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Molecular semiconductors have the potential to enable new possibilities in the fields of radiation detection
and space applications, but they need to prove resilience against the ionizing radiation present in these harsh
environments. The lack of molecular oxygen in space requires the challenging task of performing the
degradation studies at inert conditions. In this work, a strategy is presented to investigate the inert radiation
hardness of molecular semiconductors using total ionizing dose (TID) tests based on gamma radiation from a
cobalt-60 (Co-60) source - a traditional proxy for the space environment. For the first time, a large-scale
gamma stability screening of 46 structurally diverse organic semiconductors was performed at inert
conditions, deriving a stability target from the UV-visible (UV-vis) evolutions during degradation. The resulting
stability ranking of the small-molecule hole transport materials (HTMs) designed for use in perovskite solar
cells spans more than two orders of magnitude and shows that molecular structure - rather than atomic
composition alone - governs gamma stability. On average, the ionizing dose tolerance exceeds 10 kGy,
corresponding to a calculated lifetime of over two years in the Van Allen belt at ~1000 km altitude in low
Earth orbit (LEO). Derivatives of 4,4-difluoro-4-bora-3a4a-diaza-s-indacene (BODIPY) stand out, even
showing seemingly infinite stability targets. Using the ranking, a predictive model could be trained, which
implies that the number of boron atoms — or the BODIPY unit in which they are embedded — outperforms
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mechanismes, including up to complete recovery of the UV-vis spectra, this class of materials could become a
rsc.li/ees competitive option for ionizing radiation detectors as well as for organic and perovskite space solar cells.
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An exponential rise in space satellite deployment and an increasing demand for ionizing radiation detectors in medicine, driven by an aging world population,
motivate the development of radiation-hard materials. Organic semiconductors can greatly benefit these fields, enabling straightforward dose-in-tissue

conversion due to their tissue equivalence and reduced space launch costs given their low weight. Solution processability even allows printing of solar cells in
space, enabling flexible power generation and reduced storage volume. To leverage these properties, organic materials must prove resilient to harsh radiation

environments, often tested using Co-60 gamma radiation as a proxy. Most existing studies report strong degradation but cite oxygen and solvent exposure as
underlying reasons, conditions unrepresentative of space. Our work addresses this by demonstrating an inert gamma degradation workflow that mimics the

oxygen- and water-free space environment, screening 46 molecular semiconductors. Unexpectedly, the stability spans two orders of magnitude, with BODIPY
derivatives showing calculated lifetimes corresponding to over 64 years in the Van Allen belt at ~1000 km in LEO. Using a data science approach combining
molecular descriptors with a stability target, we developed the first predictive model for gamma stability, which may ultimately enable the inverse design of

organic semiconductors for future space applications.

Introduction

The development of radiation-hard materials for space and
terrestrial applications is rapidly becoming more relevant. In
2025, more than 9000 functioning space satellites are orbiting
the Earth - three times as many as in 2020."” Given the
exponential rise of satellite deployment, a projected tripling of
the space economy by 2035 and more countries dramatically
expanding their space programs, a high current and future
interest in radiation-hard materials for space is certain.” Similar
demand can be expected in the field of ionizing radiation detec-
tion, warranted by over 10 million patients needing radiation
therapy each year,” increasing use of medical imaging due to an
aging world population,” and hundreds of nuclear power plants
in operation world-wide.® The unique properties of organic
molecules make this class of materials highly interesting for both
fields. Their flexibility and tissue equivalence allow for wearable
and even in vivo radiation detectors whose sensitivity and selec-
tivity can be tuned via molecular design.””® Furthermore, their low
weight has the potential to decrease the cost of space launches
($1400 per kg payload)® tremendously: currently, organic solar
cells can achieve specific powers of well above 30 W g~ *,'*"!
much higher than that of the typically employed silicon solar
modules (0.38 W g *)."> Although their areal power density is still
lower, they already appear well suited for 1-20 W CubeSats."
Furthermore, the solution-processability of organic semiconduc-
tors even makes printing of solar cells in space possible, enabling
flexible power generation and reduced storage volume.'* Much of
the same applies to perovskite space solar cells, where organic
materials are commonly employed in the transport layers, high-
lighting their importance for both emerging solar cell
technologies.”>™® The crucial question left to answer is whether
organic semiconductors can endure the harsh radiation condi-
tions found in space and specialized terrestrial applications. Long
since, TID testing based on gamma radiation from the radioactive
decay of Co-60 isotopes - emitting photons at 1.17 MeV and
1.33 MeV - has been used as a proxy for harsh radiation environ-
ments such as space.">*° Due to their high energy, the gamma
photons are able to generate a large plethora of ionizing radiation,
covering an energy range of 6 orders of magnitude: most impor-
tantly, fast electrons (keV-MeV) are produced by ionizing atoms
via Compton scattering, as well as dense cascades of secondary
electrons (eV-keV) created along the tracks of the former. The fast
electrons have the potential to displace atoms, replicating the

636 | Energy Environ. Sci., 2026, 19, 635-647

effects of particle bombardment.?* Therefore, correlations with
electron and even proton bombardment can be drawn, rendering
gamma studies a well-rounded method for radiation hardness
tests.>>>” still, ionization far outweighs displacement and there-
fore, gamma degradation cannot replace precisely controlled
single-event electron or proton bombardment experiments, which
are the most commonly employed methods in the latest radiation
hardness studies of organic and perovskite solar cells.”*>> How-
ever, a recent publication by Zhang et al., showing a catastrophic
48% PCE decrease of perovskite solar cells after only 0.75 kGy of
Co-60 radiation highlights the importance of including gamma
studies in the arsenal of radiation hardness tests to achieve future
organic and perovskite solar cells with a universal radiation
stability in space.*® For context, radiation-hard electronic compo-
nents are standardized to withstand a total ionizing dose of
more than 1 kGy,*” with unshielded devices in LEO receiving an
annual dose of around 1 kGy to 5 kGy.*® In contrast to
inorganics, organic materials have the natural advantage of
having low atomic Z numbers corresponding to low absorption
cross sections for electromagnetic radiation, i.e., they absorb
negligible amounts of incoming gamma photons and are there-
fore primarily subjected to the ionizing secondary electrons of
extra-cameral material.*> Coupled with a recent finding that
small organic molecules offer high resilience against particle
bombardment,*® it makes this class of materials a promising
candidate to study for its radiation hardness. For more than 30
years, many gamma degradation studies on organic semicon-
ductors using Co-60 and Caesium-137 sources have already
been performed.*®*! Investigating representative materials like
pentacene,*” poly[2-methoxy-5-(2/-ethylhexyloxy)-1,4-phenylene
vinylene] (MEH-PPV),** poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS),** poly(3-hexylthiophene-2,5-
diyl) (P3HT) and [6,6] phenyl-C61-butyric acid methyl ester
(PCBM),**™*® they showed or proposed highly detrimental
effects like chain scission, doping, cross-linking and the for-
mation of radicals, defects and polarons. However, the great
majority of gamma degradation studies share that the aging was
performed in an ambient environment or in solution, with the
studies citing that the solvent or oxygen plays a tremendous role
in the degradation.***”*°' The latter is in line with the
findings of photooxidation experiments performed in, e.g., the
field of organic solar cells.***® Therefore, the interaction of
gamma radiation with the environment instead of the material
itself might be the origin of the degradation effects.>** In
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reality, the concentration of molecular oxygen in space is
negligibly low,’®*® so studying aging in an inert atmosphere
is closer to the space environment. Furthermore, terrestrial
radiation detectors could be encapsulated to prevent oxygen
from entering the devices. Although literature on gamma degra-
dation in an inert atmosphere is very scarce, the few studies that
have been published so far are promising. Park et al. showed that
doping of P3HT no longer occurs when keeping out oxygen,*®
Martynov et al. demonstrated a stable organic solar cell at a
gamma dose of up to 6500 Gy,” and Freissinet et al. reported that
all of their five organic materials intended for mass spectrometry
equipment in space maintained their full effectiveness after expo-
sure to 3000 Gy, corresponding to the dose rating requirement for a
mission to Jupiter's moon Europa.*? These positive results highlight
that there are mechanistic differences between gamma radiation at
ambient vs. inert conditions and that high stabilities in an inert
environment are possible, warranting further studies. One very
important investigation is how a wide range of organic semiconduc-
tors of different structures and functionalization perform under
gamma radiation at inert conditions. Are there structure-stability
relationships to consider when selecting materials for radiation-hard
applications, or do all materials exhibit similar stability given the
small variation in atomic numbers/absorption cross-sections? What
makes such investigations challenging and the potential reason why
literature is scarce so far, is that the encapsulation needed for the
endeavor must both withstand the highly damaging gamma radia-
tion and not interfere with the characterization of the sample.

In the present work, a viable workflow is presented to study the
gamma stability of materials in inert conditions, opening the door
for future investigations. For this demonstration, 46 state-of-the-art
small-molecule HTMs - including materials from an inverse design
study achieving perovskite solar cells with 26.2% PCE - were
chosen.>® In the inert gamma tests, these structurally diverse
organic semiconductors show stabilities ranging over more than
2 orders of magnitude - corresponding to calculated lifetimes of
3 months to more than 64 years in the Van Allen belt at an altitude of
~1000 km in LEO - emphasizing that molecular design is crucial for
achieving long lifetimes. One outstanding moiety is BODIPY, even
showing up to seemingly infinite values for the employed optical
stability target. Furthermore, differential absorbance spectra reveal
that varying degradation mechanisms occur - including up to
complete recovery of the UV-vis spectra after degradation — depending
on the molecular structure, highlighting the gaps in knowledge to be
investigated for the development of radiation-hard organic semicon-
ductors used in, e.g., organic and perovskite space solar cells.

Results

To investigate the effect of ionizing gamma radiation on
molecular semiconductors in an inert atmosphere, a library
of 46 conjugated molecules was chosen and irradiated with a
Co-60 source (1.173 MeV and 1.332 MeV).

The materials were designed for use as HTMs in perovskite
solar cells and were for the most part synthesized in-house,
partly in a semi-automated manner, while three were obtained
commercially.®*”®* The material library was put together in
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three steps, following the initial assumption that ultraviolet-C
(UVC) stability might correlate with gamma stability, which,
however, was not confirmed by our results (Fig. S11). Firstly, 24
materials distributed along the UVC stability ranking of our
previous study were degraded.®® Secondly, 21 additional materi-
als of similar structure as the stable materials of the first
experiment were tested. Lastly, the most UVC stable material
was degraded with gamma radiation.®® The resulting material
library - separated into their core and side units - is shown in
Fig. 1a, highlighting the variety in bonds, heteroatoms and
functional units. The complete chemical structures of the mole-
cules can be found in Fig. S1. Inert gamma degradation studies
on thin films of these materials were then conducted according
to the following workflow (Fig. 1b, SI): firstly, chloroform solu-
tions of the materials were spin-coated (static, 600 rpm) onto
glass substrates, facilitating device-like layers. To investigate the
degradation inside a large Co-60 source at inert conditions, the
samples were then encapsulated with another glass substrate
using a frame gasket inside a glovebox. The encapsulation was
successfully checked for hermetic sealing performance (Fig. S2).
The reason for choosing glass substrates is that they do not
disintegrate under gamma radiation, keeping the layer inside
isolated from any extrinsic effects even at high doses. Two films
of each material were then degraded under gamma radiation by
placing them inside a so-called phantom in front of the Co-60
source (Fig. S3). Because of the latter, the gamma photons need
to pass through 1 cm of polymethyl methacrylate (PMMA),
ensuring uniform irradiation of the organic film by fast electrons
(green arrows) and cascades of secondary electrons, which dom-
inate the TID damage. The homogeneous ionizing dose is
accurately monitored throughout the experiment, and the sam-
ples are removed for ex situ UV-vis measurements at different
stages during the gamma dose accumulation. As can be seen in
Fig. 1b, the samples show substantial darkening due to color
center formation in the glass substrates during degradation. The
corresponding bands are removed from the UV-vis spectra of the
samples by subtracting the spectra of the reference stacks (no
organic layer), which are degraded at the same time as the
samples (Fig. S4 and S5). This way, the characteristic peaks of
the organic films can be successfully recovered. As the color
center formation is dependent on the glass batch (Fig. S6),
attention needs to be paid to using glass substrates from the same
batch for both the sample and reference stack. The complete UV-vis
dataset after reference correction is provided in SI File A. Further-
more, the UV-vis spectra revealed a jumping baseline — not adhering
to a trend - in many cases, which was corrected by performing a
linear fit to the tail and subtracting it from the whole spectrum (Fig.
S7 and S8). After performing these spectral corrections (Fig. S9),
stability targets could be extracted from the UV-vis evolutions to rank
the materials by stability and to make a predictive model based on
~1900 structural and semi-empirical computational chemistry
descriptors generated from the materials’ Simplified Molecular Input
Line Entry System (SMILES) codes. Fig. 1c shows the UV-vis evolution
of the organic layer of one of the materials after color center and
baseline correction, revealing a continuous peak absorbance decrease
which could not be observed in the uncorrected spectra (Fig. S5).
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Fig. 1 Materials, experimental workflow and data processing of degradation experiments. (a) Library of 46 molecular semiconductors undergoing
gamma degradation, each consisting of a core unit and side units. Grey color indicates that units also appear without the vinylene bond. (b) Outline of the
experimental workflow. (c) Corrected UV-vis spectra of the organic film of a sample exposed to an accumulated gamma dose of 18.8 kGy. (d) Evolution of
the n—n* band absorbance over accumulated gamma dose of (c). By fitting the experimental data, the dose at 90% of the initial absorbance (AEDgo) can

be extracted and used as the stability target of this work.

To compare the materials, the n-n* band (dashed black line) is
observed, as it is characteristic for the conjugated molecular
backbone and thus, its evolution over accumulated gamma dose
can quantify the general structural stability of the molecules
(Fig. 1d). Furthermore, previous studies have shown that the
optical stability of single layers is a useful relative indicator of
device stability.®****” To obtain a scalar stability target, the
experimental data — consisting of the data points of both samples
of the same material - is fitted and the gamma dose at 90% of the
initial peak absorbance is determined. This is the so-called
accumulated energy dose at 90% absorbance (AEDy), which is
similar to the UVC stability target of our previous work.®® For the
fit, a formula trained on organic solar cell degradation data via
symbolic regression as explained by Song et al. was chosen:®®

b
bty 140 VT
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where d is the gamma dose in Gray (Gy) and a, b are the fit
parameters. This hyperbolic formula can capture both the non-
linearity and tailing observed in the dataset.

By determining the stability target AEDo, of each material
(Fig. S10 and Table S1), the organic molecules can be ranked by
their gamma stability (Fig. 2a). As can be seen, the stability
ranges over more than two orders of magnitude, highlighting
that the choice of molecular structure or composition has a
significant impact on gamma stability. This ranking is in stark
contrast to the UVC stability ranking of our previous work,*’
with gamma-stable materials being UVC unstable and vice versa,
indicating a difference in degradation mechanisms between the
two irradiation sources (Fig. S11). On average, the materials can
withstand a total ionizing dose of more than 10 kGy, corres-
ponding to a calculated lifetime of over 2 years in the Van Allen
belt at an altitude of around 1000 km in LEO.?® Note that doses
and corresponding lifetimes inferred from gamma tests cannot

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Gamma stability ranking of molecular semiconductors in inert conditions. (a) Gamma stability ranking of the material library based on the AEDgq
stability target, varying over more than two orders of magnitude, corresponding to calculated lifetimes of 3 months to more than 64 years in the Van Allen
belt at an altitude of ~1000 km in LEO. The top 5 most stable materials (blue-shaded background) all feature BODIPY as a center unit, with the top 3
showing a seemingly infinite stability target (diagonal black lines). (b) Representative molecules showing similar structural motifs along the stability

ranking.

be directly translated to specific space missions because of the
complexity and variability of the space radiation environment
and should be regarded as illustrative estimates rather than
accurate predictions. Still, such remarkably long lifetimes reveal
the high potential of organic materials for use in, e.g., space
applications, characterized by an inert environment and persis-
tent ionizing radiation. For comparison, P3HT could also
achieve an AEDy, of more than 10 kGy at vacuum-packaged
conditions as investigated by Park et al.*® Furthermore, some
materials (TM-1, TM-4, PyBDP-2) do not show any decrease of
the m-n* band absorbance within the measured total ionizing
dose range (up to 18.8 kGy), and therefore indicate seemingly
infinite stability targets, as linear extrapolation to determine a
finite AEDy, is not possible. To still allow for predictive model-
ling (Fig. 4), the AEDy, was arbitrarily fixed to 1000 000 Gy. All
materials in the top 5 including the three materials of seemingly
infinite stability share BODIPY as the center unit (Fig. S12),
drawing special attention to this group for radiation hardness
applications. Apart from the BODIPY unit, it is hard to

This journal is © The Royal Society of Chemistry 2026

understand which structural motifs lead to gamma (in)stability.
Some representative chemical structures along the stability
ranking are shown in Fig. 2b. It is striking that even though
molecules look similar, they have vastly different gamma stabi-
lities. A good example is A33B9 vs. A31B12, which differ by more
than one order of magnitude in stability despite sharing a
triphenylbenzene core. The distinguishing structural motif is a
peripheral triphenylamine unit. However, this unit appears
across the entire stability ranking - alongside other motifs such
as methoxy and vinylene groups - underscoring the challenge of
finding structure-stability relationships based on the material-
dependent ranking. Looking at the atomic composition, it is
interesting that all molecules incorporating fluorine atoms
(A18B1 and BODIPY molecules) are on the stable side of the
stability ranking. This observation is supported by the fact that
fluorine has the highest ionization potential out of all heteroa-
toms used in the present material library, which could explain
the high stability of the corresponding molecules against ioniz-
ing gamma radiation.

Energy Environ. Sci., 2026, 19, 635-647 | 639
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A correlation between gamma stability and the highest ioniza-
tion energy of the molecules’ constituent elements can be con-
firmed by Fig. 3a, although it is relatively weak. Another interesting
observation is that there is no correlation between the number of
oxygen atoms in a material and the gamma stability AEDg,. In
general, it has been shown that gamma radiation leads to strong
oxidation in the presence of oxygen.”>*>**° Even though the
samples are not exposed to atmospheric oxygen in this work, it
has been suggested that oxygen atoms within the molecular struc-
ture may also accelerate degradation if active oxygen radical species
form after radiolysis of the molecule.”® Such an effect cannot be
observed in the present material library, as no correlation between
the number of oxygen atoms within a molecule and the gamma
stability target can be found (Fig. 3b). But even without the interplay
of oxygen, bonds and therefore conjugation can break if the energy
of the radiation is large enough. However, no correlation between
gamma stability and the number of vinylene bonds - a group
vulnerable to chain scission and important for predicting UVC
stability in our previous work - can be found (Fig. 3c).***"° A
reason why molecules with vulnerable molecular units can seem to
be stable is that these materials may interact with fewer photons
relative to the rest. In Fig. 3d, the relationship between the AEDqy,

. - (E) xpxd
and the absorbed fraction of gamma photons yp, = 1 —e \*
is shown. For the latter, the compound’s weighted elemental mass
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attenuation coefficients d at 1.25 MeV were taken from the NIST
p

XCOM database, and a thickness d of 100 nm and density p of 1.2 g
cm™* was assumed for all thin films.”* As can be seen, all materials
interact with a similarly small fraction of incident gamma photons.
This is expected, as the studied molecules are of comparable size,
contain similar atoms of low atomic numbers and were processed at
the same conditions. Therefore, it cannot be argued that some
layers are just stable because they absorb significantly fewer gamma
photons. Instead, the low fractions of absorbed gamma photons
highlight that TID damage is dominated by secondary electrons.
To better understand the structure-stability relationships
that might impact ionizing radiation tolerance of molecular
semiconductors beyond the few preconceived considerations of
Fig. 3, we applied predictive modelling to a broad descriptor set,
as the limited prior knowledge on design rules for gamma-stable
organic materials calls for an open exploration of possible
correlations. Another reason is that single-dimensional correla-
tions, as done in Fig. 3, are inherently limited when molecules
differ in more than one structural feature, as demonstrated for
the case of vinylene bonds in Fig. S13. Even though materials
without vinylene are on average more stable than materials with
vinylene, they also always differ in at least one other feature and
thus, the instability cannot be clearly assigned to vinylene groups.
This calls for an approach that tests multi-dimensional
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Fig. 3 Relationships between the gamma stability target AEDgg and sample properties: (a) maximum ionization energy, (b) number of oxygen atoms, (c)
number of vinylene bonds, and (d) absorbed fraction of gamma photons yp. The data points are fitted by linear regression (blue line) at a 95% confidence

interval (blue-shaded area).
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correlations. For this, more than 1900 structural (Mordred and
RDKit)’*”® and semi-empirical computational chemistry (Qik-
Prop module)’* descriptors were compiled based on the SMILES
codes of the 46 materials (Fig. 4a).

These include information on the moieties, constitution,
atom & bond properties, energetics (force field, semi-empirical),
electronic structure, and polarity for the 46 materials, providing a
strong foundation to possibly find reasons for the material-
dependent gamma stabilities. The full sheet of descriptors, their
definitions and fit qualities can be found in SI File B. After
reducing the ~1900 descriptors to the top 30, a greedy, multi-
dimensional, non-linear Gaussian process regression (GPR) pro-
cedure was started to find the best set of predictors for the
log19(AEDy,) gamma stability target. Details on the minimum
redundancy maximum relevance (mRMR) feature selection work-
flow and the greedy additive GPR are provided in the SI and
previous works.®>”>”® The resulting predictive model is shown in
Fig. 4b. Strikingly, the model is not able to reproduce the
experimental variety in gamma stabilities, and instead splits
the dataset into two distinct stability clusters. The reason is that
the number of boron atoms was chosen as the sole predictor by
the model, yielding a high stability when boron is present and a
lower one when it is not (Fig. 4c). In other words, BODIPY
molecules are stable (1 boron atom), while the rest is not. As a
disclaimer, an identical model with the number of BODIPY units
instead of the number of boron atoms can be produced, as both
descriptors have the exact same values for the individual materi-
als. Although this attempt at a predictive model might seem like a

a descriptor set
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moieties, constitution, atom & bond properties, adjacency
matrices, (electro-)topology, information content, ...
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failure, as the result is immediately deducible from the stability
ranking, it has big implications: out of more than 1900 important
material properties (Fig. 4a), none outperforms the number of
boron atoms in terms of relevance and independence. The
seemingly linear model even prevails over multi-descriptor
models that are not constrained in non-linearity. On the one
hand, this provides the insight that no significant correlation
exists for all these parameters, narrowing down future investiga-
tions. On the other hand, it highlights the importance of under-
standing the unknown reason for the stabilizing effect of the
boron atom or the BODIPY unit it is embedded in. While boron is
integral to boron carbides known for their neutron-shielding
capabilities, their radiation hardness does not stem from boron
per se but from the 3D network of c-aromatic icosahedra - formed
by three-center-two-electron (3c-2e) o-bonding borons - capable
of accommodating displacement damage.”””*® By contrast, BOD-
IPY contains a single four coordinate boron center with conven-
tional 2c-2e boron bonds embedded in a m-conjugated 2D
framework. Therefore, the lattice-level defect-tolerant mechan-
isms of boron carbides do not transfer to BODIPY. One distinct
property that distinguishes the BODIPY molecules from the rest
is their comparatively low optical band gap of around 1.75 eV,
placing them ca. 1.5 eV below the other materials in the library
(Fig. S14). This represents a substantial difference of about
1.5 eV, which could influence how dense cascades of secondary
electrons with energies down to a few eV interact with the
material. Therefore, apart from testing non-BODIPY boron-
containing molecules to assign stability to either the boron atom

%8
6[0
782 e )
3 % Cf/b,, @ target
top 30 log10(AEDyo)

AQR

0.5 1
# boron

Fig. 4 Predictive model for gamma radiation stability. (a) Overview of the predictive modelling workflow consisting of a descriptor set of more than 1900
structural and semi-empirical computational chemistry features, and its reduction to the top 30 least redundant and most relevant features, followed by
GPR with respect to the log;o(AEDgg) gamma stability target. (b) Predictive model for gamma stability (log;o(AEDgg)) resulting from the workflow
described in (a). (c) Dependence of the gamma stability (log;o(AEDgg)) on the number of boron atoms as the sole predictor of the model in (b).

This journal is © The Royal Society of Chemistry 2026

Energy Environ. Sci., 2026, 19, 635-647 | 641


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee05453b

Open Access Article. Published on 28 2025. Downloaded on 13.02.2026 17:09:56.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

or BODIPY itself and employing quantum-chemical calculations
to elucidate the underlying physics of BODIPY’s gamma stability,
testing more materials with low optical band gaps is advisable.

To explore possible degradation mechanisms caused by
gamma-ray exposure, the evolutions of the UV-vis spectra are
studied in more detail, analyzing the whole spectral range.

In Fig. 5a, increasing absorbance in the tail region of the
spectra (low energies) is studied, which could possibly point
towards the formation of transient states. The differential absor-
bance spectra of material A1090B3 (Fig. 5a, upper panel) resem-
ble characteristic dynamics in transient absorption spectra
evident for charge generation: ground state bleach (GSB, left blue
arrow) and excited state absorption (ESA, right blue arrow). The
oscillatory signature of the GSB (minimum) and ESA (maximum)
peaks could also be interpreted as a sign of electro-absorption
(Stark effect).®* The latter is unlikely in the present sample, as
fitting the differential absorbance spectrum (4500 Gy - 0 Gy) with
a combination of the 0 Gy absorbance spectrum A(E) and its first
and second derivatives (4'(E), A”(E)) reveals that A(E) has the
highest contribution, while the contribution of A”(E) is negligible
(Fig. $15).8> This points towards an absorbance-like intensity
change and not to a derivative-type Stark signal. Furthermore,
charge generation is probably not the reason for the strong
increase at longer wavelengths, as the absorbance change is still
present after storing the sample in an inert atmosphere for
10 months. UV-vis changes due to transient charge carriers should
have recovered by then. Therefore, permanent changes to the
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layer, such as scattering and polymerization could be reasonable
explanations.”>®® In contrast, material A32B7 (Fig. 5a, lower
panel) shows strong recovery of the tail region after 10 months,
dropping back down to the level of around 200 Gy. In this case,
transient states like polaron formation are a likely mechanism.
Another possibility is the formation of a singly occupied molecu-
lar orbital (SOMO) following the trapping of an electron in an
oxygen vacancy of the glass.**"*” Depending on the depth, these
states can either be short or long-lived.*® Looking at all materials
showing a clear absorbance increase at low energies (Fig. S16), it
becomes evident that the degree of recovery is mixed: while most
of them show recovery in the tail region to a varying degree, some
retain their absorbance change even after 10 months. This means
that, on the one hand, changes to the materials during gamma-ray
exposure are not necessarily permanent, and on the other hand,
formation of states with material-dependent lifetimes could be
possible. Interestingly, many materials also show a recovery of the
main absorption band (Fig. S17) and of regions at even higher
energies (Fig. S18). Only 2 (MCR-428, PyBDP-1) out of the 16 re-
measured materials show no clear recovery of the m—-n* band,
suggesting that recovery may be a general phenomenon for
organic semiconductors under the conditions of this work
(Fig. S19). An absorbance decrease in these regions is typically
associated with structural degradation of the conjugated system
(chromophore) or more localized molecular groups (high energy).
Fig. 5b shows that, as evident from, e.g.,, TM-4 (upper panel),
absorbance decreases at higher energies beyond the n-n* band,
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Fig. 5 Mechanistic exploration via analysis of UV-vis evolutions. (a) Study of transient states probed through the absorbance increase at low energies
during degradation for A1090B3 (upper panel) and A32B7 (lower panel). (b) Exploration of structural degradation probed through the absorbance
decrease at high energies for the example of TM-4 (upper panel). Summary of the normalized differential signal at high energies for a selection of
materials. The red background highlights materials showing a varying degree of UV-vis recovery at high energies. The rest has not been re-measured. (c)
Investigation of scattering through the absorbance change at low and high energies by the examples of MCR-428 (Rayleigh scattering) and A1106B770
(Mie scattering). The dashed red curves refer to re-measurements of the samples 10 months after gamma degradation.
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which is not captured by the AED,, stability target. Therefore,
even materials with a stable chromophore are potentially sub-
jected to structural degradation of their more localized groups.
However, the 400 nm peak recovers after 10 months of storage
time, suggesting reversibility of the structural degradation. In the
lower panel of Fig. 5b, all materials showing a clear decrease at
high energies are summarized (Fig. S20). It has to be mentioned
that analyzing changes beyond the n-n* band is not possible for
all materials due to this region being outside the measurement/
transparency range. Generally, an absorbance decrease at high
energies seems to correlate with an increasing gamma-ray dose
(see color bar). However, it does not correlate with the AEDq,
target (materials are sorted from left to right in ascending AEDg,
order), meaning that stable materials are potentially subjected to
significant structural degradation of localized groups and vice
versa. From the materials that have been re-measured a long time
after the degradation experiments (TPA-OMe6, A32B6, HTM-2,
PyBDP-1, TM-4), all of them show up to strong or even full
recovery of the complete UV-vis spectrum, including the m-m*
band (Fig. S17) and - in the cases where it could be resolved in the
re-measurement — the high-energy region (Fig. S18). This implies
that adverse changes induced by gamma radiation may be
reversible, returning the materials to their pristine state, which
means that the AEDq, stability target does not necessarily capture
only irreversible structural changes (e.g. bond-breaking).*>*° As
this could increase the lifetime of organic semiconductors and
devices subjected to radiation-hard environments, further studies
to understand the mechanism and potentially accelerate it are
crucial. A possibility is isomerization of the molecules, which
reverses in a radiation-free environment.”""** Lastly, some materi-
als seem to start exhibiting scattering as a result of degradation,
while others display modifications to pre-existing scattering sig-
natures. MCR-428 (Fig. 5c, upper panel), MCR-397 and
HTM-E (Fig. S21) - not bearing signs of scattering before degrada-
tion - start to show a broad absorbance increase across the
UV-Vis spectrum after degradation. The pronounced rise at higher
energies could be related to Rayleigh scattering, which follows
a ~A~* dependence. However, after re-measuring MCR-428
10 months after degradation, much of the absorbance increase
has recovered, especially in the high-energy region. Therefore, the
scattering centers formed during degradation either recovered, or
scattering was never present. Instead, changes at low energies
could point towards mechanisms discussed in Fig. 5a, and
changes at high energies could be related to radiation-induced
isomerization or radical formation.’**> A1106B770 (Fig. 5c, lower
panel) and A32B11 (Fig. S22) show a slowly decaying baseline
before degradation, which is characteristic of Mie scattering.
During degradation, the baseline decreases, potentially meaning
that scattering centers shrink in size. However, after re-measuring
A1106B770 10 months after the degradation, the UV-vis spectrum
has fully recovered. Similar to the situation in the upper panel of
Fig. 5c, the scattering centers either transformed back to their
original state/size or the slowly decaying baseline is not related to
scattering but is, e.g, an Urbach tail, reflecting sub-bandgap
absorption. Future work could clarify whether the examples in
Fig. 5c originate from changes in scattering behavior by

This journal is © The Royal Society of Chemistry 2026
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employing haze measurements and specular vs. total transmis-
sion experiments with an integrating sphere before, during, and
after degradation. Overall, the secondary effects presented in
Fig. 5, which include both changes and recovery in the UV-Vis
spectrum, suggest that the employed AEDy, stability target, and
consequently the ranking, reflects not only irreversible structural
changes but also other gamma-induced degradation and recovery
phenomena. This underscores the complexity of gamma degrada-
tion studies and highlights the importance of carefully defining
the stability target. In order to study the possible proposed
mechanisms behind the observed recovery — namely polaron
formation, trapping in oxygen vacancies, isomerization and scat-
tering - performance of UV-vis measurements of the re-dissolved
film, ESR of the glass substrates, NMR spectra of the material and
transmission measurements with an Ulbricht sphere are sug-
gested, respectively. Furthermore, post-irradiation annealing can
be used to generally check whether the recovery can be acceler-
ated by overcoming an activation energy. When comparing the
observations made in Fig. 5 with our previous UVC stability study
on the same materials, it becomes clear that the degradation
mechanisms are entirely different.®®> While UVC degradation was
mainly assigned to oxygen- and sulfur-containing units, as well as
cleavage of weak bonds, which can be prevented via intra-
molecular vibrational redistribution facilitated by fused aro-
matic ring clusters, gamma tests show no signs of this: BODIPY
molecules with susceptible vinylene bonds are highly stable
and molecules with many fused ring clusters and no heteroa-
toms are very unstable (Fig. S11). Furthermore, in contrast to
the gamma experiments, UVC degradation does not show any
recovery of the UV-Vis spectra, indicating that bond cleavage
and related processes are permanent (Fig. S23). This observa-
tion suggests that irreversible structural changes caused by
bond cleavage are not the dominant degradation mechanism
during inert gamma irradiation of organic semiconductors.
Therefore, even though UVC photons and gamma-induced
secondary electron cascades fall into the same energy range,
their effects on the material are different, highlighting the
importance of testing both in order to arrive at a more universal
radiation hardness.

Discussion and conclusions

For the first time, the stability of a large library of molecular
semiconductors of varying structures has been systematically
studied under gamma radiation at inert conditions, acting as a
radiation hardness proxy for the oxygen-free space environment
and encapsulated terrestrial applications. The workflow devel-
oped in the present study provides a reliable approach to
determine the gamma stability of any given organic thin film
encapsulated with a glass substrate using UV-vis spectroscopy. As
aresult, 46 state-of-the-art conjugated molecules designed for use
as HTMs in perovskite solar cells could be ranked by their
ionizing radiation tolerance, with most materials withstanding
a total ionizing dose of over 10 kGy, corresponding to a calculated
lifetime of more than 2 years under unshielded radiation in the
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Van Allen belt at an altitude of around 1000 km in LEO. Materials
incorporating BODIPY even reach up to seemingly infinite
gamma radiation tolerance according to the employed optical
stability target of this work, showing potential for long-term
applications in space. Overall, the stability ranking ranges over
more than two orders of magnitude. This indicates that the
degradation can be mainly attributed to the secondary electrons,
as gamma photons should degrade organics in a comparable
manner, since organic materials composed of low-Z elements
have similarly small gamma absorption cross-sections and the
photon energies involved far exceed typical bond energies. Con-
sequently, there are structure-stability relationships to discover,
and, given the already outstanding stabilities of a material library
selected without prior knowledge of gamma-stability design
rules, more efforts hold promise to leverage the many advantages
of organic semiconductors in solar cells, sensors and transistors
for use in harsh radiation environments. While studying pre-
conceived considerations based on the limited knowledge on
radiation hardness of molecular semiconductors could confirm
that all materials of the present library interact with very similar
small amounts of gamma photons and that elements with a high
ionization potential likely have a positive effect on the ionizing
radiation tolerance, they are not able to explain the strong
variation of the gamma stability ranking, calling for a broader
and open investigation. Therefore, multi-dimensional non-linear
predictive modelling on more than 1900 structural and semi-
empirical computational chemistry descriptors was performed.
Interestingly, the established model is only based on one single
predictor, namely the number of boron atoms. It therefore
conveys that BODIPY molecules (1 boron atom) are significantly
more stable than all other molecules of the present material
library (0 boron atoms). Although this is easily deducible from
the stability ranking which is led by BODIPY molecules, it makes
the important implication that there is no correlation between
the stability target and the other 1900 descriptors that could
outperform the number of boron atoms in relevance and inde-
pendence. This helps to narrow down future studies to para-
meters that have not been investigated in this work and also
assures a lot of freedom in the material design of ionizing
radiation tolerant materials for tailored applications. Further-
more, it emphasizes the importance of understanding the stabi-
lizing properties of the boron atom or the BODIPY moiety it is
embedded in. Promising future directions include experimental
studies on both BODIPY and non-BODIPY boron-containing
molecules to clarify whether the stability originates from the
boron atom or the BODIPY framework, as well as quantum-
chemical calculations to refine the predictive model built on the
present dataset. Additionally, the high stabilities of the BODIPY
molecules at comparatively low band gaps motivate studies on
more low band gap materials, such as polymer donors and non-
fullerene acceptors used in the active layer of organic solar cells.
Ongoing studies already indicate promising results. Analyzing
the evolutions of the UV-vis spectra throughout gamma degrada-
tion further highlights the complexity of the interaction between
gamma radiation and molecular semiconductors. Apart from
decreasing absorbance in the n-n* band normally assigned to
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photobleaching and tracked by the employed stability target of
this work, there is also material-dependent increase or decrease of
absorbance at the low and high energy regions of the UV-vis
spectra. These can possibly be assigned to other mechanisms than
the anticipated decomposition of the molecules and might inter-
fere in the evolution of the n-n* band, thus complicating devel-
oping a general predictive model for gamma-stable organic
semiconductors. Many of the studied materials either show an
increase at low energies in the tail region of the spectra or a
decrease at high energies beyond the n—n* band, which could be
linked to the formation of transient states or isomerization of
certain molecules, respectively. In both cases, up to full recovery of
the UV-vis spectra was observed for many of the materials 10
months after degradation. Furthermore, some samples appear to
show changes in their scattering behavior during gamma exposure
followed by recovery. To elucidate the origin of the reversible
behavior, we suggest UV-Vis measurements of re-dissolved films,
ESR of the glass substrates, NMR spectra of the materials, and
transmission measurements using an Ulbricht sphere. In addition,
post-irradiation annealing experiments could be used to assess
whether the recovery can be accelerated by overcoming an activa-
tion energy.

In conclusion, this work demonstrates the remarkable ioniz-
ing radiation tolerance of organic semiconductors. The outstanding
stability of BODIPY provides strong motivation for the development
of new materials based on this unit and studies on the incorpora-
tion of multiple BODIPY moieties, extended architectures such as
BOIMPY (bis(borondifluoride)-8-imidazodipyrromethene) and inclu-
sion of other boron complexes such as triarylboranes and sub-
phthalocyanines. In addition to high stability, the observed recovery
of the UV-vis spectra during radiation-free intervals suggests that
material lifetimes may reset, which in turn calls for device-level
investigation. The methodology presented in this work - an
inert gamma irradiation protocol for (organic) thin films - offers
a reliable framework for such studies and for further investigat-
ing the degradation mechanisms and underlying physics. Look-
ing ahead, quantum-chemical calculations, together with an
expanded dataset aiming at increasing atomistic and structural
diversity, could enable predictive models for the inverse design
of gamma-stable molecular semiconductors for space and spe-
cialized terrestrial applications.
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