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Unlocking Spin Dynamics: Spin-Orbit Coupling Driven Spin
State Interconversion in Carbazole-Containing TADF

Emitters

Annika Morgenstern, Jonas Weiser, Lucas Schreier, Konstantin Gabel, Tom Gabler,
Alexander Ehm, Daniel Beer, Nadine Schwierz, Ulrich T. Schwarz, Kirsten Zeitler,
Carsten Deibel, Dietrich R. T. Zahn, Christian Wiebeler,* and Georgeta Salvan*

The determination of transport mechanisms in organic light-emitting diodes
(OLEDs) is crucial for optimizing device performance. Magnetic field measure-
ments enable the differentiation of spin state interconversion mechanisms, but
data interpretation remains challenging. Here, experimental and theoretical
investigations are combined to provide a comprehensive understanding of the
underlying processes. This study systematically compares three cyanoarene-
based emitters with different singlet—triplet gaps (AEg) to explore factors
influencing reverse intersystem crossing (RISC). The comparison of all-'H

and all-2H 4CzIPN isotopologues confirms that RISC is governed by spin-orbit
coupling (SOC) rather than hyperfine interactions. Magnetic field-dependent
measurements reveal that charge transport in OLED devices is driven

by triplet-charge annihilation in 3CzCIIPN and 4CzIPN, while triplet-triplet an-
nihilation dominates for 5CzBN. Theoretical calculations further indicate that
SOC-mediated RISC in 3CzCIIPN and 4CzIPN can additionally occur via a T,
intermediate state with an activation energy distinct from AEg;. A temperature-
dependent analysis of the devices was conducted to quantify this activation en-
ergy 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 the understanding of excitonic processes
in OLEDs.

1. Introduction

Organic light-emitting diodes (OLEDs) play
a crucial role in optoelectronic applications,
including flat-panel displays, white light
sources,!?l and wearable electronics.[>!
Beyond these applications, OLEDs are
also attracting growing interest in sen-
sor technologyl’! and biomedicine.>®!

In recent years, organic thermally acti-
vated delayed fluorescence (TADF) materi-
als have gained significant attention due to
their intrinsic ability to enable reverse inter-
system crossing (RISC) from the triplet to
the singlet excited states.[?#9] This process
allows for a theoretical internal quantum ef-
ficiency of up to 100% without the need for
heavy atoms.[!%! By tuning donor and accep-
tor units, the energy gap between the singlet
and triplet states (A Egy) can be adjusted. To
efficiently harness triplet excitons, a small
AEg; in the range of thermal energy at room
temperature is required.'"1? If AE; is too
large, RISC becomes inefficient, reducing
overall device performance.l>"1] However,
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the exact mechanism behind the spin state interconversion
process remains a topic of debate and strongly depends on
the choice of material.l'®7] For exciplex-based TADF materials,
where charge-transfer complexes are formed between two dis-
tinct molecules, the dominant spin state interconversion mech-
anism is often attributed to the Ag-mechanism or hyperfine
induced spin-mixing.["®1%] In contrast, these effects appear to
be less significant in excitonic TADF systems. Recently, Wang
et al.!%! proposed that spin-orbit coupling (SOC) plays a ma-
jor role in facilitating the spin state interconversion process and
Gibson et al.?”) highlighted the critical role of vibronic cou-
pling in enabling efficient RISC in TADF materials.[?!] However,
determining the underlying spin state interconversion mecha-
nism experimentally is challenging. To investigate these inter-
actions, magnetic fields are often used to induce Zeeman split-
ting, thereby lifting the degeneracy of the triplet states. Depend-
ing on the dominant spin state interconversion mechanism, the
broadening of the magnetic field effect curves changes accord-
ingly. These magnetic field effects (MFEs) are generally quanti-
fied using the following equation:

_ MFE(B) — MFE(B = 0)

MFE
MFE(B = 0)

1)

MFEs have been exploited to gain insight into the spin dynam-
ics of emitter materials.['®?223] The MFE response is most com-
monly attributed to hyperfine interactions (HFIs),!2*2*! the Ag-
mechanism,[') and second-order processes,[?>2%] such as triplet—
triplet annihilation (TTA) or triplet-charge annihilation (TCA).!”]
In the case of TADF materials, MFEs have also been suggested
to affect the RISC process.['®1819] Each mechanism exhibits a dis-
tinct fingerprint MFE curve, aiding in identifying the dominant
effect influencing charge transport.!°!

If the device is electrically biased, the electrons and holes
injected from the electrodes can recombine and form weakly
bound polaron pairs (PP) as either singlets (PP,) or triplets (PP;)
on neighboring molecules.['¢?:28] PP, includes the degenerate
states PP; ,, PP, ,, and PP; . If the exchange interaction energy
between electrons and holes is weak, spin state interconversion
is facilitated by HFI, namely intersystem crossing (ISC) (PP, —
PP,) and RISC (PP, — PP,).l1629]

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

coup

B, =
° 8e-hHp

(2)

where the energy E,, is determined using the Planck relation,

which can be considered as the energy of the coupling strength:
E = hev G)

with h being the Planck constant, ¢ the speed of light, and ¥
the wavenumber. Here, g, , represents the Landé factor of an
electron-hole pair, and p, denotes the Bohr magneton. E,,, is
proportional to By, so the broadening of the MFE curve can be
directly associated with an increased coupling strength, as the

characteristic magnetic field B, is increased (Equation 7, vide in-
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fra). HFI in organic molecules is generally weak, causing a char-
acteristic magnetic field (<10 mT), while a broader response is
expected if SOC dominates.[1¢:3]

In addition to the spin state interconversion analysis, the appli-
cation of an external magnetic field allows for the differentiation
between various charge carrier transport mechanisms, as they
exhibit distinct fingerprint responses.[1®3!] In TCA, a T, exciton
collides with a charge carrier (g), which makes the carrier scatter
and the T, states quench (T, + g — g’ + S,).[1*32] As Wang et al.l*®]
explained, the Zeeman splitting of the T, state causes a decrease
of the rate constant of the TCA process when applying an exter-
nal magnetic field. This means that the external magnetic field
can lower the probability for TCA, therefore enhancing the T,
population. Consequently, more charge carriers can contribute to
the RISC process, enhancing the magnetoelectroluminescence
(MEL) response.'31] Tt is important to note that the spin state
interconversion can occur only from the T, , state to the excited
singlet state, since intra-triplet state mixing is suppressed accord-
ing to the lifting of the degeneration of triplet states due to the
applied magnetic field.

The TTA process can be described as T} + T, — S, + S, and is
also affected by the Zeeman splitting of the T, state. Below |B | <
20 mT,16173133] the zero-field splitting is stronger than the Zee-
man splitting. Consequently, the annihilation rate constant of the
T, state is increased, which is reflected in an increase in the MEL
response. Conversely, by increasing the magnitude of the mag-
netic field to | 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.!']

Differentiating between these mechanisms in emitter materi-
als using MFEs can be challenging, often leading to overfitting
in an attempt to account for all observed effects (e.g. TCA, TTA,
RISC, ISC).11631:32] In the case of the carbazole-based molecules
under study, we propose a simple model based on the combi-
nation of only two Lorentzian fitting functions, which replicates
our measured data and is in line with our theoretical investiga-
tions. 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-
transportlayer (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, en-
hancing the reproducibility and reliability of our results. A com-
prehensive description of the hard- and software components of
the MFE measurement setup, along with the analysis process, is
provided in the Supporting Information (see Section S1.1., Ex-
perimental Apparatus and Analysis).

While differentiating between the mechanisms present in
emitter materials can be easier from a computational point of
view, computational approaches struggle with different prob-
lems when it comes to the description of spin state interconver-
sion processes. (Spin) dynamics in excited states are challeng-
ing to model due to the complex net of state interactions**! 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
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analysis is the identification of points of contact between differ-
ent PESs, namely minimum energy crossing points (MECPs)
between states of different spin multiplicity and minimum en-
ergy conical intersections (MECIs) between states of the same
multiplicity.[*3¢l When two PESs corresponding to different elec-
tronic states intersect, the emerging energy degeneracy allows for
efficient transitions between these states. Consequently, know-
ing 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):[35,37]

cpy = dE—EB) “
oq
(),
pCV = <%|<§q>|wz> - % 5

with the latter determining how strongly the elec-
tronic wavefunctions change with respect to a change
in the nuclear coordinates g. 2D 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 DCV is zero as there is no direct
derivative coupling between the wavefunctions. Instead, transi-
tions proceed via SOC. In this case, the characteristic double
cone shape of the intersection is unfolded and the degeneracy
is extended from a single point to a 1D hyperline. To find the
energy minimum on this hyperline, i.e., the MECP, Bearpark
et al. proposed the gradient projection method.*) Here, the
GDV is constrained to stay on the hyperline while the gradi-
ent of E, is projected onto the remaining orthogonal space and
minimized.

In the case of MECI optimization, both the GDV and the
DCYV are necessary. However, as the calculation of the DCV is
not widely available for all quantum chemistry methods and
can be costly or potentially unreliable depending on the accu-
racy of the method, Maeda et al. developed an approach that
does not rely on the explicit DCV.[**] The 2D branching plane
is instead updated in a gradient 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
GDYV) minimizes the energy difference between 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 inter-
conversion processes in carbazole-containing TADF emitters.
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2. Results and Discussion

2.1. Device Fabrication

The specific layer structure for all fabricated devices can be found
in Figure la,b. Throughout 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 (host:guest ratio 9:1). Their molecular
structure is depicted in Figure 1c—f with the respective calculated
adiabatic AEg; for the TADF emitters (cf. (c—€)). An overview
of the employed quantum chemical methods is given in the
Experimental Section at the end of this article. Additional de-
tails are provided in the Supporting Information. AEg; can be
reduced by strengthening the acceptor unit(s).*®] In contrast,
the introduction of carbazole (donor) units increases AEgy. This
is closely tied to the influence of donor and acceptor units on
the frontier orbitals (Figure 2). Since RISC in TADF molecules
depends on efficient energy transfer, a small AEg; is preferred
for optoelectronic applications such as OLEDs.!?!

To assess the quality of the band alignment (cf: Figure S13,
Supporting Information), the positions of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) were calculated with density functional theory
(DFT) for all molecules at the B3LYP-D3/def2-SVPD level of
theory. 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 2a, il-
lustrating a continuous increase in the HOMO-LUMO gap from
3CzCIIPN to 5CzBN. Additionally, both the HOMO and LUMO
positions exhibit an upward shift in energy, following this same
trend. Figure 2b shows the experimentally determined values
of the HOMO and LUMO onsets and the work function W for
4CzIPN with respect to the vacuum energy E,,. 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 €V).’”] This is due to
the presence of an adventitious carbon layer, which was not re-
moved before the deposition of 4CzIPN to keep conditions simi-
lar to the samples that were prepared outside ultra high vacuum
(UHV) conditions using spin-coating. With increasing organic
film thickness, a progressive shift of the work function W cor-
responding to a movement of the Fermi level towards the vac-
uum level can be observed. This is accompanied by an appar-
ent opening of the HOMO-LUMO gap, which saturates near a
film thickness of 8 nm. Such effects were often observed in re-
lation 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.*"]
The energy parameters determined for the largest film thick-
ness can be considered as the values of the bulk material. They
amount to EA = (2.88 + 0.03) eV for the electron affinity, IE =
(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
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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 AEgy, obtained from time-dependent density functional theory calculations (see Computational Details in the
Supporting Information), are also provided for c) 3CzCIIPN, d) 4CzIPN, and e) 5CzBN. The molecular structure of the host compound CBP is depicted
in (f).

uncertainty of EA is given here by the standard deviation of the  ters for 3CzCIIPN and 5CzBN were determined for 11 nm and
values determined from measurements under different condi-  16.5 nm thick films, respectively. They amount to EA(3CzClIPN)
tions, i.e., using different bandpass filters (BPFs), as proposed = (3.23 + 0.14) eV, EA(5CzBN) = (3.00 + 0.16) eV, IE(3CzCIIPN)
by Sugie et al.*!l The measured Fermi level being closer to the = (6.33 + 0.10) eV, IE(5CzBN) = (5.94 + 0.10) eV, W(3CzCIlIPN)
LUMO onset than to the HOMO onset suggests an n-type char- = (4.01 + 0.05)eV, and W(5CzBN) = (3.96 + 0.05)eV. A
acter of the organic film. The obtained values for the electron = more detailed description of the UPS, XPS, and LEIPES ex-
affinity and ionization energy can be associated with the LUMO  periments and their analysis can be found in the Supporting
and HOMO position, respectively. The obtained values areinvery ~ Information (cf. Section S1.1.4 and Figures S8- S12, Supporting
good agreement with the DFT results. The bulk energy parame-  Information).
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Figure 2. a) HOMOs and LUMOs of 5CzBN, 4CzIPN, and 3CzCIIPN with corresponding absolute orbital energies and corresponding HOMO-LUMO
gaps obtained from density functional theory calculations at the B3LYP-D3/def2-SVPD level of theory. b) Thickness-dependent energy diagram of the
experimentally determined HOMO and LUMO onsets of 4CzIPN on Au, expressed by the ionization energy IE and the electron affinity EA, as well as its
work function W, with respect to the vacuum energy E, .. Multiple values of EA measured with different bandpass filters (BPFs) are shown to evaluate
the statistical significance of the determined parameters.
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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 response for the bare molecules
depicted in (a). c) 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 3b).

2.2. Optoelectronic Characterization

The difference in emitted color is visible to the naked eye when
comparing the light emission of the investigated bare molecu-
lar devices (cf: Figure 3a). As can be seen in Figure 3b, the elec-
troluminescence (EL) response shows a blue shift as the num-
ber 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 car-
bazole donor units and the LUMO on the acceptor unit, changes
in the donor or acceptor composition directly affect 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, start-
ing from 5CzBN and going to 3CzClIPN, introducing electron-
withdrawing groups such as CN and Cl to the acceptor unit
lowers the energy of the LUMO. Notably, while the relative en-
ergy increase of the HOMOs remains constant across the se-
ries from 3CzClIPN to 5CzBN, the relative energy decrease ob-
served for the LUMOs differs more significantly. Adding a chlo-
rine atom (from 4CzIPN to 3CzClIPN) has a much weaker ef-
fect than adding a cyano group (from 4CzIPN to 5CzBN), result-
ing in a comparatively 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 A Egr
of the molecules as the first singlet and triplet excited states are
characterized by HOMO-to-LUMO transitions.

Adv. Optical Mater. 2026, 14, e01504 €01504 (5 of 17)

The photoluminescence (PL) (¢f. Figure S14d, Supporting In-
formation) and the EL response exhibit a strong correlation, sug-
gesting that the molecules behave similarly under optical and
electrical excitation. The corresponding CIE (Commission interna-
tionale de I’éclairage) chromaticity diagram is given in Figure 3d
with the CIE values summarized in Table S2 (Supporting
Information).

In the host-guest system, a distinct blue shift in the EL re-
sponse is observed (cf. Figure S14c, Supporting Information).
This shift is attributed to environmental changes induced by
CBP, preventing aggregation-induced quenching, which can also
lead to a blue shift in the EL response.l*?] The reduced full width
at half maximum (FWHM) values demonstrate the higher se-
lectivity along with the more efficient light emission as interac-
tions 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).[*>*3) FRET
mainly depends on the overlap of the PL spectrum of the host
molecule and the absorption spectrum of the guest molecule.!%]
As shown in Figure 4a, 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
time-dependent density functional theory (TD-DFT) absorption
and PL spectra at the B3LYP-D3/def2-SVPD level of theory (see
Figure S22, Supporting Information). From the UV-vis absorp-
tion spectra, we also determined the optical gap (AE,,) using the
Tauc plot method assuming a direct band gap.[** The exact ex-

perimental values of AE,, for the three molecules are presented
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Figure 4. a) Absorbance spectra for the emitter molecules and PL spectra for the CBP host. The absorbance of all emitter materials overlaps with the PL
of CBP, indicating an efficient FRET. b) Tauc plot with energy band gap for the bare emitter materials. AE, slightly increases with increasing number of
carbazole units, which is well in line with the observed blue shift in the PL and EL response (vide supra).

in Figure 4b. These values 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 3c, the introduction of the host—guest system signifi-
cantly 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 AEg;, as the RISC process is
more efficient. The EQE, ., for 3CzClIPN and 4CzIPN is very
similar, while 5CzBN shows a much lower EQE related to the
larger AEg;. The exact values for the optoelectronic characteri-
zation are summarized in Table S1 (Supporting Information).
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). Neverthe-
less, as the devices are not optimized, the total EQE values re-
main quite low. Due to the higher emitter concentration in the
bare molecular devices, a concentration quenching effect is as-
sumed. The lack of separation of emitter and transport func-
tions in such layers favors exciton quenching.*’! As revealed
by angular photoluminescence measurements, light outcoupling
in the fabricated devices is limited due to predominantly ver-
tical dipole orientation observed in neat molecular thin films.
In contrast, the host-guest systems exhibit improved outcou-
pling, with an isotropic dipole distribution and a tendency toward
horizontal alignment. The experimental results are presented
in Figure S15 (Supporting Information), with the extracted ver-
tical dipole orientation values shown in Figure S16a (Support-
ing Information) and the fitting error shown in Figure S16b
(Supporting Information), respectively. The relatively high en-
ergy barriers (cf. Figure S13, Supporting Information) and the
strong efficiency roll-off could be compensated in further in-
vestigations by improving the band alignment using additional
transport and blocking layers.**! However, the lower EQE pos-
itively impacts the MFE amplitude, as discussed in detail be-
low.

Examining the calculated relative energy differences between
the triplet energy levels of CBP and the excitonic TADF emitters
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reveals a difference 0of 0.22 eV for 3CzCIIPN (cf. Figure S23a, Sup-
porting Information), 0.16 eV for 4CzIPN (cf. Figure 5), and 0.02
eV for 5CzBN (cf. Figure S23b, Supporting Information). Since
DET mainly depends on the alignment of the host and guest
triplet states,/*’] it should be most efficient for the combination
of CBP and 5CzBN. However, the optoelectronic properties, and
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.

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 dramatically increased
EQE (cf. Figure 3). In Figure 6, the organic magnetoconductance
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Figure 5. Jablonski diagram of 4CzIPN based on DFT and TD-DFT cal-
culations (see Computational Details in the Supporting Information for a
detailed breakdown of the computational methodology). Depicted is the
energy alignment of 4CzIPN relative to the CBP matrix, with a focus on its
application in a host-guest system.

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

A ‘T °920T “1LOIS6IT

:sdny woiy

Pe/Z001°01/10p/w00 K[

1N 49 $0S10SZ0

ASUDDIT SUOWWO)) AN d]qedrjdde oy £q pauIoA0S a1e SadIE Y {asn JO so[nI 10J AIRIqIT dUI[UQ AJ[IA\ UO (SUONIPUOD-PUE-SULI)/W0d K[ Im AIRIqI[auI[uo//:sd)Ny) SUONIPUO) pue sua ] oY) 39S [9707/#0/60] uo Areiqry auruQ Aoqip ‘SingssSny


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

(a) 0.20 T (b) 6 T T T T T (C) 6 T
4CzIPN :
® 5CzBN 3 5 5F = 5} 4
0.15 | .
4 . 4 .
°
i 0.10 | . °\\° 3+ 4 X 3F 4
o O -
= w ol 1 £ 5l _
3 S 2 S 2
0.05 |- 5
1F . 1+ .
® 3CzCIIPN:CBP (1:9)
! ) 4CzIPN:CBP (1:9) ol | ok 4
0.00 |- & ® 5CzBN:CBP (1:9) H
{—— D-L-Fit
-200 -100 0 100 200 -200 -100 0 100 200 -200 -100 0 100 200
B/mT B/mT B/mT

Figure 6. OMC (a), MEL (b), and M, (c) detected at a constant current density of 175 mA cm™2 for the bare molecules and the host-guest system

containing CBP as host matrix.

(OMC), magnetoelectroluminescence (MEL), and magnetoefhi-
ciency (M,) responses of the bare molecular devices are com-
pared to their respective host-guest equivalents as an example at
a constant current density of 175mA cm™2. 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 reliable metric. The re-
lationship between the EL and the current (I) in OLEDs can gen-
erally be described by the formula EL = nl/e,[*¥] with  being the
EL quantum efficiency and e the elementary charge. If 5 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.[1**% Interestingly, the opposite trend
was observed when compared to the EQE analysis: The mag-
netic field effects are significantly quenched as device efficiency
is improved. Niedermeier et al.l’!] demonstrated that an electrical
conditioning procedure could enhance the MFE response, which
was associated with introducing 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. Addition-
ally, concentration quenching effects need to be considered®?
since the emitter concentration decreases by introducing a host-
guest system, lowering the probability of interactions between
the TADF emitters and the magnetic field.

In both cases, for the bare emitter devices and their host-guest
systems, M, is quenched upon increasing AEg;. The MEL re-
sponse of 5CzBN exhibits a markedly different line shape com-
pared to those of the other two molecules. Thus, while improving
EQE is certainly valuable, it would introduce additional complex-
ity that would obscure the MFE response and reduce its mag-
nitude. For the following analysis, we will focus on the bare
molecular systems, as their measured MFE signals are stronger
and hence more straightforward to analyze. To gain deeper in-
sights, the OMC and MEL responses were measured at vari-
ous current densities, as demonstrated in Figure 7 for the bare
molecular devices. From left to right, the molecules exhibit an
increasing A Egp, which reduces the likelihood of RISC.2! As ex-
pected, the MFE decreases accordingly, emphasizing its sensitiv-
ity to the RISC process. Interestingly however, the line shape does
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not replicate the characteristic fingerprint curves of the RISC
process, which would typically correspond to a negative MEL
response.[1650]

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,.B>  MFE,,B*
M, (%) = — + 5 (7)
fit B2+B; . B'+B; ;¢

with MFE, . and MFE,;; corresponding to the amplitudes and
By and By 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 (>20mT). The broadening B, of the M, response is also
determined as the characteristic magnetic field. A comparison of
several models (cf. Figure S18 and Tables S3 and S4, Supporting
Information) showed that Equation (7) best replicates the M, re-
sponse. The error bars shown in the diagrams are derived from
the standard deviation of ten separate measurements. Upon ex-
amination of the data presented in Figure 8, a decrease in the M,
response is observed with increasing AEgy, which is well repli-
cated in the MFE, ; variable in Figure 8(c).

Interestingly, the M, response for 4CzIPN is slightly higher
than that of 3CzCIIPN, particularly at lower current densities (cf-
Figure 8c). A comparison of the MFE results with the J-V and
Luminance—V responses (cf. Figure S14a,b, Supporting Informa-
tion) reveals that the variations in turn-on voltage (determined at
10 cdm~?) and operational regimes are well reflected in the MFE
responses, causing the different onset of the increasing MFE .
The high turn-on voltage observed for 3CzCIIPN is attributed to
a relatively large energy barrier, as evidenced by the band align-
ment (¢f. Figure S13, Supporting Information). B, ; exhibits val-
ues below 10 mT for all three emitter molecules, which was pre-
viously assigned to hyperfine-driven interaction between polaron
pairs.[1633] A decrease was observed with increasing AEgr, sug-
gesting an enhanced HFI as the acceptor strength increases and
the number of carbazole units decreases. Additionally, a slight
increase with rising current density was noted. We therefore at-
tribute the detected LF effect, with B, ~5 — 6 mT, to hyperfine-
induced spin state interconversion of the polaron pair species in
3CzClIPN and 4CzIPN.
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Figure 7. OMC (a—) and MEL (d—f) detected at current densities from 75 mA cm™2 up to 300 mA cm'2 for the bare molecules 3CzCIIPN (a) and (d),
4CzIPN (b) and (e), and 5CzBN (c) and (f).
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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
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devices based on 3CzCIIPN, 4CzIPN, and 5CzBN, respectively. The parameters obtained from the Double-Lorentzian fit defined in Equation (7) include
the characteristic magnetic fields for the low- and high-field regimes, By and By . Additionally, the amplitudes corresponding to these effects are
represented by MFE  and MFE, ¢, respectively.
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Figure 9. MEL detected at a constant current density of 175 mA cm~2 for 3CzIIPN (a) compared to the reference device with m-MTDATA:3TPYMB as
a well-known exciplex system with dominant Ag and Alg; 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.

For 5CzBN, a pronounced decrease in the broadening of B,
was observed. Since the characteristic magnetic field is directly
proportional to the HFI, the decrease in HFI with increasing
current density results in a significant drop in efficiency, as sin-
glet polarons can no longer be harvested. This trend is further
supported by the negative correlation of MFE,, as shown in
Figure 8c. For 3CzCIIPN and 4CzIPN, the amplitude of the ef-
fect increases with increasing current density (¢f MFE;; and
MFE,;), revealing a positive low- and high-MFE. The MFE,,; be-
havior observed for 3CzCIIPN and 4CzIPN is a clear indicator
for triplet-charge annihilation.['”>° The values extracted for B, 4
are in the range of 80 mT (c¢f. Figure S19a, Supporting Informa-
tion), which are well in line with the characteristic magnetic field
determined from spin-orbit coupling (SOC) calculated with TD-
DFT (cf. Table S5, Supporting Information). By increasing A Egy,
the efficiency of the RISC dramatically decreases. For 5CzBN,
which is exhibiting the highest A Esp, even a slight negative trend
for the MFE;p;;r upon applied current density was observed (cf.
Figure 8¢,d, Supporting Information). The results obtained for
5CzBN differ significantly from those observed for 3CzClIPN
and 4CzIPN, especially for the MEL response (cf. Figure 7f, Sup-
porting Information), which is further reflected in MFE; ex-
hibiting negative values. Those are clear indicators of a dominant
TTAmechanism.

Comparing our analysis to previous ones (e.g.,),! a notice-
able discrepancy arises: The previous analysis employs a differ-
ent fitting function, which separately determines the character-
istic 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 pro-
cess is quenched, thereby enhancing the RISC process. This im-
plies that TCA and RISC cannot be considered independent pro-
cesses when TCA is present, as MFE measurements do not al-
low for their differentiation. This finding is further supported
by the observed trend with increasing AEqp, 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 3CzClIPN 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 in this material system. For a deeper analysis of

16,32]
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the model fit, we refer to the Supporting Information, especially
to Figure S18 and Tables S3 and S4.

2.4. Evaluation of Spin Dynamics

To unravel the spin state interconversion process between the
excitonic triplet and singlet states, we first fabricated refer-
ence devices with well-established properties. We examined
Alg, as a non-TADF emitter®™ and a well-known exciplex-
forming TADF system consisting of (4,4',4"-Tris[phenyl(m-
tolyl)Jamino]triphenylamine:  Tris(2,4,6-trimethyl-3-(pyridin-3-
yl)phenyl)borane (m-MTDATA:3TPYMB) at a donor-to-acceptor
concentration ratio of 1:4.'! In Figure 9a, the MEL response
for the reference devices is compared to the one obtained for
3CzClIPN at a constant current density of Joz;p = 175mA
cm~2. The absolute MEL at the highest applied magnetic field
(Bpax = 200 mT) differs. Alq, exhibits a lower absolute MEL
response compared to m-MTDATA:3TPYMB and 3CzClIPN
while the broadening of the curve is much more narrow
compared to 3CzClIPN, as can be observed in the normal-
ized plot in Figure 9b. The main spin state interconversion
mechanism was previously attributed to hyperfine-induced spin-
mixing of polaron pairs.[?#*3] The MEL line shape observed for
m-MTDATA:3TPYMB can be mainly attributed to the Ag mech-
anism as the dominant spin state interconversion process!1¢1°]
while the broadening of the curve remains, as can be observed
in the normalized plot in Figure 9b, similar to Alq;. According
to the spin state interconversion properties (the small AEq. for
exciplex materials and consequently the efficient RISC process),
they are well known to exhibit a strong MEL response.[!$195]
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.>®!

In addition to the difference in the maximum MFE value, the
broadening of the curve is different for 3CzCIlIPN. Even at high
MFEs (=200 mT), a saturation cannot be observed. Hence, the ob-
served MFE response for the excitonic TADF emitter 3CzCIIPN
cannot be attributed to the already-mentioned mechanisms. The
structural distinctions between the systems can partly explain
this difference. In exciplex materials, the donor and acceptor
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Figure 10. Panel (a) represents the normalized MEL response for the "H and 2H isotopologues of 4CzIPN at a constant current density of 75 mA cm~2,
(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 line shape could be

observed.

units are located on separate molecules, leading to out-of-phase
behavior in their Larmor frequencies under an external magnetic
field.[*24 Such behavior may disrupt the precision of spin align-
ment between PP, and PP;, enhancing the MFE.[2>%7] Alq; 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 re-
sult, Ag-induced RISC can be ruled out as the dominant spin
state interconversion mechanism for this system.['*] However,
hyperfine-induced spin-mixing was previously reported in exci-
tonic TADF emitters, as discussed above.

The key question remains whether the spin state interconver-
sion 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 -*H 4CzIPN isotopologues. Since the HFI is
weaker in the deuterated molecules, a narrower MEL response
is expected, as previously observed in studies on other molecu-
lar systems.[>3] Interestingly, our results deviate from these prior
findings, as no noticeable difference in curve broadening is ob-
served (cf. Figure 10). Similar results were recently published
by Liu et al.,l’® where a lack of an isotopic effect was found
for TADF-OLEDs based on 4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-
methylpyrimidine (B3PymPm) at room temperature. Since vari-
ations 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 governing the MEL line shape. We
therefore propose that the observed line shape is primarily deter-
mined by SOC, as reflected in the characteristic field B (vide
supra). It is important to note that the interconversion of polaron
pair spin states remains hyperfine-driven, as evidenced by the
low-field feature B,y (cf- Figure 8a). While a detailed investiga-
tion 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 (c¢f: ], Figure 5a of that
work). Assuming HFI remains relatively constant with decreas-
ing e-h distance, SOC increases significantly under such condi-
tions. Consequently, for tightly bound excitonic e-h pairs, where
SOC is orders of magnitude stronger than HFI, even subtle iso-
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tope effects on PP spin-mixing are likely masked by the domi-
nant SOC-driven spin state interconversion processes occurring
within the excitonic species.

Computational investigations support this hypothesis: The cal-
culated SOC and hyperfine coupling (HFC) for 4CzIPN in T,
equilibrium amount to 1.51 x 10~! cm™! and 5.00 X 10~*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 geome-
tries of the involved excited states in 4CzIPN were constructed
(Figure 11). LIPs model state transitions by interpolating from
the initial to the final state along a reaction path traced in high-
dimensional coordinates. This provides qualitative insights into
the energy profiles along the path of interconversion and allows
for the identification of relaxation and deactivation pathways.

Upon electrical excitation, the RISC mechanism is typically
described as a spin state interconversion between the T, and S,
states. However, the relatively large energy gap between T, and S,
(81 meV, Figure 11a, left) suggests that, despite the strong SOC,
this direct RISC mechanism is not as straightforward as initially
thought unless secondary processes are involved. Additionally,
the absence of direct crossings between these states further re-
duces the efficiency of potential RISC directly from the T; state.
It should be noted, however, that this study does not explicitly
include vibronic coupling, so RISC governed by a strong over-
lap of the vibrational wavefunctions in absence of a narrow AEg;
or crossing cannot formally be ruled out. However, a crossing be-
tween the T, and S, states is observed along the T, — S, relaxation
pathway (Figure 11b) with a SOC of 1.05 X 10~ cm™ at the pic-
tured crossing point. This suggests that the higher triplet state T,
could serve as an intermediate in a possible additional RISC path.

This would first require an upconversion from the T, to the
T, state before RISC could occur. Although the T, and T, states
along the T, — T, pathway do not directly intersect (Figure 11c),
a minimum 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
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Figure 11. Excited state energies at LIPs between selected electronic state minima of 4CzIPN. Image (a) shows the T; - S; LIP, (b) the T, — S, LIP,
and (c) the T; — T, LIP. Dotted lines correspond to triplet PESs, while continuous lines represent the singlet state PES. All energies are relative to the

energy of the T, state in its minimum.

of the same multiplicity is only achieved at a single point on
the branching plane. This means that a 1D 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 T, and T, states might still ex-
ist even though it is not directly represented in the correspond-
ing LIP. Consequently, a MECI search between the T, and T,
states was performed using the branching plane updating gra-
dient projection method by Maeda et al.3®! In addition to the
MECI search, a minimum energy crossing point (MECP) search
between the T, and S, states was conducted with the default
gradient projection method by Bearpark et al.l*} The T, — S,
pathway does already show a crossing between these states, but
it might not yet represent a minimum along the correspond-
ing hyperline. A second MECP search between the T, 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 understand-
ing of the interconversion mechanism, revealing key points that
would otherwise be overlooked using just LIPs: Both a MECI be-
tween the T, and T, states and a MECP between the T, and S,
states could be identified while the T, 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 0.334A from the local 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 T, — T, upconversion via the MECI occurs first, as men-
tioned above, a transition from the global to the local T; mini-
mum will precede it. With this, a LIP spanning three distinct re-
gions was constructed to provide a better overview of the overall
interconversion mechanism (Figure 12). It shows 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 2D LIP directly illustrating the region be-
tween the MECI and the MECP, provided for improved visual-
ization of these points, is shown in Figure S24 of the Supporting
Information.

Following the path laid out in Figure 12 and starting from the
T, minimum (marked as 1 in Figure 12), a small energy barrier
must be overcome first to move from the global minimum to the
local minimum closer to the MECI (2). Once the T, state is pop-
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ulated via the MECI (3), an additional nearby crossing can be
used to transition to the S; state (4). There, the molecule may
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 T; state exceeds that limit, at least
along the LIP reaction coordinate. However, global and local min-
ima in both states are also connected by the displacement of a
thermally active molecular normal mode (14.6 cm™! in the the T,
state and 13.2cm™ in the S; state, respectively) which can facil-
itate this transition. A similar connection was also suggested by
Noda et al.[¢0]

Notably, geometry optimizations typically only reach the min-
imum closest to the initial guess structure and do not sample
the respective conformational space. For complex systems with
many degrees of freedom, this usually means that a multitude
of MECPs and MECIs exist on the PESs, some potentially even
lower in energy than the previously located minimum energy in-
tersections. The described pathway could consequently be con-
ceived as only one of many involving a T, intermediate.

0.35 — T T T T T T T

0.30 o® .
0.25
0.20

0158

0.10

T, Energy Difference / eV

0.059

] 4 o ¥
‘® . .
000 *eog®

@MECP @T,  @T,  @MEC

T2-81 (global min.) (local min.) T1-T2

Reaction Coordinate

Figure 12. LIP between the T, — S; MECP, the global and local T; minima,
and the Ty — T, MECI. A T,-mediated RISC pathway that passes a MECI
and a MECP is indicated by arrows. All energies are relative to the energy
of the T, state in its minimum.
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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 [em™] SOCep [em™] HFC electronic state HFCeomp [em™]

3CzCIIPN T, 1.21x 107! - T, 5.66 x 1074
T, — Sy MECP 1.37 x 107! (1.46 + 0.04) x 107! T, 5.46 x 1074

4CzIPN T 1.51% 107! - T, 5.00 x 107*
T, — S; MECP 1.95 x 107! (1.46 +£0.10) x 107" T, 4.96x 107

5CzBN T 6.90 x 107! - T 5.02 x 1074
T, — S; MECP} 3.07x 107! (2.96 + 0.61) x 107! T, -

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
AEg; is not necessarily directly related or proportional to the
RISC activation energy but can instead be attributed to two dif-
ferent 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
(Figures S25 and S26, Supporting Information). Notably, if the
T, state is involved in the interconversion process, the relevant
SOC occurs at the T, — S; MECP. Since this point bears no spe-
cial significance in the HFI regime, the corresponding coupling
constants were calculated in T, equilibrium instead for compari-
son. Due to the complex excited state character of the T, state of
5CzBN, no equilibrium geometry or T, — S; MECP could be con-
verged. Instead, the unoptimized crossing found in LIP analysis
was taken as the closest approximation for the calculation of the
SOC. This is indicated by a dagger in Table 1 and Table 2.

These findings suggest that SOC remains the primary me-
diator of spin state interconversion across all three molecules.
The upward trend in SOC from 3CzCIIPN to 5CzBN can be at-
tributed to a corresponding decrease in the torsional angles sep-
arating donor and acceptor moieties. This relationship was ob-
served and elucidated for other TADF emitters as well.[61-6%] In
the absence of additional interactions, a perpendicular orienta-
tion 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 transfer (CT) charac-
ter in the first excited singlet and triplet states. However, exces-
sive spatial separation reduces orbital overlap, thereby weaken-
ing SOC. Moreover, direct SOC is significantly diminished be-
tween CT states involving the same orbitals and consequently

Table 2. Experimental and computational activation energies for 3CzCIIPN,
4CzIPN, and 5CzBN.

Molecule E,.: (exp.) [meV] E,. (comp.) [meV]
3CzCIIPN (86.2 + 4.3) 24.6 (T, — Sy)
101.4 (T, =T, - S})
4CzIPN (138.9 £ 6.9) 742 (T, = S)
160.0 (T, = T, = S3)
5CzBN - 99.6 (T; — Sy)

1279 (T, = T, — S))t

Adv. Optical Mater. 2026, 14, e01504 €01504 (12 of 17)

showing similar CT character. In 3CzClIPN, the carbazole donor
units are positioned too far apart to interact significantly, result-
ing in average torsional angles of 89.8° and 82.6°, and leading to
CT characters of 0.86 and 0.85 for the respective S; and T, tran-
sitions (A value of 1 would signify a perfectly charge separated
state and a value of 0 a local excitation).l® In contrast, when
carbazole groups are placed in closer proximity, as they are in
4CzIPN, steric repulsion and stabilizing z interactions drive the
average torsional angles down to 72.3° and 67.0° for the corre-
sponding S; and T; states. These reduced angles lower CT char-
acter but enhance SOC (CT values are provided in Table S6 in the
Supporting Information). This effect becomes more pronounced
with an increasing number of carbazole units; the average tor-
sional angles in the S; and T, configurations of 5CzBN are fur-
ther reduced to 66.6° and 62.6°, respectively. A substantial con-
tribution to the large SOC enhancement in 5CzBN relative to
the other two cyanoarene derivatives is also 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 intercon-
version can also occur via a T, intermediate, given the high simi-
larity in excited state energies, crossing points, and coupling con-
stants compared to 4CzIPN. However, the extent to which both
pathways are involved in the RISC process is likely to be differ-
ent for each system and cannot be quantified without further
investigations.

In contrast, 5CzBN exhibits significantly stronger SOC but
maintains a large AEgy, generally indicative of inefficient RISC
between these states. However, in the absence of a converged T,
equilibrium geometry or a confirmed T, — S; MECP, a definitive
conclusion cannot yet be drawn, as the T,-mediated mechanism
discussed earlier is currently not computationally accessible. Ad-
ditionally, as previously noted, TTA likely plays a dominant role
in the spin state interconversion processes of 5CzBN as well.

To further assess the feasibility of the RISC process, a quanti-
tative approach complementing this qualitative analysis was car-
ried out. 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 associated with RISC for various
TADF emitters. The corresponding data for the OMC response
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Figure 13. a,b) 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. ¢,d) 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.

at a constant current density of Jozp = 175mA cm? is shown
in Figure 13. The temperature dependence was fitted using the
following expression:

MFE Fu 8
o exp kT (8)
where E, . denotes the activation energy, k; the Boltzman con-

stant, and T the temperature.[°®) The complete MFE responses for
both OMC and MEL are presented in Figure S20. A distinct differ-
ence between the temperature-dependent trends of the OMC and
MEL responses was observed. Activation energies derived from
the MEL response consistently fall below AEg;, contradicting
Marcus theory.21%] Despite this, previous studies by Liu et al.l>®]
and Basel et al.'®) extracted RISC activation energies from MEL
data, reporting values significantly lower than the thermal energy
at room temperature. Given that the reorganization energy is ex-
pected to be on the order of several tens of meV,[?!] these discrep-
ancies likely result from competing loss mechanisms.

In this work, we extracted the activation energy from the
temperature-dependent OMC response (cf. Figure 13). For 3Cz-
CIIPN, a sign change in the OMC response was observed, with
negative values appearing at low temperatures (cf. Figure S20a,
Supporting Information). This behavior has previously been at-
tributed to the onset of bipolar transport being temperature de-
pendent, where at low temperatures only one type of charge car-
rier dominates the charge transport.[® From the Arrhenius plots
in Figure 13c,d, the activation energy was determined to be (86.2

Adv. Optical Mater. 2026, 14, e01504 €01504 (13 of 17)

+ 4.3) meV for 3CzCIIPN and (138.9 = 6.9) meV for 4CzIPN (cf.
Table 2). It can further be observed from panels (c) and (d) that
the onset of a significant OMC response shifts to higher temper-
atures with increasing activation energy.

Interestingly, no activation energy could be extracted for
5CzBN. As discussed previously, its MFE response is predom-
inantly 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 activa-
tion energy is likely too high to be reliably measured within
the accessible temperature range. Upon increasing the tem-
perature, structural degradation, most likely within the emis-
sive layer, was observed, compromising the measurement reli-
ability. This is reflected in the large error bars in Figure 13a.
Additionally, a poor signal-to-noise ratio, as illustrated in
Figure S21 (Supporting Information), further hindered reliable
analysis.

Computationally, the energy barrier that must be overcome to
drive the RISC process via the T,-mediated pathway can be de-
scribed as the energy difference between T, equilibrium and the
T, — S, MECP.[?!] For the direct T, — S, pathway, an activation
energy can be estimated from the following Marcus Theory-like

expression incorporating A Egp:[%]

AEg + 4)?
Eact = % (9)
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where 4 is the reorganization energy. The results for both path-
ways are summarized in Table 2.

Even though the computationally and experimentally deter-
mined activation energies seem to align better with the idea of
a dominant T,-mediated pathway, a noticeable discrepancy be-
tween both sets of values is apparent. From our perspective, this
difference can be attributed to processes such as non-radiative re-
combination 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 isolate the RISC acti-
vation energy alone. In the cases of 3CzClIPN and 4CzIPN, the
observed activation energy likely consists of contributions from
both TCA and RISC, as well as additional energy required to over-
come interfacial energy barriers due to imperfections in the layer
stack and energy level alignment.

Consequently, no decisive conclusion regarding the domi-
nance 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 energy gaps (AEgy).
By combining experimental and computational approaches, we
found that the interconversion between triplet and singlet ex-
cited states of excitonically bound electron—hole pairs is predom-
inantly driven by spin—orbit coupling rather than hyperfine inter-
actions.

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 influ-
enced by the AEg; between T, and S, states, but instead by the
respective activation energies of the different pathways and the
dynamics associated with the spin state interconversion mecha-
nism.

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

Using a Double-Lorentzian model to fit the magnetic field ef-
fect response, we successfully replicated the measured data with-
out overfitting. This approach also revealed that distinguishing
between the reverse intersystem crossing and triplet-charge an-
nihilation processes is not possible in the presence of a magnetic
field, and that they are inherently linked.

The dynamics of triplet-triplet annihilation as a competi-
tive spin state interconversion mechanism in 5CzBN require a
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broader computational investigation that accounts for the com-
plex thin film environment to complement our initial experimen-
tal findings. Given the vast diversity of cyanoarene emitters, our
results could be compared with those of other molecules available
from either our own synthetic toolbox!’! or from promising new
approaches for similar TADF emitters!®®®! to identify broader
trends. Especially the influence of different donor groups, e.g.,
diphenylamine-containing cyanoarene molecules, would be of
great interest.

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 develop-
ment of efficient spintronic devices.

4. Experimental Section

Materials: As  substrates, pre-patterned indium tin  oxide
(ITO) glass substrates provided by Ossila were used. Poly-(3,4-
ethylendioxythiophene)-poly-(styrene  sulfonate) (PEDOT:PSS) was
purchased from Heraeus (Clevios™-—PEDOT:PSS). Additionally,
molybdenum(VIl) oxide powder (MoOs;) and lithium fluoride (LiF)
were purchased from Sigma-Aldrich. 2,4,6-Tri(9H-carbazol-9-yl)-5-
chloroisophthalonitrile (3CzClIPN), and Penta-carbazolylbenzonitrile
(5CzBN) were synthesized by Tom Gabler. 2,4,5,6-Tetra-9H-carbazol-9-yl
(4CzIPN) was purchased from Angene. 4,4'-Bis (9H-carbazol-9-yl) biphenyl
(CBP) was purchased from TCl 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 MoO;
powder was dissolved in ammonium hydroxide (NH;OH) (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 toluene. The two solutions were
mixed afterward at a mass ratio of 9: 1 for the CBP:TADF emitters. 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 0.22um. The remaining materials were deposited via
thermal evaporation.

Experimental Details: The TADF devices were fabricated with the fol-
lowing structure (cf. Figure 1a,b: ITO (115 nm, purchased by Ossila, pre-
patterned cathode (eight pixels)/ PEDOT:PSS + MoO; (35nm)/ bare
TADF emitter (~30nm)/ TPBi (20nm)/ LiF (0.8nm)/ Al (110 nm). The
thickness of the spin-coated layer was measured using profilometry, with
an associated thickness variation of 8%. Before the PEDOT:PSS + MoOj3
was deposited, the samples were cleaned with alkaline detergent + 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)[7°! 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 constant rates
of 0.1 and 5 A s, respectively. The deposition via thermal evapora-
tion in the vacuum chamber was performed at a pressure of 107® mbar.
The devices were encapsulated with epoxy resin and a glass slide, fol-
lowed by post-treatment under a UV lamp for 15 min. For a detailed
description of the measurement setup, refer to the Supporting Informa-
tion, section S1.1. The hardware and software are explained in detail,
and the software Python code can be found on GitHub: https://github.
com/semiconductor-physics/Organic-MFE-Measurement. The PL spec-
trum was recorded by a Jasco CD spectrometer, where the excitation
wavelength was chosen to be 4., = 405nm for 3CzCIIPN and 4CzIPN,
while the excitation wavelength was chosen to be ., =370 nm for 5CzBN.
The UV-vis absorption spectra were measured using a Cary 60 UV-vis spec-
trometer. The baseline was determined using quartz glass and subtracted
from the spectra of interest. To perform photometric characterization of
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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 measurement of the OLEDs were carried out us-
ing a Keithley 2636B SourceMeter. The photocurrent output of the integrat-
ing 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 program, recording the |-V curve of the
OLEDs and measuring light current, optical power, and EQE as a function
of voltage. Angular photoluminescence measurements were conducted
using the Phelos system from Fluxim, employing a 365 nm excitation pro-
vided by a photodiode. Substrate microscopy glass slides were used and
films were produced with the same parameters as the emitter films for
the OLED devices. The PL quantum yield measurements were performed
with the Edinburgh Instruments FLS1000 photoluminescence spectrom-
eter. For excitation in the integrating sphere, a Xe lamp was used with an
excitation wavelength of 405 nm. The spectra were recorded in the range
of 320 — 800 nm using the PMT-980 detector. The ionization energies IE
and electron affinities EA of 3CzCIIPN, 4CzIPN, and 5CzBN correspond-
ing to their HOMO and LUMO onsets, as well as the work function W of
4CzIPN were determined experimentally by the combination of ultravio-
let photoemission spectroscopy (UPS) and low-energy inverse photoemis-
sion spectroscopy (LEIPES). Both experiments were combined in the same
analysis chamber of an ultra-high vacuum (UHV) setup with a base pres-
sure of 1 x 107'° mbar. The techniques were applied to thin films of 3Cz-
ClIPN, 4CzIPN, and 5CzBN thermally evaporated on Si substrates with a
100 nm thick Au layer on top in a connected preparation chamber. The sub-
strates were prepared by successive sonication in acetone, ethanol and
DI water before loading them into the UHV chamber. Thermal evapora-
tion of 4CzIPN was carried out successively in five steps to achieve five
different film thicknesses to identify possible interfacial effects of energy
band alignment and determine at which thickness bulk-like conditions are
achieved. For the other molecules, only two layers were deposited, every
second one in the likely range of bulk-like conditions. 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 spectroscopy (XPS). For UPS, the He | emis-
sion line from a He-discharge lamp was used. XPS was carried out us-
ing the unmonochromated AlKa 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 detec-
tor, also by SPECS. For LEIPES, a custom-built setup, designed after,!”1]
was used, including a custom-built electron source designed afterl’2] 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 pur-
chased from Edmund Optics and Laser Components Germany as optical
bandpass. The central wavelengths of the used filters were 250, 260, 266,
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.

Computational Details: Ground and excited state geometries were
optimized using B3LYP-D3/6-31+G* with Gaussian 16,[73] according to
the level of theory validated in a prior TADF study.”*] The S;, Ty, and
T, states were optimized with TD-DFT following conformational sam-
pling of the ground state via GOATI”*] and the GFN2-XTB method. Mini-
mum energy crossing points (MECPs) and conical intersections (MEClIs)
were located using a gradient projection and a modified gradient pro-
jection algorithm (branching plane updating) implemented in the KST48
programl’®77] and interfaced with Orca 5.0.47%7°] at the B3LYP-D3/def2-
SVPD level of theory with TD-DFT. Electronic properties (energies, spin-
orbit couplings, hyperfine couplings) were computed at the same level
of theory in Orca 6.0.1. Charge transfer (CT) character was analyzed with
TheoDORE 3.2.[6480]

A detailed breakdown of the computational methodology can be found
in the Supporting Information.
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