This study systematically compares three cyanoarene-based emitters with different singlet-triplet gaps (AEst) to
explore factors influencing reverse intersystem crossing (RISC). The comparison of all-'H and all->H 4CzIPN isotopologues confirms
_C that RISC is governed by spin-orbit coupling (SOC) rather than hyperfine interactions. Magnetic field-dependent measurements
O reveal that charge transport in OLED devices is driven by triplet-charge annihilation in 3CzCIIPN and 4CzIPN, while triplet-triplet
——lannihilation dominates for 5CzBN. Theoretical calculations further indicate that SOC-mediated RISC in 3CzCIlIPN and 4CzIPN
can additionally occur via a T, intermediate state with an activation energy distinct from AFEgst. A temperature-dependent analy-
> sis of the devices was conducted to quantify this activation energy and compare it with the computational findings. These findings
establish key correlations between activation energy, spin dynamics, and magnetic field effects in TADF emitters, advancing our
() understanding of excitonic processes in OLEDs.

O
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11 Introduction

#
Q Organic light-emitting diodes (OLEDs) play a crucial role in optoelectronic applications, including flat-

\J panel displays, white light sources [1},2], and wearable electronics [3-H6]. Beyond these applications, OLEDs

S are also attracting growing interest in sensor technology [7] and biomedicine [3}6].

= In recent years, organic thermally activated delayed fluorescence (TADF) materials have gained signifi-

x cant attention due to their intrinsic ability to enable reverse intersystem crossing (RISC) from the triplet

a to the singlet excited states [2,/8,9]. This process allows for a theoretical internal quantum efficiency
of up to 100 % without the need for heavy atoms [10]. By tuning donor and acceptor units, the energy
gap between the singlet and triplet states (AEgt) can be adjusted. To efficiently harness triplet exci-
tons, a small AFEgr in the range of thermal energy at room temperature is required [11,/12]. If AFEgr is
too large, RISC becomes inefficient, reducing overall device performance |[13H15]. However, the exact
mechanism behind the spin state interconversion process remains a topic of debate and strongly depends
on the choice of material [16,17]. For exciplex-based TADF materials, where charge-transfer complexes
are formed between two distinct molecules, the dominant spin state interconversion mechanism is of-
ten attributed to the Ag-mechanism or hyperfine induced spin-mixing |18]19]. In contrast, these effects
appear to be less significant in excitonic TADF systems. Recently, Wang et al. [16] proposed that spin-
orbit coupling (SOC) plays a major role in facilitating the spin state interconversion process and Gibson



et al. [20] highlighted the critical role of vibronic coupling in enabling efficient RISC in TADF materi-
als [21]. However, determining the underlying spin state interconversion mechanism experimentally is
challenging. To investigate these interactions, magnetic fields are often used to induce Zeeman splitting,
thereby lifting the degeneracy of the triplet states. Depending on the dominant spin state interconver-
sion mechanism, the broadening of the magnetic field effect curves changes accordingly. These magnetic
field effects (MFEs) are generally quantified using the following equation:

_ MFE(B) - MFE(B = 0)
MEE = MFE(B = 0) W

MFEs have been exploited to gain insight into the spin dynamics of emitter materials [16,22,23]. The
MFE response is most commonly attributed to hyperfine interactions (HFIs) [23][24], the Ag- mecha-
nism [19], and second-order processes |25]26], such as triplet-triplet annihilation (TTA) or triplet-charge
annihilation (TCA) [17]. In the case of TADF materials, MFEs have also been suggested to affect the
RISC process [16,/18,19]. Each mechanism exhibits a distinct fingerprint MFE curve, aiding in identifying
the dominant effect influencing charge transport [16].

If the device is electrically biased, the electrons and holes injected from the electrodes can recombine
and form weakly bound polaron pairs as either singlets (PP;) or triplets (PPs) on neighboring molecules
[16,127,128]. PPs includes the degenerate states PPs , PPs, and PP _. If the exchange interaction
energy between electrons and holes is weak, spin state interconversion is facilitated by HFI, namely inter-
system crossing (ISC) (PP, — PPs) and RISC (PP; — PPy) [1629].

Generally, the coupling strength, originating from either HFI or SOC, can be directly linked to a charac-
teristic magnetic field via the Zeeman energy:

ECOU
__—coup (2)
Je—hl4B
where the energy Eeoup, is determined using the Planck relation, which can be considered as the energy of
the coupling strength:

By =

E = hev (3)

with h being Planck constant, ¢ the speed of light, and 7 the wavenumber. Here, g._1, represents the
Landé factor of an electron-hole pair, and pp denotes the Bohr magneton.

E oup is proportional to By, so the broadening of the MFE curve can be directly associated with an in-
creased coupling strength, as the characteristic magnetic field By is increased (Eq. , vide infra). HFI in
organic molecules is generally weak, causing a characteristic magnetic field (< 10 mT), while a broader
response is expected if SOC dominates [1630].

In addition to the spin state interconversion analysis, the application of an external magnetic field al-
lows for the differentiation between various charge carrier transport mechanisms, as they exhibit distinct
fingerprint responses [16,31]. In TCA, a T exciton collides with a charge carrier (¢), which makes the
carrier scatter and the 7) states quench (77 + ¢ — ¢ + Sp) [16,32]. As Wang et al. [16] explained, the
Zeeman splitting of the T} state causes a decrease of the rate constant of the TCA process when apply-
ing an external magnetic field. This means that the external magnetic field can lower the probability for
TCA, therefore enhancing the 77 population. Consequently, more charge carriers can contribute to the
RISC process, enhancing the MEL response [16,31]. It is important to note that the spin state intercon-
version can occur only from the T, o state to the excited singlet state, since intra-triplet state mixing is
suppressed according to the generation of triplet states due to the applied magnetic field.

The TTA process can be described as T7 + 17 — S, + Sp and is also affected by the Zeeman splitting of
the T state. Below | ~ 20| mT [16}/17,31,33], the zero-field splitting is stronger than the Zeeman splitting.
Consequently, the annihilation rate constant of the 7} state is increased, which is reflected in an increase
in the MEL response. Conversely, by increasing the magnitude of the magnetic field at |B| > 20 mT,
the Zeeman splitting becomes stronger than the zero-field splitting. Consequently, the annihilation rate
constant decreases, and the MEL response is decreased [16].



Differentiating between these mechanisms in emitter materials using MFEs can be challenging, often
leading to overfitting in an attempt to account for all observed effects (e.g. TCA, TTA, RISC, ISC)
[16,131,132]. In the case of the carbazole-based molecules under study, we propose a simple model based
on the combination of only two Lorentzian fitting functions, which replicates our measured data and is
in line with our theoretical investigations. To reduce the impact of all materials other than the emis-
sive carbazole-based molecules, we fabricated simple layer stack devices containing only three organic
layers, namely the hole-transport layer (PEDOT:PSS), the emissive layer (carbazole-based cyanoarene
molecules), and the electron-transport layer (TPBi). Furthermore, our advanced measurement setup,
coupled with its original software, enabled a rigorous statistical analysis, enhancing the reproducibility
and reliability of our results. A comprehensive description of the hard- and software components of the
MFE measurement setup, along with the analysis process, is provided in the Supplementary Information
(see section 1.1. Experimental Apparatus and Analysis).

While differentiating between the mechanisms present in emitter materials can be easier from a compu-
tational point of view, computational approaches struggle with different problems when it comes to the
description of spin state interconversion processes. (Spin) dynamics in excited states are challenging to
model due to the complex net of state interactions [34] and long timescales needed to simulate the RISC
process. In this work, we present a workflow that allows for the discussion of spin dynamics between
the potential energy surfaces (PESs) of the involved excited states without the need for explicit excited
state molecular dynamics simulations. A key component of this analysis is the identification of points
of contact between different PESs, namely minimum energy crossing points (MECPs) between states of
different spin multiplicity and minimum energy conical intersections (MECIs) between states of the same
multiplicity [35,36]. When two PESs corresponding to different electronic states intersect, the emerging en-
ergy degeneracy allows for efficient transitions between these states. Consequently, knowing the location
of these intersections enables the evaluation of dynamic processes without requiring molecular dynamics
simulations.

The intersection of two PESs is defined by the vectors along which the energy degeneracy is lifted, the
gradient difference vector (GDV') and the derivative coupling vector (DCV) [37]:

GDV:a(Ela;E’Z) (4)
Uy | (22 |,
DCV = (I ((fq) |x1/2>:< ]gfa_q)EL ) (5)

with the latter determining how strongly the electronic wavefunctions change with respect to a change
in the nuclear coordinates ¢. This two-dimensional subspace spanned by the GDV and the DCV is also
called the branching plane.

For MECPs, transitions occur between states of different spin multiplicities, meaning the DC'V is zero as
there is no direct derivative coupling between the wavefunctions. Instead, transitions proceed via SOC.
In this case, the branching plane is reduced to a one-dimensional hyperline. To find the energy mini-
mum on this hyperline, i.e. the MECP, Bearpark et al. proposed the gradient projection method [35].
Here, the GDV is minimized along the hyperline while the gradient of Es is projected onto the remaining
space orthogonal to it and minimized there.

In the case of MECI optimization, both the GDV and the DC'V are necessary. However, as the cal-
culation of the DC'V' is not widely available for all quantum chemistry methods and can be costly or
potentially unreliable depending on the accuracy of the method, Maeda et al. developed an approach
that does not rely on the DCV [36]. The two-dimensional branching plane is instead updated in a gra-
dient projection framework using only the GDV. At each optimization step, the branching plane is
represented by two orthonormal unit vectors: A unit vector x parallel to the GDV and a unit vector

y perpendicular to it that needs to be estimated through the updating method as a surrogate for the
DCV. The method relies on the fact that even with an inaccurate initial y, as the optimization proceeds



around the region of the conical intersection, x (and thus the GDV') minimizes the energy difference be-
tween the electronic states and leads towards the energy minimum. This induces changes that allow the
iterative algorithm to refine the estimation of y.

By combining the outlined computational and experimental approaches, we can provide a comprehensive
picture of the interconversion processes in carbazole-containing TADF emitters.

2 Results and Discussion

2.1 Device Fabrication

The specific layer structure for all fabricated devices can be found in Figure (1 (a) and (b). Through-

out this study, the three cyanoarene molecules 2,4,6-Tri(9 H-carbazol-9-yl)-5-chloroisophthalonitrile
(3CzCIIPN), 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), and Penta-carbazolylbenzonitrile
(5CzBN) were compared as bare molecular devices as well as embedded in a host-guest system with
4,4°-Bis(N-carbazolyl)-1,1"-biphenyl (CBP) as host material (ratio host:guest = 9:1). Their molecular
structure is depicted in Figure [l (¢)-(f) with the respective calculated AFEgt for the TADF emitters (cf.
(c)-(e)). AEst can be reduced by strengthening the acceptor unit(s) [38]. In contrast, the introduction

of carbazole (donor) units increases AFEgr. This is closely tied to the influence of donor and acceptor
units on the frontier orbitals (Figure . Since RISC in TADF molecules depends on efficient energy
transfer, a small AFEgr is preferred for optoelectronic applications such as OLEDs [2].

(a) B = (-200 to 200) mT (c) (d)
0= N

Glass/ | epoxy resin

3CzCIIPN 4CzlPN
(b) B = (-200 to 200) mT ST ~19.3 meV AEg; ~ 59.0 meV

"
g -0-041

5CzBN CBP
AEg; ~ 96.6 meV

Figure 1: Layer stacks of the devices fabricated using (a) the bare emitters, and (b) a host—guest system, along with the
molecular structures of the TADF emitters in (c¢)—(e). The corresponding A FEgr, obtained from TD-DFT calculations,
are also provided for (¢) 3CzCIIPN, (d) 4CzIPN, and (e) 5CzBN. The molecular structure of the host compound CBP is
depicted in (f).

To assess the quality of the band alignment (cf. Figure S11), the positions of the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were calculated with DFT for
all molecules. These results were then compared to values obtained through a combination of low-energy
inverse photoemission (LEIPES) and ultraviolet photoemission spectroscopy (UPS) for validation.

The computational results are shown in Figure 2| (a), illustrating a continuous increase in the band

gap from 3CzCIIPN to 5CzBN. Additionally, both the HOMO and LUMO positions exhibit an upward
shift in energy, following this same trend. Figure [2| (b) shows the experimentally determined values of
the HOMO and LUMO onsets and the work function W for 4CzIPN with respect to the vacuum en-
ergy Fy. from UPS and LEIPES measurements. The work function determined for the Au substrate is
(4.57 £0.05) eV, which is significantly lower than typical values from literature (e.g. 5.4 eV [39]). This
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is due to the presence of an adventitious carbon layer, which was not removed before the deposition of
4CzIPN to keep conditions similar to the samples that were prepared outside UHV conditions using spin-
coating. With increasing organic film thickness, a progressive shift of the work function W correspond-
ing to a movement of the Fermi level towards the vacuum level can be observed. This is accompanied by
an apparent opening of the HOMO-LUMO gap, which saturates near a film thickness of 8 nm. Such ef-
fects were often observed in relation to ultra-thin films of organic semiconductors on metallic substrates.
In phthalocyanine molecules, this was associated with the formation of an image charge potential, due
to the mirroring of the molecular electron cloud in the conductive substrate [40|. The energy parame-
ters determined for the largest film thickness can be considered as the values of the bulk material. They
amount to FA = (2.88 +0.03) eV for the electron affinity, /£ = (6.0 £ 0.1) eV for the ionization energy,
and W = (3.74 £ 0.05) eV. This adds up to a transport bandgap of (3.12 £ 0.13) eV. The uncertainty of
E'A is given here by the standard deviation of the values determined from measurements under different
conditions, i.e. using different bandpass filters (BPFs), as proposed by Sugie et al. [41]. The measured
Fermi level being closer to the LUMO onset than to the HOMO onset suggests an n-type character of
the organic film.

The obtained values for the electron affinity and ionization energy can be associated to the LUMO and
HOMO position, respectively. The obtained values are in very good agreement with the DFT results.

A more detailed description of the UPS, XPS, and LEIPES experiments and their analysis can be found
in the Supporting Information (cf. section 1.1.4 and Figures S8-S10) .
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Figure 2: (a) HOMOs and LUMOs of 5CzBN, 4CzIPN, and 3CzCIIPN with corresponding absolute orbitals energies and
corresponding HOMO-LUMO gaps obtained from DFT calculations. (b) Thickness-dependent energy diagram of the exper-
imentally determined HOMO and LUMO onsets of 4CzIPN on Au, expressed by the ionization energy I'E and the electron
affinity E'A, as well as its work function W, with respect to the vacuum energy F.... Multiple values of FA measured with
different bandpass filters (BPF) are shown to evaluate the statistical significance of the determined parameters.

2.2 Optoelectronic Characterization

The difference in emitted color is visible to the naked eye when comparing the light emission of the in-
vestigated bare molecular devices (cf. Figure 3| (a)). As can be seen in Figure 3| (b), the electrolumines-
cence (EL) response shows a blue shift as the number of carbazole units increases. This can be explained
by an increase in the HOMO-LUMO gap from 3CzCIIPN to 5CzBN as shown in Figure 2] Since the
HOMO is localized on the carbazole donor units and the LUMO on the acceptor unit, changes in the
donor or acceptor composition directly affects the energy gap. The trend from 3CzCIIPN to 5CzBN
shows that successively adding carbazole donor units leads to a steady increase in the energy of the



HOMO due to the increasing electron-donating effect of the electron-rich carbazole moiety. Conversely,
starting from 5CzBN and going to 3CzCIPN, introducing electron-withdrawing groups such as CN and
Cl to the acceptor unit lowers the energy of the LUMO. Notably, while the relative energy increase of
the HOMOs remains similar across the series from 3CzCIIPN to 5CzBN;, the relative energy decrease
observed for the LUMOs differs more significantly. Adding a chlorine atom (from 4CzIPN to 3CzCIIPN)
has a much weaker effect than adding a cyano group (from 4CzIPN to 5CzBN), resulting in a compar-
atively large HOMO-LUMO gap for 5CzBN while the gap for 4CzIPN and 3CzCIIPN remains similar.
This trend in the HOMO-LUMO gaps is closely related to the respective AFEgt of the molecules as the
first singlet and triplet excited states are characterized by HOMO to LUMO transitions.

The photoluminescence (PL) (¢f. Figure S12 (d) in the Supporting Information) and the EL response
exhibit a strong correlation, suggesting that the molecules behave similarly under optical and electrical
excitation. The corresponding CIE (Commission internationale de l’éclairage) chromaticity diagram is
given in Figure 3| (d) with the CIE values summarized in Table S2.

In the host-guest system, a distinct blue shift in the EL response is observed (cf. Figure S12 (c¢)). This
shift is attributed to environmental changes induced by CBP, preventing aggregation-induced quench-
ing, which can also lead to a blue shift in the EL response [42]. The reduced full width at half maximum
values (FWHM) demonstrate the higher selectivity along with the more efficient light emission as inter-
actions between the emitter molecules are decreased, which can be attributed to a modification of the
energy transfer processes, e.g. Forster (FRET) and Dexter energy transfer (DET) [42//43]. FRET mainly
depends on the overlap of the PL spectrum of the host molecule and the absorption spectrum of the
guest molecule [16]. As shown in Figure 4| (a), all TADF emitters exhibit a strong overlap with the PL
spectrum of CBP, indicating efficient FRET between the host and guest molecules. This is corroborated
by simulated absorption and PL spectra (see Figure S17). From the UV-vis absorption spectra, we also
determined the optical band gap (AE,p) using the Tauc plot method assuming a direct band gap [44].
The exact experimental values of AE,, for the three molecules are presented in Figure 4] (b). These val-
ues correlate with the increasing HOMO-LUMO energy gap, and with the observed blue shift in the PL
and EL responses correlated with the increasing number of carbazole units in the cyanoarene molecules.
Considering the external quantum efficiency (EQE) results in Figure |3 (¢), the introduction of the host-
guest system significantly enhances the EQE compared to the device consisting only of bare molecules.
An increase in the EQE was detected when using a material with a smaller AFEgr, as the RISC process
is more efficient. The EQE,,.x for 3CzCHPN and 4CzIPN is very similar, while 5CzBN shows a much
lower EQE related to the larger AFEgt. The exact values for the optoelectronic characterization are sum-
marized in Table S1. As mentioned, the increased EQE when comparing the host-guest system to the
bare molecular systems can be attributed to better charge carrier transport according to an improved
energy transfer, mostly originating from FRET (cf. Figure 4.

Nevertheless, as the devices are not optimized, the total EQE values remain quite low. Due to the higher
emitter concentration in the bare molecular devices, a concentration quenching effect is assumed. The
lack of separation of emitter and transport functions in such layers favors exciton quenching |45]. The
relatively high energy barriers (cf. Figure S11) and the strong efficiency roll-off could be compensated in
further investigations by improving the band alignment using transport and blocking layers [46]. How-
ever, the lower EQE positively impacts the MFE amplitude, as will be discussed in detail below.
Examining the calculated relative energy differences between the triplet energy levels of CBP and the
excitonic TADF emitters reveals a difference of 0.22 eV for 3CzCIIPN (c¢f. Figure S18 (a)), 0.16 eV for
4CzIPN (cf. Figure ), and 0.02 eV for 5CzBN (c¢f. Figure S18 (b)). Since DET mainly depends on the
alignment of the host and guest triplet states [47], it should be most efficient for the combination of
CBP and 5CzBN. However, the optoelectronic properties, particularly the EQE, remain significantly
higher for the other two TADF emitter molecules. This indicates that DET plays a less critical role in
these devices compared to the intrinsic properties of the TADF emitter.
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Figure 3: (a) Images of the devices fabricated in this work with four of the 8 pixels emitting light, (b) shows the EL re-
sponse for the bare molecules depicted in (a). (¢) EQE for the simple layer stack with the bare molecules compared to the
host-guest system, containing CBP as a host material and showing a strong enhancement. (d) CIE chromaticity diagram
extracted from the EL response (cf. Figure|3| (b))

2.3 Characterization of Magnetic Field Effects

As discussed in section 2.2, the introduction of a host-guest system using CBP as the host matrix dra-
matically increased EQE (c¢f. Figure . In Figure |§|, the organic magnetoconductance (OMC), mag-
netoelectroluminescence (MEL), and magnetoefficiency (M,) responses of the bare molecular devices
are compared to their respective host-guest equivalents as an example at a constant current density of
175 mA /cm?. Since the OMC is less sensitive to radiative recombination and the MEL is affected by
both radiative and non-radiative recombination, we propose the magneto-efficiency (M,,) as the most reli-
able metric. The relationship between the EL and the current (I) in OLEDs can generally be described
by the formula EL = nI /e [48], with 1 being the EL quantum efficiency and e the elementary charge. If
71 is B-dependent, the following relationship exists :

M, = MEL — OMC (6)

The OMC signal was found to be quite low, which is in line with previous observations ,. Interest-
ingly, the opposite trend was observed when compared to the EQE analysis: The magnetic field effects
are significantly quenched as device efficiency is improved. Niedermeier et al. demonstrated that
an electrical conditioning procedure could enhance the MFE response, which was associated with intro-
ducing trap states. As device efficiency increases, charge transport is also improved. Consequently, the
interaction time of charge carriers with the external magnetic field is reduced, leading to a suppression of
the MFE. Additionally, concentration quenching effects need to be considered , since the emitter con-
centration decreases by introducing a host-guest system, lowering the probability of interactions between
the TADF emitters and the magnetic field.

One can further observe in both cases, for the bare emitter devices and their host-guest systems, that
M,, is quenched upon increasing AFEgt. The MEL response of 5CzBN exhibits a markedly different
lineshape compared to those of the other two molecules. For the following analysis, we will focus on
the bare molecular systems, as their measured MFE signals are stronger and hence easier to analyze.
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To gain deeper insights, the OMC and MEL responses were measured at various current densities, as
demonstrated in Figure [7] for the bare molecular devices. From left to right, the molecules exhibit an in-
creasing A Egr, which reduces the likelihood of RISC [21]. As expected, the MFE decreases accordingly,
emphasizing its sensitivity to the RISC process. Interestingly however, the lineshape does not replicate
the characteristic fingerprint curves of the RISC process, which would typically correspond to a negative
MEL response [16},50].

For a more detailed analysis, the curves depicted in Figure [7] were fitted by a combination of two Lorentzian
functions for the M, response:

MFE xB* MFEyrB?

Mnﬁt (%> - B2 T BgfLF + BQ + B(Q)fHF (7)
with M F Err and M F Egr corresponding to the amplitudes and By_rr and By_gr corresponding to the
broadening of the curves (half width at half maximum - HWHM) for the low-field (LF) and high-field
(HF), respectively. The two terms determine the major effects corresponding to the LF (< |20| mT), and
HF effect regime (> 20 mT). The broadening By of the M, response is also determined as the charac-
teristic magnetic field. A comparison of several models (cf. Figure S13 and Table S4) showed that Eq.
@ best replicates the M, response. The error bars shown in the diagrams are derived from the standard
deviation of ten separate measurements. Upon examination of the data presented in Figure [§, a decrease
in the M, response is observed with increasing AFEgr, which is well replicated in the M F Eyp variable in
Figure [§f (c).

Interestingly, the M, response for 4CzIPN is slightly higher than that of 3CzCIIPN, particularly at lower
current densities (c¢f. Figure|§| (c)). A comparison of the MFE results with the J-V and Luminance-V
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Figure 6: OMC (a), MEL (b), and M,, (c) detected at a constant current density of 175 mA /cm? for the bare molecules
and the host-guest system containing CBP as host matrix.

responses (cf. Supporting Information Figure S12 (a) and (b)) reveals that the variations in turn-on volt-
age (determined at 10 cd/m?) and operational regimes are well reflected in the MFE responses, causing
the different onset of the increasing M F' Eyr. The high turn-on voltage observed for 3CzCIIPN is at-
tributed to a relatively large energy barrier, as evidenced by the band alignment (cf. Figure S11). By_pp
exhibits values below 10 mT for all three emitter molecules, which was previously assigned to hyperfine-
driven interaction between polaron pairs [16,53]. A decrease was observed with increasing A Egr, sug-
gesting an enhanced HFT as the acceptor strength increases and the number of carbazole units decreases.
Additionally, a slight increase with rising current density was noted. We therefore attribute the detected
low-field effect, with By_1r ~ 5 — 6 mT, to hyperfine-induced spin state interconversion of the polaron pair
species in 3CzCIHPN and 4CzIPN.

For 5CzBN, a pronounced decrease in the broadening of By_1r was observed. Since the characteristic
magnetic field is directly proportional to HFI, the decrease in HFI with increasing current density results
in a significant drop in efficiency, as singlet polarons can no longer be harvested. This trend is further
supported by the negative correlation of M F Eyp, as shown in Figure [§| (¢). For 3CzCIIPN and 4CzIPN;,
the amplitude of the effect increases with increasing current density (c¢f. M FEpr and M F Eyy), reveal-
ing a positive low- and high-MFE. The M F Egxr behavior observed for 3CzCIIPN and 4CzIPN is a clear
indicator for triplet- charge annihilation (TCA) [17,50]. The values extracted for By_gr are in the range of
80 mT (¢f. Figure S14 (a)), which are well in line with the characteristic magnetic field determined from
spin-orbit coupling (SOC) obtained from TD-DFT calculations (c¢f. Table S5). By increasing AFEgr, the
efficiency of the RISC dramatically decreases. For 5CzBN, which is exhibiting the highest AFgr, even a
slight negative trend for the M F Eyp/ur upon applied current density was observed (cf. Figure 8| (c) and
(@)).

The results obtained for 5CzBN differ significantly from those observed for 3CzCIIPN and 4CzIPN, espe-
cially for the MEL response (cf. Figure [7| (f)), which is further reflected in M F Eyp exhibiting negative
values. Those are clear indicators of a dominant triplet-triplet-annihilation (TTA) mechanism.
Comparing our analysis to previous ones (e.g. [16,32]), a noticeable discrepancy arises. Their analysis
employs a different fitting function, which separately determines the characteristic field of the RISC and
TCA processes for the MEL response. However, from our perspective, this fitting function overfits the
data.

Furthermore, under an applied magnetic field, the TCA process is quenched, thereby enhancing the
RISC process. This implies that TCA and RISC cannot be considered independent processes when
TCA is present, as MFE measurements do not allow for their differentiation. This finding is further sup-
ported by the observed trend with increasing A Egt, which must stem from changes in the efficiency of
the RISC process. In the case of 5CzBN, the characteristic field for the HF effect is significantly higher
compared to 3CzCIIPN and 4CzIPN. Given the quenched MEL response at increased current density
and the calculated characteristic magnetic field for SOC, the TCA process appears to play a minor role
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Figure 7: OMC (a)-(c) and MEL (d)-(f) detected at current densities from 75 mA /cm? up to 300 mA/cm? for the bare
molecules 3CzCIIPN (a) and (d), 4CzIPN (b) and (e), and 5CzBN (c) and (f).

in this material system. For a deeper analysis of the model fit, we refer to the Supporting Information,
especially to Figure S13 and Table S3 and S4.

2.4 Evaluation of Spin Dynamics

To unravel the spin state interconversion process between the excited triplet and singlet excitonic states,
we first fabricated reference devices with well-established properties. We examined Alqs as a non-TADF
emitter and a well-known exciplex-forming TADF system consisting of m-MTDATA:3TPYMB at

a donor-to-acceptor concentration ratio of 1:4 . In Figure |§| (a), the MEL response for the refer-
ence devices is compared to the one obtained for 3CzCIIPN at a constant current density of Jorgp =
175 mA /cm?. The absolute MEL at the highest applied magnetic field (Bya, = 200 mT) differs. Alqgs
exhibits a lower absolute MEL response compared to m-MTDATA:3TPYMB and 3CzCIPN while the
broadening of the curve is much more narrow compared to 3CzCIIPN, as can be observed in the normal-
ized plot in Figure |§| (b). The main spin state interconversion mechanism was previously attributed to
hyperfine-induced spin-mixing of polaron pairs ,. The MEL lineshape observed for m-MTDATA:3TPYMB
can be mainly attributed to the Ag mechanism as the dominant spin state interconversion process ,
while the broadening of the curve remains, as can be observed in the normalized plot in Figure [9] (b),
similar to Alqz. According to the spin state interconversion properties, the small AFEgt for exciplex ma-
terials, and consequently the efficient RISC process, they are well known to exhibit a strong MEL re-
sponse , ,. The small RISC activation energy, below the thermal energy at room temperature
(~ 25 meV), was identified as the primary cause of the pronounced magnetic field effects [56].

In addition to the difference in the maximum MFE value, the broadening of the curve is different for
3CzCIIPN. Even at high MFEs (~ 200 mT), a saturation cannot be observed. Hence, the observed MFE
response for the excitonic TADF emitter 3CzCIIPN cannot be attributed to the already-mentioned mech-
anisms. The structural distinctions between the systems can partly explain this difference. In exciplex
materials, the donor and acceptor units are located on separate molecules, leading to out-of-phase be-

10



) (a) ' | ' (b ' ' "® 3CzCIPN
- 1 { 42PN || 900
. ® 5CzBN
:
65 180
= P 160 =
€ 6.0 ® ® hd i * 'l'
v 140 T
2550 1 I T I
o ® L 120
50 ¢ 11 100
4.5 *—** L X o
0 8 8 e & ® 80
40 ' ' ‘ 60
(c) ' (d) PO
351 21e o o ¢
hay 12
30F
Fal
< A A a 1 .
S 251 0 &
ur * w
iy i * 19 %
S 20t i * * 1S
Bl i 1-2
1.5 2
S5r A 4
A 3 1-3
1 O 1 1 1 é 1 1 4
50 100 150 200 250 300 50 100 150 200 250 300
J / mA/cm? J / mA/cm?

Figure 8: Fit analysis of the characteristic values obtained from the M,, curves in dependence of the current density for
the three bare emitter molecular devices based on 3CzCIIPN, 4CzIPN, and 5CzBN, respectively. The parameters ob-
tained from the Double-Lorentzian fit defined in Eq. [7] include the characteristic magnetic fields for the low- and high-field
regimes, By_pr and By_pgr. Additionally, the amplitudes corresponding to these effects are represented by M F Er and
M F Eyr, respectively.

havior in their Larmor frequencies under an external magnetic field [19,24]. Such behavior may disrupt
the precision of spin alignment between PP; and P Pj, enhancing the MFE [23]/57]. Alqs is not a TADF
emitter, excluding the possibility of RISC and hence, of populating the S; state via the excited triplet
states.

In contrast, excitonic TADF emitters are characterized by donor and acceptor units located on the same
molecule. As a result, Ag -induced RISC can be ruled out as the dominant spin state interconversion
mechanism for this system [16]. However, hyperfine-induced spin-mixing was previously reported in exci-
tonic TADF emitters, as discussed above.

The key question remains whether the spin state interconversion for the excitonic bound electron-hole
pairs (e-h) is driven by HFI or SOC. To address this, we compared the MEL response of all -'H and

all -2H 4CzIPN isotopologues. Since the mass of deuterium is approximately twice that of a proton,
HFT is expected to weaken significantly, leading to a narrower MEL response, as previously observed

in studies on other molecular systems [53]. Interestingly, our results deviate from these prior findings,
as no noticeable difference in curve broadening is observed (cf. Figure . Similar results were recently
published by Liu et al. [58], where a lack of an isotopic effect was found for TADF-OLEDs based on
B3PYMPM at room temperature. Since variations in HFI are expected to influence the broadening of
the MEL curve, the absence of such an effect suggests that HFI is not the dominant mechanism govern-
ing the MEL lineshape. We therefore propose that the observed lineshape is primarily determined by
SOC, as reflected in the characteristic field By_yr (vide supra). It is important to note that the intercon-
version of polaron pair (PP) spin states remains hyperfine-driven, as evidenced by the low-field feature
By_rr (cf. Figure|8| (a)). While a detailed investigation of PP spin dynamics is beyond the scope of this
work and has been addressed in previous studies, it is worth emphasizing that SOC-induced spin state
interconversion within PP species is highly unlikely. This is because SOC is strongly dependent on the
e-h pair separation, whereas HFI is not (cf. ref. [59], Figure 5(a) of that work). Assuming HFI remains
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Figure 9: MEL detected at a constant current density of 175mA /cm? for 3CzIIPN (a) compared to the reference device
with m-MTDATA:3TPYMB as a well-known exciplex system with dominant Ag and Alqs as a non-TADF emitter with
the main spin state interconversion mechanism known to be hyperfine interaction. (b) Normalized MEL response for the
materials shown in (a) for better visibility of the difference in broadening.

relatively constant with decreasing e-h distance, SOC increases significantly under such conditions. Con-
sequently, for tightly bound excitonic e-h pairs, where SOC is orders of magnitude stronger than HFI,
even subtle isotope effects on PP spin-mixing are likely masked by the dominant SOC-driven spin state
interconversion processes occurring within the excitonic species.

(a) (b).

1.0F 1 ~=05F _
3 - 3

© e ©
~ - ~
— Pt _ \
L - L
= =
505 >

(0] [0
N N
© ©

€ IS

) measured @ S

Sool 75 mA/cm? < ool

o ——"H4CzIPN ’
| | | ——2H4CzIPN | | | |
-200 -100 0 100 200 -20 -15 -10 -5 0 5 10 15 20
B/mT B/mT

Figure 10: (a) represents the normalized MEL response for the 'H and 2H isotopologues of 4CzIPN at a constant current
density of 75 mA /cm?, (b) shows the inset for the data obtained in (a) in the range from -20 to 20 mT. No difference in
the broadening of the curves or the lineshape could be observed.

Computational investigations support this hypothesis: The calculated SOC and hyperfine coupling
(HFC) for 4CzIPN in T} equilibrium amount to 1.51 x 107! em™! and 5.00 x 107 cm™!, respectively,
indicating a much stronger interaction via SOC as it is three orders of magnitude larger than the HFC
which mediates the HFI.

To further explore the SOC-mediated RISC mechanism, linear interpolated pathways (LIPs) between
the equilibrium geometries of the involved excited states in 4CzIPN were constructed (Figure . LIPs
model the transition between two equilibrium states by interpolating their geometries along a reaction
coordinate. This provides qualitative insights into the energy profiles along the path of interconversion
and allows for the identification of relaxation pathways.

Upon electrical excitation, the RISC mechanism is typically described as a spin state interconversion be-
tween the T} and S states. However, the relatively large energy gap between T; and S; (81 meV, Figure
(a), left) suggests that, despite the strong SOC, this direct RISC mechanism is not as straightforward
as initially thought unless additional processes are involved. Additionally, no direct crossings between
these states can be observed, further reducing the possibility of efficient RISC directly from the 77 state.
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Figure 11: Excited state energies at LIPs between selected electronic state minima of 4CzIPN. (a) shows the T3 — S; LIP,
(b) the T — Sy LIP, and (c¢) the T} — T LIP. Dotted lines correspond to triplet PES, while continuous lines represent sin-
glet state PES. All energies are in relation to the energy of the T3 state in its minimum.

Conversely, a crossing between the 75 and S; states is observed along the T, — 57 relaxation pathway
(Figure 11| (b)) with a SOC of 1.05 x 107! em™! at the pictured crossing point. This suggests that the
higher triplet state T3 could serve as an intermediate in a possible additional RISC path.

This would first require an upconversion from the 77 to the T, state before the RISC could occur. Al-
though the 7} and T, states along the T} — T pathway do not directly intersect (Figure|11](c)), a min-
imum energy conical intersection (MECI) between the T} and T, states could provide a potential route
for upconversion as a prerequisite for the subsequent RISC to S;. However, while PESs of different spin
multiplicities cross along the whole one-dimensional hyperline, a true energy degeneracy between states
of the same multiplicity is only achieved at a single point on the branching plane. This means that a
one-dimensional cutout of the PESs along one coordinate (such as a LIP) can pick up a singlet-triplet
crossing with a higher likelihood than a triplet-triplet crossing. Therefore, a MECI between the 77 and
T, states might still exist even though it is not directly represented in the corresponding LIP. Conse-
quently, a MECI search between the T} and T, states was performed using the updating branching plane
gradient projection method by Maeda et al. [36]. In addition to the MECI search, a minimum energy
corssing point (MECP) search between the 7, and S; states was conducted with the default gradient
projection method by Bearpark et al. [35]. The Ty — S; pathway does already show a crossing between
these states, but it might not yet represent a minimum along the corresponding hyperline. A second
MECP search between the T7 and S, states was also performed to ensure that no such intersection was
overlooked in the LIP analysis. The combined insights of the MECI and MECP searches allow for a
more detailed understanding of the interconversion mechanism, revealing key points that would other-
wise be overlooked using just LIPs. Both a MECI between the T7 and T5 states and a MECP between
the T, and 5 states could be identified while the 77 and S; states remained non-intersecting. Upon
closer examination of the two identified crossing points, it became clear that the MECI is geometrically
similar to a local minimum of the T} state (Root mean square deviation (RMSD) of 0.334 A from the lo-
cal minimum) while the MECP is in closer spatial proximity to the global minimum (RMSD of 0.017 A
from the global minimum). Consequently, if the 77 — T upconversion via the MECI occurs first, as men-
tioned above, a transition from the global to the local 77 minimum will precede it. With this, a LIP
spanning three distinct regions was constructed to provide a better overview of the overall interconver-
sion mechanism (Figure : The transition from the MECP to the global T} minimum, from the global
to the local T} minimum, and from the local T} minimum to the MECI. An additional two-dimensional
LIP directly illustrating the region between the MECI and the MECP, provided for improved visualiza-
tion of these points, is shown in Figure S19 of the Supporting Information.

Following the path laid out in Figure [12| and starting from the 77 minimum (marked as 1 in Figure ,
a small energy barrier must be overcome first to move from the global minimum to the local minimum
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closer to the MECI (2). Once the T3 state is populated via the MECI (3), an additional nearby crossing
can be used to transition to the S; state (4). There, the molecule must again overcome a small energy
barrier to reach the S; minimum. While the barrier separating global and local minima in the S; state
is below 25 meV and therefore thermally accessible, the corresponding barrier in the 7T} state exceeds
that limit, at least along the LIP reaction coordinate. However, global and local minima in both states
are also connected by the displacement of a thermally active molecular normal mode (14.6 cm™! in the
the Ty state and 13.2 cm™! in the S state, respectively) which can facilitate this transition. A similar
connection was also suggested by Noda et al. [60].

Furthermore, large derivative couplings between 7T} and 75 of a similar magnitude to the coupling at the
MECI can be found at selected investigated points on the 77 PES (see table inset in Figure . This
introduces inter-triplet state-mixing and promotes a general equilibrium between the two triplet states,
meaning that reaching a MECI might not be strictly required for the inter-triplet state-mixing to take
place. The described pathway could only be one of many involving a 75 intermediate, although leverag-
ing the MECI would be especially efficient due to the energy degeneracy. This additional observation
includes cases where no MECI is present or where PES crossings are not as clearly associated with differ-
ent minima.

This analysis shows that the RISC interconversion process in 4CzIPN is more complex than initially
expected and that future discussions of TADF emitter materials require more nuance, as AFgr is not
necessarily directly related or proportional to the RISC activation energy but can instead be attributed
to two different potential interconversion pathways.

Similar considerations can also be made for 3CzCIIPN and 5CzBN, with the respective results for SOC
and HFC presented in Table |1} and the LIPs shown in the Supporting Information (Figure S20 and S21).
Notably, if the T5 state is involved in the interconversion process, the relevant SOC occurs at the To, — 5
MECP. Since this point bears no special significance in the HFI regime, the corresponding coupling con-
stants were calculated in 75 equilibrium instead for comparison. Due to the complex excited state char-
acter of the T5 state of 5CzBN, no equilibrium geometry or T, — S; MECP could be converged. Instead,
the unoptimized crossing found in LIP analysis was taken as the closest approximation for the calcula-
tion of the SOC. This is indicated by a dagger in Table [I] and Table [2]

These findings suggest that SOC remains the primary mediator of spin-pair state interconversion across
all three molecules. The upward trend in SOC from 3CzCIPN to 5CzBN can be attributed to a corre-
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Table 1: Spin-orbit- and hyperfine coupling for 3CzCIIPN, 4CzIPN, and 5CzBN in the respective electronic states. The
SOC values extracted from the experimental data are shown for comparison.

molecule SOC electronic state  SOCcomp / cm ! SOCexp / cm ™! HFC electronic state HFCeomp / cm ™!
3CzCIIPN | T4 1.21 x 1071 - T 5.66 x 104

T, — S; MECP 1.37 x 1071 (1.46 £ 0.04) x 107 | Ty 5.46 x 1074
4CzIPN T 1.51 x 1071 - T 5.00 x 104

Ty — S; MECP 1.95 x 107! (1.46 +0.10) x 1071 | Ty 4.96 x 1074
5CzBN T 6.90 x 1071 - T 5.02 x 104

T, — Sy MECP 3.07 x 10! (2.96 +0.61) x 107 | Ty -

sponding decrease in the torsional angles separating donor and acceptor moieties. This relationship was
observed and elucidated for other TADF emitters as well [61,/62]. In the absence of additional interac-
tions, a perpendicular orientation of 90° between donor and acceptor units is usually sterically favored.
Such an arrangement results in strong HOMO-LUMO separation, leading to a pronounced charge trans-
fer (CT) character in the first excited singlet and triplet states. However, excessive spatial separation
reduces orbital overlap, thereby weakening SOC. Moreover, direct SOC is significantly diminished be-
tween CT states involving the same orbitals and consequently showing similar CT character. In 3Cz-
CIIPN, the carbazole donor units are positioned too far apart to interact significantly, resulting in an
average torsional angle of 82.6°, and leading to CT characters of 0.86 and 0.85 for the respective S; and
Ty transitions (A value of 1 would signify a perfectly charge separated state and a value of 0 a local ex-
citation [63]). In contrast, when carbazole groups are placed in closer proximity, as they are in 4CzIPN
and H5CzBN, steric repulsion and stabilizing 7 interactions drive the average torsional angles down to
66.7° and 62.6°, respectively. This reduced angle lowers CT character but enhances SOC (CT values are
provided in Table S6 in the Supporting Information). The effect becomes more pronounced with an in-
creasing number of carbazole units. A substantial contribution to the large SOC enhancement in 5CzBN
relative to the other two cyanoarene derivatives is the discrepancy in CT character between the S; and
T transitions (0.81 and 0.64, respectively).

The data further shows that in 3CzCIIPN, spin state interconversion can also occur via a Tb intermedi-
ate, given the high similarity in excited state energies, crossing points, and coupling constants compared
to 4CzIPN. However, the extent to which both pathways are involved in the RISC process is likely to be
different for each system and cannot be quantified without further investigations.

In contrast, 5CzBN exhibits significantly stronger SOC but maintains a large AFgr, generally indicative
of inefficient RISC between these states. However, in the absence of a converged T5 equilibrium geometry
or a confirmed Ty — S; MECP, a definitive conclusion cannot yet be drawn, as the Tp-mediated mechanism
discussed earlier is currently not computationally accessible. Additionally, as previously noted, TTA
likely plays a dominant role in the spin state interconversion process of 5CzBN as well, which will be the
subject of further computational investigations.

To further assess the feasibility of the RISC process, a quantitative approach complementing this qualita-
tive analysis can be helpful. To this end, we determined the RISC activation energy using experimental
and computational methods.

2.5 Determination and Interpretation of Activation Energies in TADF Emitters

Temperature-dependent MFE measurements were conducted to determine the activation energy associ-
ated with RISC for various TADF emitters. The corresponding data for the OMC response at a constant
current density of Jorgp = 175 mA /cm? is shown in Figure . The temperature dependence was fitted
using the following expression:

EaC
MFE exp(—ksz) (8)

where E,. denotes the activation energy, kg the Boltzman constant, and T the temperature [56]. The

complete MFE responses for both OMC and MEL are presented in Figure S15. A distinct difference
between the temperature-dependent trends of the OMC and MEL responses was observed. Activation
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Figure 13: (a) and (b) show the temperature dependence observed for the OMC signal plotted over temperature (a) and
the In(OMC) over 1000/ T (b) for 3CzCIIPN, 4CzIPN and 5CzBN, respectively. (c¢) and (d) show the respective Arrhenius
plots with the values extracted from (b) for 3CzCIIPN and 4CzIPN, respectively. The activation energy was determined by
the strongest onset in the OMC response.

energies derived from the MEL response consistently fall below AFEgr, contradicting Marcus theory [21},64].
Despite this, previous studies by Liu et al. [58] and Basel et al. |1§] extracted RISC activation ener-
gies from MEL data, reporting values significantly lower than the thermal energy at room temperature.
Given that the reorganization energy is expected to be on the order of several tens of meV [21], these
discrepancies likely result from competing loss mechanisms.

In this work, we extracted the activation energy from the temperature-dependent OMC response (cf.
Figure . For 3CzCIIPN, a sign change in the OMC response was observed, with negative values ap-
pearing at low temperatures (c¢f. Figure S15 (a)). This behavior has previously been attributed to the
onset of bipolar transport being temperature-dependent, where at low temperatures only one type of
charge carrier dominates the charge transport [65]. From the Arrhenius plots in Figure [13| (¢) and (d),
the activation energy was determined to be (86.2 & 4.3) meV for 3CzCIIPN and (138.9 + 6.9) meV for
4CzIPN (c¢f. Table[2)). It can further be observed from panels (c¢) and (d) that the onset of a significant
OMC response shifts to higher temperatures with increasing activation energy.

Interestingly, no activation energy could be extracted for 5CzBN. As discussed previously, its MFE re-
sponse is predominantly governed by hyperfine-induced spin-mixing of polaron pairs (visible in the LF
effect regime) and TTA (dominating the HF effect regime). Therefore, the temperature dependence does
not reflect the RISC process alone. Moreover, the activation energy is likely too high to be reliably mea-
sured within the accessible temperature range. Upon increasing the temperature, structural degradation,
most likely within the emissive layer, was observed, compromising the measurement reliability. This is
reflected in the large error bars in Figure 13| (a). Additionally, a poor signal-to-noise ratio, as illustrated
in Figure S16, further hindered reliable analysis.

Computationally, the energy barrier that must be overcome to drive the RISC process via the Th-mediated
pathway can be described as the energy difference between 77 equilibrium and the T, —S; MECP [21]. For
the direct 17 — 57 pathway, an activation energy can be estimated from the following Marcus Theory-like
expression incorporating AFEgr [64]:
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Table 2: Experimental and computational activation energies for 3CzCIIPN, 4CzIPN, and 5CzBN.

Molecule  Eaet (exp.) / meV  FEue (comp.) / meV

3CzCIIPN  (86.2 + 4.31) 24.6 (T — 1)

1014 (T, — Ty — Sy)
ACZIPN (1389 +£6.9) 742 (11 — S9)

160.0 (Ty — Ty — 1)
5CzBN - 99.6 (T1 — 1)

127.9 (Ty — T, — S1)f

_ (AEst + \)?
Eact - 4)\ (9)

where A is the reorganization energy. The results for both pathways are summarized in Table [2|

Even though the computationally and experimentally determined activation energies seem to align bet-
ter with the idea of a dominant Ty-mediated pathway, a noticeable discrepancy between both sets of
values is apparent. From our perspective, this difference can be attributed to processes such as non-
radiative recombination and the need to overcome energy barriers resulting from the simplified layer
stack. Additionally, as discussed above, the MFE responses are influenced not only by RISC but also
by triplet-related processes. Our computational modeling does not include the influence of these effects
on the activation energy of the RISC, limiting direct comparability. Conversely, the activation energy
derived from MFE measurements reflects a superposition of various effects, making it impossible to iso-
late the RISC activation energy alone. In the cases of 3CzCIIPN and 4CzIPN, the observed activation
energy likely consists of contributions from both TCA and RISC, as well as additional energy required to
overcome interfacial energy barriers due to imperfections in the layer stack and energy level alignment.
Consequently, no decisive conclusion regarding the dominance of one RISC pathway over the other
should be drawn from this comparison alone.

3 Conclusion

Throughout this study, we compared three cyanoarene-type molecules with different singlet-triplet en-
ergy gaps (AFgsr). By combining experimental and computational approaches, we found that the inter-
conversion between triplet and singlet excited states of excitonically bound electron—hole pairs is predom-
inantly driven by spin—orbit coupling rather than hyperfine interactions.

Furthermore, the reverse intersystem crossing process in these molecules can also occur via the T; state
in addition to the direct T} — S; pathway. This indicates that it is not directly influenced by the A Egt
between 77 and S; states, but instead by the respective activation energies of the different pathways and
the dynamics associated with the spin state interconversion mechanism.

A comparison between 3CzCIIPN, 4CzIPN, and 5CzBN revealed significant differences in charge trans-
port properties. Charge transport in 5CzBN was primarily dominated by triplet-triplet annihilation,
resulting in an inefficient RISC process. Triplet-charge annihilation is the primary mechanism in the
other two molecules, contributing to the RISC process under applied magnetic field. These findings
demonstrate that the application of an external magnetic field is a powerful and non-destructive tool
to investigate charge transport properties.

Using a Double-Lorentzian model to fit the magnetic field effect response, we successfully replicated
the measured data without overfitting. This approach also revealed that distinguishing between the
reverse intersystem crossing and triplet-charge annihilation processes is not possible in the presence of a
magnetic field, and that they are inherently linked.

This work unravels the spin state interconversion and the dominant charge transport properties of carbazole-
containing cyanoarene TADF emitters and paves the way for the development of efficient spintronic de-
vices.
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The dynamics of triplet-triplet annihilation as a competitive spin state interconversion mechanism in
5CzBN still demand a broader computational investigation to complement our initial experimental find-
ings. Given the vast diversity within the class of cyanoarene molecules, our findings could be compared
to other molecules within this toolbox [66] to identify broader trends, especially the influence of different
donor groups, e.g. diphenyamine-containing cyanoarene molecules.

4 Experimental Section

Materials

As substrates, we used pre-patterned ITO glass substrates provided by Ossila. Poly-(3,4-ethylendioxythiophene)-
poly-(styrene sulfonate) (PEDOT:PSS) was purchased from Heraeus (Clevios™—PEDOT:PSS). Addi-
tionally, Molybdenum(VI) oxide powder (MoOj) and lithium fluoride (LiF) were purchased from Sigma-
Aldrich. 2,4,6-Tri(9H-carbazol-9-yl)-5-chloroisophthalonitrile (3CzCIIPN), and Penta-carbazolylbenzonitrile
(5CzBN) were synthesized by Tom Gabler. 2,4,5,6-Tetra-9 H-carbazol-9-yl (4CzIPN) was purchased
from Angene. 4,4’-Bis(9 H-carbazol-9-yl)biphenyl (CBP) was purchased from TCI chemicals. 2,2’,2”-
(1,3,5-Benzinetriyl)-tris(1-phenyl-1- H-benzimidazole) (TPBi) was purchased from Ossila. All materials
were used without further purification. The PEDOT:PSS solution was diluted with isopropanol (IPA)

at a ratio of 1 : 0.04 w% . MoO3 was mixed with PEDOT:PSS at a ratio of 0.02 : 1. Prior to this, the
MoO3 powder was dissolved in ammonium hydroxide (NH3OH) (0.25 g/ml). The initial solutions for
4CzIPN, 3CzCIIPN, and 5CzBN as well as for CBP were prepared to be 20 mg/ml in toluol. The two so-
lutions were mixed afterward at a mass ratio of 9 : 1 for CBP:TADF emitter. Prior to device fabrication,
all solutions were treated in an ultrasonic bath at 80 °C for at least 30 min and filtered through a nylon
syringe with a pore size of 0.22 ym. The remaining materials were deposited via thermal evaporation.

Experimental Details

The TADF devices were fabricated with the following structure (¢f. Figure|l] (a) and (b): ITO (115 nm,
purchased by Ossila, pre-patterned cathode (eight pixels)/ PEDOT:PSS 4+ MoOj (35 nm)/ pristine
TADF emitter (=~ 30nm)/ TPBi (20 nm)/ LiF (0.8 nm)/ Al (110 nm). The thickness of the spin-coated
layer was measured using profilometry, with an associated thickness variation of 8%. Before the PE-
DOT:PSS + MoO3 was deposited, the samples were cleaned by alkalic acid + DI water and IPA in an
ultrasonic bath for 30 min, respectively. Afterward, the samples were dried with nitrogen. The surface
was further activated by a UV-Ozon treatment with a custom-built setup (after ref. [67]) for 35 min. All
solutions were spin-coated at 3000 rpm, (acceleration 300 rpm/s) for 30 s and post-annealed at 80 °C for
30 min. TPBi was evaporated at constant rates of 1 A/s. LiF and Al were evaporated at a constant rate
of 0.1 A /s and 5 A/s, respectively. The deposition via thermal evaporation in the vacuum chamber was
performed at a pressure of 10~® mbar. The devices were encapsulated with epoxy resin and a glass slide,
followed by post-treatment under a UV lamp for 15 minutes.

For a detailed description of the measurement setup, we refer to the Supplementary Information, sec-
tion 1.1. The hardware and software are explained in detail, and the software Python code can be found
on GitHub: https://github.com/semiconductor-physics/0Organic-MFE-Measurement. The PL spec-
trum was recorded by a Jasco CD spectrometer, where the excitation wavelength was chosen to be A
= 405 nm for 3CzCIIPN and 4CzIPN, while the excitation wavelength was chosen to be Aexy = 370 nm
for 5CzBN. The UV-vis absorption spectra were measured using a Cary 60 UV-vis spectrometer. The
baseline was determined using quartz glass and subtracted from the spectra of interest. To perform pho-
tometric characterization of the fabricated OLEDs, a Gigahertz-Optik UMBK-150 integrating sphere
(sphere diameter of 150 mm) was utilized to detect all the emitted light. The electrical control and mea-
surement of the OLEDs were carried out using a Keithley 2636B SourceMeter. The photocurrent out-
put by the integrating sphere was converted into a voltage via an amplifier and detected by an Agilent
34411A multimeter. The entire measurement setup was controlled automatically using a LabVIEW pro-
gram, recording the I-V curve of the OLEDs and measuring light current, optical power, and EQE as a
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function of voltage.

The ionization energy I F and electron affinity E'A of 4CzIPN, corresponding to its HOMO and LUMO
onsets, as well as the work function W of 4CzIPN were determined experimentally by the combination
of ultraviolet photoemission spectroscopy (UPS) and low-energy inverse photoemission spectroscopy
(LEIPES). Both experiments were combined in the same analysis chamber of an ultra-high vacuum
(UHV) setup with a base pressure of 1 x 1071° mbar. The techniques were applied to thin films of 4CzIPN
thermally evaporated on a Si substrate with a 100 nm thick Au layer on top in a connected prepara-
tion chamber. The substrates were prepared by successive sonication in acetone, ethanol and DI water
before loading them into the UHV chamber. Thermal evaporation was carried out successively in five
steps to achieve five different film thicknesses to identify possible interfacial effects of energy band align-
ment. The evaporation rate was controlled using a quartz crystal microbalance (QCM) and resulting
thickness values and chemical purity of the organic films were confirmed using X-ray photoemission spec-
troscopy (XPS). For UPS, the He I emission line from a He-discharge lamp was used. XPS was carried
out using the unmonochromated AlK« line from a XR50 x-ray source by SPECS. The photoemission
signal in both cases was detected using a PHOIBOS 150 hemispherical analyzer in combination with a
1D delay-line detector, also by SPECS. For LEIPES a custom-built setup, designed after [68], was used,
including a custom-built electron source designed after [69] with a BaO cathode by Kimball Physics, and
a photodetection system using the R2078 photomultiplier by HAMAMATSU. LEIPES measurements
were carried out in the isochromat mode, using a variety of Bragg filters purchased from Edmund Op-
tics and Laser Components Germany as optical bandpass. The central wavelengths of the used filters
were 250 nm, 260 nm, 266 nm, and 270 nm, all with a FWHM of 10 nm. The spectral resolution of the
LEIPES setup was determined to be 0.3 eV via the spectral broadening of the Fermi edge of a clean
polycrystalline Ag substrate. The same procedure resulted in a spectral resolution of 110 meV for UPS.
Measurement of the FWHM of the Ag3d core levels yielded a spectral resolution of 1.3 eV for XPS.

The computational details can be found in the Supporting Information.

Supporting Information
Supporting Information is provided below.
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4.1 Table of Contents

This study explores overlapping charge transport mechanisms in TADF materials and identifies spin-
orbit coupling as the dominant mechanism for triplet-to-singlet transition in carbazole-based cyanoarene
emitters. Computational investigations reveal a second spin-orbit-coupling-mediated reverse intersystem

crossing pathway, significantly enhancing the understanding of charge transport dynamics and spin state
interconversion in intermolecular TADF emitter systems.
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Supplementary Information

1.2 Experimental Apparatus and Analysis

1.2.1 Experimental Setup

A schematic illustration of the measurement setup is shown in Figure The device, housed in a cryo-
stat (Oxford Instruments), can be operated in either constant current or constant voltage mode. The
applied voltage or current is generated by a Keithley SMU 2636A. A custom-built relay switch box,
controlled by an Arduino Nano, allows all pixels on the OLED structure to be addressed. For making
electrical contact with the OLED device, a specially designed sample holder was constructed, with the
electrical connections detailed in Figure [S2| (b)-(d). An additional measurement setup was utilized for
room temperature (RT) measurements to enable easier sample exchange, as depicted in Figure (a).
The fundamental operation remains the same. The RT system can be placed within an electrically and
magnetically shielded enclosure made of PCB material to minimize noise. Figure (b) illustrates the
spring pins used to connect the sample electrodes to the electrical circuit. A pt100 temperature sensor
was integrated to measure the temperature directly at the sample position, with readings taken via a
Keithley 2010 multimeter connected to a computer via a GPIB interface. To improve thermal conduc-
tivity between the circuit board and the sample, an additional copper plate was installed in the mid-
dle of the sample holder. The backside of the sample holder, containing the copper wires, is shown in
Figure [S2| (¢). Figure |S2| (d) displays the mounted sample secured with the top plate to ensure reliable
contact by pressing the sample tightly against the pins. A function generator was employed to gener-
ate a triangular signal, which was applied to a Kepco Bipolar Power Supply to produce an alternating
magnetic field. Throughout this study, the amplitude was maintained at 10 V, with a frequency of 0.1
Hz. Hence, the magnetic field is swept with 99.84 mT/s. The magnetic field was measured using a Hall
sensor (CYSJ2A-T ChenYang) positioned directly on the magnet’s pole shoe. The emitted light from
the sample was detected by a photodiode (Hamamatsu S1227-1010BQ) placed directly in front of the
cryostat. The signal was amplified using a Low Noise Precurrent Amplifier (LNPCA) from Stanford Re-
search Systems, employing a low-pass filter set at 6 dB roll-off and 100 Hz cut-off frequency throughout
the measurements. The LNPCA was operated in low noise mode, with sensitivity adjusted to match the
light intensity of the sample. In constant voltage mode, the OLED signal was enhanced using a tran-
simpedance amplifier, while in constant current mode, a potentiometer was employed for signal amplifi-
cation (c¢f. Figure|S3|(b)). Currents from the photodiode and OLED were converted to voltage signals
and either attenuated or amplified analogously to match the input voltage range of the analog-to-digital
converter (24-bit ADC ADS1256 from Texas Instruments in a 11010 high-precision AD/DA board from
waveshare). The signal and reference were differentially connected to the ADC inputs via BNC con-
nectors. The conversion was performed sequentially. The converted data was then read by an ESP-32
microcontroller, stored as floating-point numbers, and transmitted via USB to a computer. The data is
retrieved by the Python host and further processed on the PC. Figure [S3| shows the custom-made data
acquisition system (DAQ) containing the transimpedance amplifier for constant voltage measurements
or potentiometer for constant current measurements, the ADC and the microcontroller. Figure |S3| (b)
provides a schematic of the electrical circuit, including the transimpedance amplifier or potentiometer for
the OLED signal input, while the Hall voltage was directly read out by the ADC. The sample rate was
kept constant for all measurements at 866 Hz.

1.2.2 Measurement Software

The measurement software is available on GitHub: https://github.com/semiconductor-physics/
Organic-MFE-Measurement. A schematic representation of the measurement routine is shown in Figure
[S4] The software architecture is divided into three main components: the backend, the frontend, and the
configuration file. The communication from the backend to the hardware is included in Figure [S4] while
the hardware components are described in detail above.

The backend is responsible for hardware control, data acquisition, and data management. It consists
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Figure S1: Schematic illustration of the MFE measurement setup for measuring the OMC and MEL response of the OLED
device. The cryostat can be exchanged by a room temperature aperture for easier sample exchange.

(d)

Figure S2: (a) RT measurement setup containing a DIP switch-controlled sample holder to enable measuring of all pixels
(at one OLED side), (b) sample holder for inside the cryostat containing the contact pins and an additional pt100 at the
sample position, (c¢) electrical connections made on the backside of the sample holder, (d) sample holder with a mounted
OLED substrate and the top plate to ensure electrical contact and increased thermal conductivity.

22



OLED—const. |

(a) (b)

RVL
R_Potentiometer

Keithley SMU 2636A

GNDD o

AD/DA High precision board * ESP-32 micracontroller

OLED\-const. V

lfm

i =
GRS MCPE07-1/P

Current Preamplifier

D3
Phatadiode
~
7
”

VCC=6V

vee iy

u2 2
Hall sensor | YOUT

GND

3

—
GNDD

Figure S3: (a) Universal measurement box containing the electrical circuit shown in (b). The main part consists of an
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Figure S4: A scheme of the softwares’ front- and backend components behind the measurement routine. The graphical
user interface, shown in Figure is governed by the frontend, while the backend manages the measurement routines and
device control. The drivers (¢f. backend) enable reliable communication from the backend to the measurement hardware,
which is described in detail.
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of four driver classes, each dedicated to controlling a specific hardware device. Importantly, the tem-
perature controller and cryo relay classes are only used during temperature-dependent measurements.
In contrast, for room temperature measurements, a simpler standard routine is employed, leaving the
cryo relay and temperature controller unused. The generated magnetic field is applied continuously via
a triangular function from the function generator to the power supply. This process sweeps the mag-
netic field back and forth until the desired number of ramps, as specified by the user, is reached. Conse-
quently, the collected data must be segmented appropriately during the post-processing.

During measurements, the Keithley SMU 2636 A applies either a constant voltage or current, depending
on the users choice. The AD/DA converter records three critical signals:

e the OLED response,
e the photodiode response, and
e the hall voltage from the Hall sensor.

The microcontroller continuously collects data from the ADC with the specified sample rate (here 866 Hz)
and transmits it to the PC. The read-out of the serial buffer is independent of this process. This archi-
tecture enables time-constant sampling. Meanwhile, time-insensitive control tasks, such as sweeping the
magnetic field, are also handled independently, ensuring they do not interfere with the real-time data
acquisition process.

This data is subsequently stored and visualized by the frontend. The frontend provides a user-friendly
interface that enables users to configure settings and visualize measured data, as shown in Figure [S5 It
effectively separates user interaction from data handling, ensuring clarity and ease of use. The available
settings, displayed on the left side of Figure (a), include the sampling rate for the ADC and the gain.
The function generator settings allow users to adjust the frequency, the number of ramps corresponding
to the period, the amplitude, and the waveform. The OLED can be operated in either constant current
or voltage mode, with users able to select the current (I) and voltage (U) values. If the device needs to
be powered on before measurement, a preparation time can be set before starting the measurement. The
Debug mode can be used to adjust the amplification for the photodiode or to check the OLED signal,
as the ADC is read out, while bypassing the main measurement routine. Additionally, the Cryo Mode
(see Figure (b)) allows users to select the pixel to be measured and define the appropriate tempera-
ture range. The Manual Mode offers the option to turn on the pixels without sweeping the temperature,
enabling measurements at a fixed temperature without looping.

The measured data is displayed over time, in the first three diagrams in the middle of the graphical user
interface. On top, the hall voltage is shown, while in the middle the OLED signal and on the bottom,
the photodiode response are depicted. The right-hand side shows the signal from the OLED and photo-
diode in dependence on the external magnetic field.

Figure [S4]illustrates the clear distinction between the backend and frontend, ensuring that data handling
and user interaction remain well-separated. We break down components into independent modules to
enhance reusability and maintainability.

1.2.3 Data Processing Software

The raw signals must undergo pre-processing and data analysis to generate the MFE(%). For exact de-
tails, we refer to our GitHub link (see above). The simplified flow chart in Figure |[S7| schematically de-
picts the workflow of the pre-processing routine and the analysis process. The first step involves sep-
arating the measurements based on the magnetic field (x-axis), while discarding faulty ramps. Faulty
ramps are attributed to incomplete ramps because the magnetic field is continuously swept, and the
starting point can randomly fall anywhere along the triangular function. So far, only the first and last
ramps have been discarded. To further improve, an outlier detection is suggested. An infinite impulse
response (IIR) low-pass filter of the type Butterworth is then applied to remove 50 Hz noise, with the
cut-off frequency being user-defined. This kind of filter was chosen as they have a very consistent fre-
quency response in the passband, allowing the signal of interest to be accurately represented.
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Figure S7: Schematic representation for the post-processing routine.
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Once the data is filtered, the signal is time-corrected to compensate for the delay introduced by the
amplifiers. This delay was determined by applying a rectangular test signal both directly to the oscil-
loscope and via the amplifier. A time shift of 3 ms was observed and subsequently corrected during
post-processing. Further, the relative change is calculated for the MFE response and subtracted from
the OLED decay during the measurement. Afterwards, the data is fitted using models that are selected
by the user in the post-processing configuration file. The least-squares method was consistently used
to fit the data throughout the study. To ensure optimal fitting quality, users can select the best-fitting
model based on various metrics, such as the Bayesian Information Criterion (BIC). Two primary classes
of fitting models are available: Lorentzian and Cole-Cole models. Previous work has demonstrated that
the Cole-Cole-Lorentzian fit accurately replicates the MFE response of exciplex-driven TADF materials
(cf. [25]). Nevertheless, throughout the present study, the Double-Lorentzian fitting function revealed the
best fit.

For the Cole-Cole fitting function, a correlation exists between the mean polaron pair lifetime and the
broadening of the magnetic field effect. As a result, the post-processing routine can also evaluate the
distribution of the polaron pair lifetime, reflecting the dispersive dynamics of the polaron pair species.
The distribution determination was implemented as discussed in ref. [23,|70]. The fitted data, along
with the raw data, is separated for each ramp and stored in individual folders. Additionally, a data file
containing all fitted values from the fitting routine is generated. The distribution of the polaron pair
lifetime is also stored separately.

For temperature measurements, the post-processing procedure also considers an extra column containing
the pixel number and the measured temperature. In addition to the steps mentioned earlier, the data
measured at each temperature step and pixel is averaged, and the standard deviation is calculated and
stored in a separate file. This enables a direct observation of the temperature trend, with error bars
representing the standard deviation. Please note that no safety mechanism has been implemented thus
far. As a result, any outliers that occur during temperature-dependent measurements are included in
the statistical analysis and may influence the results. In future work, a robust outlier detection method
should be developed and incorporated accordingly.

1.2.4 Experimental Results and Analysis

Figure |S8| shows the UPS measurements of 4CzIPN, as well as sample LEIPES spectra measured us-
ing a 250 nm bandpass filter (BPF). After preparation of the Au substrate by successive sonication in
acetone, ethanol and DI water, it was loaded into the UHV chamber. An initial characterization of the
Au substrate was performed by measurements of the valence region and the secondary-electron cut-off
(SECO) using UPS, of the unoccupied density of states (UDOS) using LEIPES, and of the core-levels
using XPS. Sample XPS spectra are shown in Figure and are discussed later on. The base pressure
in the analysis chamber was 1 x 1071% mbar. For UPS measurements, the He I emission line at 21.2182
eV from a He discharge lamp was utilized by establishing a He gas pressure of 3 x 1078 mbar to sup-
press higher energy He emission lines. The SECO was measured under a bias voltage of —10 V to ensure
electrons can surpass the potential barrier given by the analyzer work function. The spectra in Figure
(a) are corrected for that bias. The LEIPES measurement of Au were performed using an incident
electron current of 2 uA above the turn-on point of electron emission. For well-conductive samples the
turn-on point is given by the work function of the BaO cathode and it constitutes the position of 0 eV
electron kinetic energy. As the isochromat mode is employed for LEIPES measurements, the electron
energy is varied while using a constant probing energy of the emitted photons, achieved by the BPF.
The electron energy is set by a fixed electron emission energy of 10 eV from the electron source, while
increasing the negative bias on the sample in steps of 40 mV. The bandpass energy facilitates the posi-
tion of the vacuum level on the kinetic energy scale. For the spectra in Figure (c), it is at 4.96 eV.
These spectra are achieved by normalization of the raw signal from the photodetector by the incident
electron current and the acquisition time per point. This normalization also causes the apparent increase
in intensity below 0 eV, because the constant background signal is divided by the electron current which
is approaching 0 in that range. The initial SECO measurement of Au shows more than one cut-off due
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to the additional presence of adventitious carbon on the substrate surface. The higher energy cut-off was
considered for the determination of the work function of Au. The valence region shows a clearly visible
Fermi edge as well as the Aubd valence features superimposed with the C3s and C3p features originating
from the adventitious carbon on the Au surface. The LEIPES measurement of Au also shows a Fermi
edge near 0 eV. However, it is likely to be partially cut off, due to the work function being close to the
bandpass energy. After the initial measurements of the Au substrate, it was moved to the preparation
chamber for the successive deposition of 4CzIPN by thermal evaporation. The base pressure in the evap-
oration chamber was 2 x 1072 mbar at the beginning of the experiment. The material was introduced
as powder into a water-cooled evaporation cell. The material temperature was controlled by a type-S
thermocouple in direct contact with the crucible. Evaporation rates were controlled with a quartz crys-
tal microbalance (QCM) and kept near ~ 1 nm/min. Before the first deposition the evaporation cell
was degassed at approximately 200°C until the chamber pressure normalized at about 1 x 10~ mbar,
which was also the typical pressure during deposition. After the first deposition the base pressure de-
creased to 5 x 1071% mbar. The typical evaporation temperature during deposition was approximately
230° C. The SECO measurements of the organic films show a gradual shift of the main cut-off at higher
energy, which is also the cut-off considered for the determination of the work function. The lower energy
features previously associated with adventitious carbon decrease in relative intensity which is expected
as the carbon should be gradually buried below the 4CzIPN film. In the valence region, clearly visible
HOMO peaks appear while the Fermi edge of Au vanishes. For increasing film thickness the absolute
intensity of those peaks barely changes, as the information depth of UPS is in the range of only a few
Angstroms, which is significantly lower than the deposited film thickness. A gradual movement of the
peak positions with increasing film thickness is observable, saturating for the last two measurements.
One of the main advantages of LEIPES, compared to conventional inverse photoemission spectroscopy,
is that by employing electron kinetic energies below 5 eV, much of the damage that the electrons can
deal to organic materials is avoided. However, this is often not enough, as high electron currents can
still damage organics even at low energies after sufficient time. As the typical acquisition time per point
in our setup is in the range of 120 — 150 s, a single spectrum takes several hours which can definitely
be sufficient to still observe degradation behavior. Therefore, we restricted the electron current to ap-
proximately 800 nA for the measurements on the 4CzIPN films. In combination with the relatively large
beam diameter of about 5 mm, this helped to drastically decrease possible degradation effects, while still
sustaining sufficient signal intensity. For the LEIPES measurements of the first two evaporation steps
only a very tiny signal potentially originating from the LUMO levels can be observed. There are two
main reasons for this. Firstly, the interaction cross-section for the inverse photoemission process can be
up to 5 orders of magnitude lower than for the direct photoemission process, making the sample char-
acteristics harder to detect. Secondly, the information depth given by the electron inelastic mean free
path (IMFP) is higher for LEIPES than for UPS. The minimum of the universal IMFP curve is near 40
eV, amounting to an information depth of approximately one atomic layer. As mentioned above, for He-
I-UPS, the information depth is slightly higher, more than about 5 A. At 5 eV, which is the maximum
kinetic energy used in our LEIPES experiments, the IMFP is at almost 6 nm. Due to that, the largest
part of the electrons would travel right through ultra-thin surface layers without even interacting with
the film. The resulting low intensity also makes the analysis of the data more challenging and uncertain.
However, after the third deposition step a strong LUMO peak can be observed, which moves to higher
energy after the fourth step and remains at the same position thereafter.

Figure [S9] depicts sample analyses of the resulting spectra. As mentioned above, for the SECO mea-
surements we considered to higher energy cut-off for the determination of the work function. It is de-
termined by simply taking the intersect of the linear extrapolation of the cut-off and the energy axis,
as shown in Figure [S§| (a). For the analysis of the valence region, peak fitting as in Figure [S9| (b) is em-
ployed. For this analysis, we utilized the data analysis tool of the measurement software SPECSLab
Prodigy. A Tougaard background was assumed, as well as a Voigt line shape for the HOMO peaks. The
HOMO onset is taken as the intersect of the linear extrapolation of the approximately linear part of
the first Voigt peak and the baseline. For LEIPES, a similar approach was taken, as depicted in Fig-
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Figure S8: Combined UPS and LEIPES measurements of 4CzIPN thin films thermally evaporated on Au with progressive
film thickness. (a) UPS of the SECO measured under —10 V sample bias, for which the spectra are corrected,(b) UPS of
the valence region, (¢) LEIPES measured using a 250 nm BPF.

ures (c) and (d). However, a polynomial background and a Gaussian peak shape were assumed. An
additional consideration was taken into account, as it was shown that better agreement between calcu-
lation and experiment could be achieved in inverse photoemission spectroscopy, by deconvolution of the
experimental broadening [71]. To that end, we employed a pseudo-deconvolution as

FWHME o = FWHDM? — FWHM?

setup

easured (10)
Here, FW H My,uno is the true broadening of the LUMO peak, FW H M ,easurea is the broadening de-
termined by a direct Gaussian fit of the LUMO peak, and FW H Mg, is the broadening due to the
spectral resolution. The latter was determined by a reference measurement of the Fermi edge of Ag to
be 0.3 eV. Figure (c) shows the difference between the directly fitted Gaussian, the “raw” peak, and
the deconvoluted one. As the measured broadening is at about 1 eV more than three times as large as
the experimental broadening the effect may seem rather small. But it can make a difference of several 10
meV in the final value of the electron affinity.
The main purposes of XPS in our experiment were to additionally verify the deposition of the 4CzIPN
film and its chemical integrity, as well as to determine the film thickness, as XPS can provide quite ac-
curate and consistent thickness values in the range below 20 nm where many other techniques may have
difficulties. Also, since we can measure XPS without changing the setup, exposure to the ambient will
have no influence on the results. Figure shows the analysis of the main core-levels which were con-
sidered for the thickness determination, 7.e. Au4f and Cls. All spectra were measured under the same
incident X-ray power, same pass energy (20 eV), and the same position. It is clearly visible how the in-
tensity of Audf gradually decreases with each deposition step, while the Cls peak rises. It is also worth
noting that Cls has a contribution for the “pure” Au substrate, which attributes to the aforementioned
adventitious carbon on the Au surface. According to ref. [72], the thickness of an adlayer can be deter-
mined from the measurement of a substrate core level and a core level of the adlayer via the numerical
evaluation of the formula

I I [ eap(~d/Ly(Ey)cos(a) "

I, I®  exp(—d/Li(E)cos(a)]
where Iy would be the measured intensity of the Cls peak from the 4CzIPN film, Is the measured inten-
sity of Audf from the substrate, both normalized to their respective interaction cross-section, /3° and
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Figure S9: Sample analyses of the SECO, valence, and LEIPES spectra. (a) Determination of the work function W of the
fifth deposition step of 4CzIPN on Au using a linear extrapolation of the cut-off, (b) peak fitting of the HOMO levels for
the same deposition step and determination of the HOMO onset using a linear extrapolation of the Voigt peak, (c) Peak
fit of the LEIPES data for the same deposition step measured with a 250 nm BPF, deconvolution of the experimental
broadening and determination of the LUMO onset via linear extrapolation of the deconvoluted Gaussian peak, (d) Baseline
subtraction of the polynomial background of the LEIPES measurement.
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Figure S10: XPS core-levels and there analysis. (a) Audf core-levels for the progressive deposition steps, (b) Cls core-levels
for the progressive deposition steps, (¢) sample fit of Audf for the Au substrate, (d) sample fit of Cls for the fifth deposi-

tion step of 4CzIPN on Au.

I the respective intensities from the bulk material, d the thickness, L(Ey) the electron attenuation
length of Cls electrons in the 4CzIPN layer, L(E;) the electron attenuation length of Au4f electrons in
the 4CzIPN layer, and o« the detection angle. The difference between the electron attenuation length and
the IMFP is that the former also takes elastic electron scattering effects into account. The ratio 1%/
and the attenuation lengths can be calculated from considerations of electron energy, bandgap energy,
and mass density. For this, we used the Avantage software by Thermo Fisher Scientific. To determine
the measured core level intensities, peak fitting was carried out as depicted in Figures (c) and (d).
For Au4f, a typical asymmetric line-shape has to be considered, which was provided by a convolution of
Gaussian and the asymmetric Doniach-Sunjic peak functions. For Cls, Voigt peak functions were used.
Figure (d) also shows assignments of which chemical bonds are likely to contribute to the Cls line
shape. We would normally consider the two peaks labeled as m — 7* satellites more likely to be just one
broader feature, however accounting for the second smaller peak resulted in a more reasonable fit. Such
satellites are typically observed in materials containing benzene-like structures.

Figure shows a scheme of the band alignment for the layer stack used in this study. The host matrix
CBP was incorporated only in the host-guest systems and omitted in the bare molecular devices. The

calculated absolute HOMO and LUMO energies of CBP (-5.58 eV and —1.54 eV, respectively) are signifi-
cantly lower than the values reported in the literature . This discrepancy likely arises from the level
of theory employed, which is specifically optimized for cyanoarene systems (vide infra) and demonstrates
excellent agreement with our experimental data for those molecules. However, deviations for structurally
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Figure S11: Band alignment scheme for the layer stack used throughout this study. In devices based on bare emitter
molecules, the host matrix CBP was omitted, while all other layers remained unchanged (c¢f. Figure 1 (a) and (b)).

Table S1: Device performance parameters for the devices discussed in this work. The corresponding spectra can be found
in Figure 3 (b) and (¢) and The Turn-on voltage was determined for each device at a Luminance (L) of 10 cd/m?.

Device Turn-on V / V  Maximum EQE / % Maximum L / cd/m? EL peak position / nm
3CzCIIPN (9.10 £ 0.46) (0.11 £0.02) (723.89 £ 36.68) (545.20 £ 0.12)
ACZIPN (4.2240.19) (011 +0.02) (395.08 + 19.71) (520.50 + 0.12)
5CzBN (478 +£0.24) (013 +0.01) (197.34 + 9.85) (512.00 = 0.13)
3CzCIPN:CBP (1:9) (5.08%0.25)  (2.76 % 0.14) (6680.04 £ 334.45)  (515.50 = 0.34)
ACZIPN:CBP (1:9)  (4.4440.22)  (2.61£0.13) (7279.18 £ 363.96)  (503.00 = 0.12)
5CzBN:CBP (1:9)  (5.93+0.29)  (0.54+0.03) (1440.93 + 72.05) (494.00 £ 0.14)

different compounds such as CBP would not be uncommon. Consequently, we used the literature values
for the HOMO and LUMO position for CBP as well as for the injection materials (¢f. [26]). The emitter
HOMO-LUMO positions were used from our calculations (cf. Figure 2(a)). As illustrated, the energy off-
sets between the hole-injection layer (PEDOT:PSS/MoO3) and the emitter molecules are, in some cases,
quite significant. A similar mismatch was observed between the electron-injection layer (TPBi) and the
emitters. These energy barriers hinder charge injection, thereby limiting device performance and con-
tributing to the relatively high turn-on voltage (see Table . Despite these limitations, the simplified
device architecture allows for a clear assessment of the intrinsic charge transport properties of the emit-
ter molecules and their organic magnetic field effects. Optimizing the band alignment would be essential
for improving device efficiency.

In Figure (a) and (b), the J-V and luminance-voltage characteristics of both bare-molecule OLEDs
and host-guest systems are presented. Notably, at high bias voltages, a decrease in luminance is ob-
served, which correlates with non-radiative recombination. Embedding the TADF emitters in a host-
guest matrix significantly enhances luminance and, consequently, the EQE. This improvement is at-
tributed to the reduced aggregation and interaction of the TADF emitter molecules [42}74].

The EL response of the host-guest systems and the PL response of the bare TADF emitters are shown
in Figure (c) and (d), respectively. The host-guest system exhibits a much narrower EL response
(¢f. Figure 3 (b) manuscript), indicating higher selectivity and improved color purity [42,/75]. When
comparing EL and PL spectra, no peak shift is observed, suggesting similar behavior under both optical

and electrical excitation. The exact values for all optoelectronic devices throughout this study can be
found in Table [S1l
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Figure S12: Current density and luminance as functions of the applied bias voltage analyzed for (a) the neat films of the

materials 3CzCIIPN, 4CzIPN, and 5CzBN as well as (b) the corresponding host-guest systems, where the same materials

(3CzCIIPN, 4CzIPN, and 5CzBN) were employed as guest emitters, embedded in a CBP host matrix. (¢) EL spectra for

the host-guest systems used at (b). (d) PL spectra for the three emitter molecules 3CzCIIPN, 4CzIPN, and 5CzBN with

the respective full width at half maxima (FWHM).
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The CIE values extracted from the chromaticity diagram shown in Figure 3 (d) are summarized in Table
[S2| Tt can be observed that the emitted color of 5CzBN is significantly cooler compared to the other
two TADF emitters, which is associated with its increased optical bandgap. Additionally, the host-guest
systems also exhibit a blue-shifted emission color, likely due to the altered surrounding environment in
these systems.

Table S2: CIE values for the pristine molecules 3CzCIIPN, 4CzIPN, and 5CzBN, together with their respective host-guest
systems

Device CIEx ClIEy
3CzCIIPN 0.401 0.564
4CzIPN 0.288 0.583
5CzBN 0.272  0.470

3CzCIPN:CBP (1:9) 0.258 0.554
ACZIPN:CBP (1:9)  0.230  0.539
5CzBN:CBP (1:9) 0.166 0.032

To evaluate model quality and identify a simple yet accurate representation of our data, we tested sev-
eral models, whose mathematical expressions are listed in Table [S3] Additional models were examined
but are not shown here. The selection criteria for the most suitable model were simplicity and the ability
to accurately replicate the measured data. As an example, the fitted Mn response of a 4CzIPN OLED
at a constant current density of Jorgp = 175 mA/ cm? is presented in Figure . The extracted parame-
ter values are summarized in Table [S4l

To account for different magnetic field effect regimes, the fitting was performed in three distinct re-
gions: low-field (LF), mid-field (MF), and high-field (HF). The same terminology was used throughout
the manuscript. As shown in Table [S4] the models vary in the number of fitting parameters used. The
single-term models, namely the Lorentzian and Non-Lorentzian models, performed the worst, exhibit-
ing the largest deviations between model predictions and the measured data (see Figure (b)). This
implies that more than one charge transport mechanism is present.

Among the multi-term models, the IRT (ISC-RISC-TCA) model—proposed by Wang et al. [16]—and
the Double-Lorentzian model were compared. Notably, the amplitude of the third term in the IRT model
is extremely small (M F Eyxp = 2.35 x 1071%), suggesting that this additional fitting term is unnecessary.
Moreover, when examining the fitted data, the Double-Lorentzian and IRT models overlap almost per-
fectly. Therefore, the Double-Lorentzian model successfully replicates the data without overfitting and
is thus recommended in this study. This fitting approach also reveals a strong correlation between the
MF and HF terms in the IRT model. Consequently, reducing the number of parameters helps minimize
parameter correlation. Furthermore, this analysis confirms that the TCA and RISC processes cannot be
easily distinguished, as previously discussed in the manuscript. Since TCA decreases with the applica-
tion of a magnetic field while RISC is enhanced, these two processes are inherently linked.

Table S3: Mathematical expressions for the models used to fit the M7 response.

model formula
Lorentzian MFEB) = MFEyp - ﬁz‘lgz
2 0 2
Double-Lorentzian MFE(B) = MFEp - #m + MFjEHF : #ﬂ
Non-Lorentzian MFE(B) = MFEL - (B+Bo)?
_ B? B? B?

For a better visibility, Figure (a) shows the extracted By_pr values for 3CzCIIPN and 4CzIPN, re-
spectively. The values can also be found in the manuscript in Figure 8 (b). Figure (b) shows the cor-
responding SOC values, which were calculated according to Eq. (2) and (3). The values match the the-
oretical values and are also implemented in Table 1 in the manuscript for a direct comparison. For com-
parison, we also listed the characteristic magnetic field values for the three TADF-emitter molecules in

Table [S5] determined from the theoretical SOC values, which can be found in Table 1 in the manuscript.
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Figure S13: (a) The original M,, data for 4CzIPN at a constant current density of Jorep = 175 mA/cm? is fitted by
four different fitting functions as an example, namely Lorentzian, Non-Lorentzian, IRT (ISC-RISC-TCA), and Double-

Lorentzian, respectively. (b) demonstrates the error observed between the original and predicted data by the models used
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Figure S14: (a) Bo_pur for 3CzCIIPN and 4CzIPN plotted as inset for the Figure for a better visibility of the data points,
(b) shows the corresponding SOC-values calculated according to Eq. (2)- manuscript.
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Table S4: Characteristic values extracted by the models used in Figure to replicate the measured M7 response.

Model BO—LF BO—MF BO_HF MFELF MFEMF MFEHF
Double-Lorentzian 5.68 - 77.32 3.12 - 2.27
IRT 5.68 77.32 53.43 3.12 2.27 2.35 x 10716
Lorentzian 16.30 - - 4.75 - -
Non-Lorentzian 7.10 - - 5.28 - -

Table S5: characteristic magnetic field calculated according to Eq. (2) and (3) (manuscript) from the calculated theoretical
SOC values which are listed in Table 1 of the manuscript.

Molecule | SOC electronic state | characteristic magnetic field / mT
3CzCIIPN Ty 129.4
T, — S MECP 146.5
4CzIPN T 161.5
T, — S MECP 208.5
5CzBN T, 737.9
T, — Sy MECPT 422.4

The determination of the activation energy was based on temperature-dependent OMC measurements,
with the averaged data from several measurements presented in the manuscript. Additionally, the raw
spectra for the OMC and MEL responses of 3CzCIIPN, 4CzIPN, and 5CzBN are shown in Figure [S15]
A clear temperature dependence can be observed for all three molecules. Notably, at temperatures ex-
ceeding room temperature (RT), the OMC response for 5CzBN became extremely noisy, which is likely
due to structural changes that hinder charge transport (see Figure . For 3CzCIIPN, the activation
energy was determined at a lower temperature regime, consistent with its small AFEgt. In contrast, for
4CzIPN, no significant structural changes were observed even at temperatures above RT, allowing the ac-
tivation energy to be determined at a higher temperature regime. This adjustment was necessary due to
the increased singlet-triplet gap, which caused a shift of the linear onset in the In(OMC) curve to higher
temperatures, along with an increase in activation energy. For 5CzBN, by a theoretical approach (cf.
Table 2 in the manuscript) the activation energy was found to be much higher than for 3CzCIIPN and
4CzIPN, making it impossible to determine it from the measurements conducted. It is anticipated that
the onset would occur at significantly higher temperatures, which could not be achieved in our experi-
ments due to the risk of molecular degradation.
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Figure S15: Temperature dependent OMC and MEL response for the three TADF-emitter molecules (a) and (d) 3Cz-
CIIPN, (b) and (e) 4CzIPN, and (c) and (f) 5CzBN.
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Figure S16: OMC response at temperatures exceeding room temperature observed for 5CzBN. The high-temperature
regime causes significant structural changes, which reduce the OMC signal and lead to a high signal-to-noise ratio. Conse-
quently, those measurements cannot be considered for activation energy evaluation.
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1.3 Computational Details and Additional Information

1.3.1 Methodology

Molecular geometries of 3CzCIIPN, 4CzIPN, 5CzBN, and CBP were constructed using GaussView 6 [76].
Subsequent ground state optimizations were carried out with Gaussian 16 [77], using the B3LYP func-
tional |7882] augmented by Grimme’s D3 dispersion correction [83] in conjunction with the 6-314+G*
Pople basis set [84-90]. This level of theory is based on our previous study of 3CzCIIPN and 4CzIPN as
thermally activated delayed fluorescence (TADF) emitter materials [91]. All resulting optimized struc-
tures were confirmed as minimum energy geometries by vibrational frequency analysis.

To explore potential alternative ground state minima of the cyanoarene systems, the global optimizer
algorithm (GOAT) module [92] implemented in Orca 6.0.1 [93}|94] was used in combination with the
semiempirical GFN2-XTB method [95]. While no additional minima were identified for 3CzCIIPN and
5CzBN, one further minimum was located for 4CzIPN. These geometries served as starting points for
TD-DFT optimizations of the first singlet (S7) and the first two triplet (77, T,) excited states using the
same level of theory as detailed above. Due to the complex electronic structure of the higher excited
triplet states of 5CzBN, convergence of the T5 state could not be achieved. Additionally, owing to the
low Boltzmann population associated with the local minima of 4CzIPN in the ground state (15.3 %),
subsequent analyses have been focused on the respective global minima.

Linear interpolated pathways (LIPs) connecting the optimized excited-state geometries were generated
in internal coordinates to avoid nonphysical distortions of the interpolated geometries. Intersections be-
tween the S; and 75 states identified along these paths were used as initial guess structures for minimum
energy crossing point (MECP) searches. MECPs were located using the KST48 program [96,97] interfaced
with Orca 5.0.4, employing B3LYP-D3 with the larger def2-SVPD basis set [98,99] in TD-DFT. Consistent
with the previously noted difficulty in optimizing the T state of 5CzBN, no T, — S; MECP was obtained
for this molecule. Likewise, searches for T} — .S; MECPs across all cyanoarene systems were unsuccessful,
in line with earlier reports on the non-intersecting nature of these states in 4CzIPN [21].

To identify potential minimum energy conical intersections (MECIs) between the T} and T states, a cus-
tomized implementation of the BPUPD algorithm developed by Maeda et al. [36] was employed. Specif-
ically, the pbupd and bpupdforce Python functions from the XMECP package [100] were adapted for
compatibility with the KST48 code. The bpupdforce function was then integrated into the GDIIS proce-
dure to compute the necessary gradients. This methodology yielded a MECI with the necessary accuracy
exclusively for 4CzIPN. For further discussion on the necessity of MECIs for efficient RISC, please refer
to the main text.

All electronic energies and spin-orbit coupling (SOC) constants were then calculated at the respective
optimized geometries using Orca 6.0.1 and the B3LYP-D3 / def2-SVPD level of theory with TD-DFT.
Based on previous work [101], hyperfine coupling (HFC) constants were determined within the Tamm-
Dancoff approximation (TDA) using the specialized pcH-2 basis set [102] obtained from Basis Set Ex-
change [103]. Charge transfer (CT) character was analyzed with TheoDORE 3.2 [63,/104] by partitioning
each molecule into a joint donor fragment and an acceptor fragment.

Molecular geometries and molecular orbitals were rendered using ChemCraft |[105]. Simulated UV-vis
spectra were broadened with Gaussian functions using full width at half maximum (FWHM) values of
0.3 eV for absorption and 0.2 eV for emission to best match experimental results.

The following section contains additional data referenced in the main text.
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Figure S17: Calculated absorption spectra of the emitter molecules and PL spectrum of the CBP host. The visible shoul-
der observed in the experimental PL spectrum of CBP is likely due to vibrational progression and was not accounted for in
the computations.

1.3.2 Further Analysis
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Figure S18: Jablonski diagrams for 3CzCIIPN (a) and 5CzBN (b) based on TD-DFT calculations. As no equilibrium
geometry for the 75 state of 5CzBN could be converged, the depicted T energy was calculated as a vertical excitation on
the T equilibrium geometry as the closest approximation. This is indicated by a dagger.
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Table S6: CT character for the first excited singlet and triplet states of 3CzCIIPN, 4CzIPN, and 5CzBN.

Molecule | electronic state | CT character
3CzCIIPN S1 0.86
T1 0.85
4CzIPN S 0.84
T1 0.80
5CzBN S1 0.81
T 0.64

Figure S19: Two-dimensional LIP between the T3 — 75 MECI and the T — S; MECP. A second dimension corresponding
to the displacement of the GDV from the MECI and MECP is introduced to better visualize these points. The hyperline
where the To and S states cross is clearly visible. All energies are in relation to the energy of the T3 state in its minimum.
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Figure S20: Excited state energies at LIPs between selected electronic state minima of 3CzCIIPN. (a) shows the T} — S;
LIP, (b) the T» — S; LIP, and (c¢) the Ty — T, LIP. Dotted lines correspond to triplet PES, while continuous lines repre-
sent singlet state PES. All energies are in relation to the energy of the T3 state in its minimum.
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Figure S21: Excited state energies at LIP between the T7 and S electronic state minima of 5CzBN. Dotted lines corre-
spond to triplet PES, while continuous lines represent singlet state PES. All energies are in relation to the energy of the T
state in its minimum.
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