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Abstract

Organic thin-film transistors based on dinaphtho[2,3-b:2′,3′- f ]thieno[3,2-b]thiophene
(DNTT) are attractive for low-cost, large-area electronics, but in unencapsulated devices,
atmospheric oxidation generates charge traps whose electronic character—which prod-
uct traps holes and which traps electrons—has not been mapped systematically. Here,
39 oxygen- and hydroxyl-related defect identities of DNTT are screened with the semi-
empirical GFN2-xTB method, complemented by an a priori frontier reactivity index, and
classified by the sign of the frontier-level shift. This sign obeys a simple rule: a net π-
donating hydroxyl raises the HOMO and yields a hole trap, whereas a net π-accepting
carbonyl or quinone lowers the frontier levels and yields a deep electron trap. Hybrid
density-functional theory (B3LYP/def2-TZVP) confirms the sign rule and the ordering of
the shifts across all closed-shell defect classes. The rule provides a compact, defect-level
rationalisation of the well-known asymmetry whereby p-type acenes tolerate air far better
than n-type ones. Finally, a hole trap of about 0.255 eV, measured by deep-level transient
Fourier spectroscopy, is shown to be consistent with a hydroxyl-related origin, without
claiming a unique microscopic assignment.

Keywords: DNTT; organic thin-film transistor; charge traps; atmospheric oxidation;
hydroxyl defect; GFN2-xTB; DLTFS; frontier orbitals; ambient stability

1. Introduction
Organic semiconductors have been envisioned for a wide range of low-cost, flexible

and large-area electronic applications, including displays, light-emitting diodes, photo-
voltaics, and sensors [1–4]. Their performance is, however, commonly governed by charge
traps—that is, localised states within the transport gap that capture and re-emit carriers—so
that a deep understanding of the origin and of the electronic character of these traps is
crucial for both device operation and long-term stability [5].

Among the small-molecule semiconductors, DNTT has become a benchmark p-type
material, owing to its high hole mobility and its comparatively good ambient stability [6].
Even so, in unencapsulated devices, the semiconductor is inevitably exposed to oxygen and
humidity, and its electrical characteristics gradually drift [7,8]. This degradation has usually
been attributed to physical causes—water-related trapping at the semiconductor/dielectric
interface [7,9] or morphological reorganisation and grain-boundary disorder [8,10]—and
the microscopic identity of the trapping species, in particular whether a given species traps
holes or electrons, has commonly remained ambiguous. A chemical modification of the
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semiconductor itself, and the electronic signature it would leave, has by contrast received
comparatively little attention.

Two complementary lines of investigation have commonly been pursued. On the
experimental side, deep-level transient spectroscopy and its Fourier variant (DLTS/DLTFS)
provide the activation energy and the capture cross-section of individual trap levels [11–13],
yet they report an energy rather than a chemical structure. On the theoretical side, quantum-
chemical calculations can associate a candidate defect with a frontier-level shift [14,15],
while the photo-oxidation chemistry of acenes—proceeding through endoperoxides and
quinones—has been studied in its own right [16–18]. The difference between these ap-
proaches lies in what they deliver: a measured energy on the one hand, and a molecular
structure on the other.

What is still missing is a systematic bridge between the two, i.e., a map that links
the chemical identity of an atmospheric oxidation product to the electronic character—
and, above all, the polarity—of the trap that it produces. Furthermore, the well-known
experimental asymmetry, whereby p-type acene devices survive air far better than their
n-type counterparts [7,8], has usually been attributed to oxidation in rather general terms,
but it has not been rationalised at the level of individual defect states.

In this study, we address these gaps by screening a broad family of 39 oxygen- and
hydroxyl-related defect identities of DNTT with the semi-empirical GFN2-xTB method [19],
complemented by an a priori frontier reactivity index and cross-checked against hy-
brid density-functional theory. We show that the sign of the frontier-level shift gov-
erns the trap polarity, which in turn rationalises the p/n ambient-stability asymmetry
of acene semiconductors.

2. Materials and Methods
The molecular structure of DNTT, together with the IUPAC atom numbering used

throughout this work, is shown in Figure 1.
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Figure 1. Molecular structure of dinaphtho[2,3-b:2′,3′- f ]thieno[3,2-b]thiophene (DNTT) with the
IUPAC atom numbering used throughout this work; the two sulfur atoms occupy positions 6 and 13.
All defect locants in the text refer to this numbering. DNTT belongs to the C2h point group (with an
inversion centre at the molecular centroid), so the ring C–H positions occur in symmetry-equivalent
pairs and only six distinct C–H environments exist; these six symmetry-unique sites are the ones
ranked by the frontier reactivity index.

2.1. Device Fabrication

The DNTT thin-film transistors were fabricated in a bottom-gate, top-contact configu-
ration on heavily doped silicon wafers, on which a thermally grown SiO2 layer (100 nm)
served as the gate insulator. Prior to processing, the substrates were cleaned in successive
ultrasonic baths of a 20 wt% aqueous monoethanolamine solution, isopropyl alcohol and
acetone (15 min each), and were subsequently exposed to oxygen plasma in order to remove
residual organics and to modify the surface wettability. The cleaned substrates were then
immersed for 1 h in a 1 mM solution of octadecyltrichlorosilane (OTS, >99%) in toluene,
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followed by annealing at 125 ◦C for 10 min. The DNTT (99%) active layer was grown
on the OTS-modified surface by physical vapour deposition (Spectros 100, Kurt J. Lesker,
Hastings, UK) at a pressure below 10−6 Pa through shadow masks, at a rate of 3 nm s−1

monitored by a quartz crystal microbalance, giving a semiconductor thickness of 50 nm.
Silver electrodes (80 nm, 99.99%) were then deposited through a shadow mask without
breaking the vacuum. All chemicals were supplied by Merck (Darmstadt, Germany) and
used as received.

2.2. DLTFS Measurement

The transistors were left unencapsulated. They were first measured approximately
one day after fabrication, and all measurements were completed within one week; for most
of this period, the samples were held under vacuum in the cryostat so their cumulative
ambient exposure was short. The channel width was W = 2.5 mm, while the channel length
was varied from 50 to 200 µm; the extracted trap parameters were found to be essentially
independent of L, the only appreciable difference in the total capacitance (see the C–V
characteristics in the Supplementary Materials). The p-type operation was confirmed by
hole accumulation at negative gate bias in the capacitance–voltage (C–V) characteristic.
Deep-level transient Fourier spectroscopy (DLTFS) was carried out on a DL8000 system
(BIO-RAD Micromeasurement, Mountain View, CA, USA), employing optical excitation
(a green LED, λ = 520 nm) rather than an electrical filling pulse to populate the traps
at a constant applied bias. Measurements were carried out over the temperature range
130–205 K, with the bias UR varied from −15 to +10 V, an optical filling-pulse duration
tp between 0.1 and 0.5 s, and a period width TW between 1 ms and 10 s. The hole trap
analysed in Section 3.5 was resolved at UR = −10 V, tp = 100 ms and TW = 1 s, and its
activation energy was extracted from an Arrhenius analysis of the thermal emission time
constant τe.

2.3. Computational Screening

Candidate atmospheric oxidation defects were screened with the semi-empirical tight-
binding method GFN2-xTB [19]. For each defect, an input structure was generated with an
RDKit-validated script [20] using standard bond lengths (C–Ophenolic 1.36 Å, C=Ocarbonyl

1.22 Å, O–O 1.47 Å, O–H 0.96 Å), the geometry was optimised in the gas phase to a gradient
norm below 10−3 Eh/a0, and a single-point calculation gave the frontier-orbital energies,
Mulliken charges, and dipole moment. Closed-shell singlet states (uhf = 0) were used for
hydroxyls, hydroperoxides, quinones, and cyclic defects; open-shell doublets (uhf = 1)
were used for peroxyl, alkoxyl, and carbonyl-radical intermediates. In total, 39 electronic
identities across six chemical classes were mapped. For pristine DNTT this protocol gives
HOMO = −9.7598 eV, LUMO = −7.7751 eV, and a HOMO–LUMO gap of 1.985 eV, which
is used throughout as the reference.

To test the robustness of the frontier-level shifts against a higher level of theory,
a subset of fourteen representative closed-shell defects was recomputed with density-
functional theory. Single-point B3LYP-D3(BJ)/def2-TZVP calculations [21], accelerated by
the RIJCOSX approximation with the def2/J auxiliary basis, were carried out on the GFN2-
xTB geometries with ORCA 6.1.1 [22]; the def2-SVP results were additionally checked
for basis-set consistency. The comparison with the semi-empirical shifts is presented in
Section 4.4.

2.4. Frontier Reactivity Index

To rank the intrinsic susceptibility of each C–H position to oxidative attack a priori—
i.e., independently of the trap energetics—the Mulliken HOMO population of pristine
DNTT was computed at the HF/STO-3G level with PySCF [23]. This frontier population is

https://doi.org/10.3390/ma19153333

https://doi.org/10.3390/ma19153333


Materials 2026, 19, 3333 4 of 16

used only as an ordinal reactivity index; because a minimal basis and Mulliken partitioning
are known to be basis-set dependent, no quantitative weight is placed on its absolute values.
The peri positions (5 and 12) carry the largest HOMO population and are therefore the
most reactive site.

2.5. Choice of the Defect Set

The set of computed defects was chosen to represent both established channels of
acene photo-oxidation rather than to sample chemical space at random, the peri position—
which the frontier reactivity index identifies as the most reactive site—being taken as the
representative point of attack. In the Type I (radical-chain autoxidation) channel, molecular
oxygen adds to a carbon radical to give a peroxyl radical, which abstracts hydrogen to form
a hydroperoxide; O–O homolysis then yields an aryloxyl/carbonyl radical, from which
the sequence branches either to a stable hydroxyl or, upon further oxidation at the para
carbon, to a para-quinone. In the Type II (singlet-oxygen) channel, the same ring forms
an endoperoxide, which rearranges to the corresponding para-quinone. Both channels
therefore converge on the 7,12-para-quinone as the common, stable end-product (Figure 2),
whereas the 5,12-diketone—formed instead by two independent oxidations across the
molecule—is retained as a distinct electronic species. It should be noted here that the
radical intermediates are kept only to complete the mechanistic picture: being open-shell,
their singly occupied (SOMO) levels are treated separately and are not placed on the same
quantitative axis as the closed-shell products.
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Figure 2. Rationale for the computed defect set: The two established photo-oxidation channels of
acenes at the peri position of DNTT. Type I (radical-chain autoxidation) proceeds through a peroxyl
radical, a hydroperoxide and an aryloxyl/carbonyl radical; the last branches to a stable hydroxyl
(hole trap) or, on further oxidation at the para carbon, to the 7,12-para-quinone (electron trap). Type II
(singlet-oxygen) forms the 7,12-endoperoxide, which rearranges to the same quinone. Both channels
converge on the 7,12-para-quinone; the 5,12-diketone (dashed path, formed by two independent
oxidations) is a distinct species. Colours denote the electronic character (hole trap, electron trap,
gap-widener, transient open-shell radical); the open-shell (SOMO) levels are not directly comparable
with the closed-shell HOMO/LUMO and are quantified separately below.
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2.6. From Molecular Orbitals to Trap Levels

Following the common picture of an isolated defect molecule embedded in the pristine
matrix [5], we quantify each defect by the shift of its frontier levels relative to pristine DNTT,

∆EHOMO = Edefect
HOMO − Epristine

HOMO , ∆ELUMO = Edefect
LUMO − Epristine

LUMO . (1)

With the sign convention used here, a positive ∆EHOMO places a localised, donor-like state
above the valence-band maximum (VBM) of the matrix (a hole trap), whereas a negative
∆ELUMO places a state below the conduction-band minimum (an electron trap).

Two limitations of this proxy are stated up front and shape every claim below. First,
the calculations are single-molecule and gas-phase, and GFN2-xTB is a semi-empirical
method: its absolute orbital energies are not reliable (the pristine HOMO of −9.76 eV is
far from the reported ionisation energy of DNTT of ≈−5.4 eV), and only relative shifts
and their ordering are treated as meaningful. Accordingly, we report trends rather than
absolute trap depths. Second, a localised charge polarises the surrounding molecular
crystal, stabilising the trap by a polaronic term P+ ≈ 0.05–0.15 eV for acene-like matrices
(εr ≈ 3.6) [24–26]. Because this term is, to a good approximation, a state-independent rigid
offset, it shifts the whole map downward without changing the sign of ∆EHOMO/LUMO or
the ordering of defects. We therefore do not compute an explicit crystal-polarisation cell
and do not claim absolute trap depths; the conclusions drawn below—trap polarity and
trends—are invariant to P+ within its literature range.

3. Results
3.1. Frontier Reactivity of Pristine DNTT

As a starting point, the intrinsic susceptibility of the aromatic skeleton to oxida-
tive attack was mapped through the frontier (HOMO) electron density of pristine DNTT
(Figure 3). The Mulliken HOMO population analysis resolves six symmetry-unique C–H
positions with markedly different frontier densities: the population reaches a value of 0.196
at the peri position (12) and decreases progressively through 0.144 (7), 0.086 (11), 0.072 (8),
and 0.057 (9) down to 0.029 at the meta-terminal position (10). Obviously, this gradient
orders the sites by their expected reactivity and identifies the peri position as the one most
susceptible to electrophilic—and hence photo-oxidative—attack.

It should be noted here that this frontier density is not merely a predictor of where
oxidation occurs but also of how deep the resulting trap will be: for the mono-hydroxyls,
the HOMO shift follows an approximately linear relation with the local HOMO population,
∆EHOMO (eV) ≈ 0.85 × HOMOpop + 0.015. In other words, one and the same quantity
governs both the site selectivity and the trap depth so that the most reactive peri site also
yields the deepest hole trap of the mono-hydroxyl family (+0.181 eV). This single physical
thread—the local frontier density—underlies the trends discussed in the following sections.

3.2. The Sign of the Frontier Shift Sets the Trap Polarity

The central and, at first sight, almost trivial organising principle of the map is that
the sign of the frontier-level shift—and hence whether a given oxidation product behaves
as a hole or as an electron trap—is governed by whether the oxygen functionalisation is,
on balance, π-donating or π-accepting at the site in question.

Hydroxylation is the archetypal π-donor: the phenolic oxygen lone pair is donated
into the aromatic π system (i.e., the +M effect), thereby raising the HOMO. As a result, all
six unique mono-hydroxyls yield ∆EHOMO > 0, that is, donor-like hole traps, and the shift
is regulated by the local HOMO density, reaching a value of about +0.181 eV at the most
reactive peri site. Oxidation to a carbonyl/quinone, on the other hand, is the archetypal
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π-acceptor: in the 7,12-quinone, the C=O groups withdraw π density and introduce a low-
lying π∗ level so that the LUMO drops by ∆ELUMO = −1.289 eV (i.e., a deep electron trap),
while the HOMO simultaneously falls below the pristine VBM (∆EHOMO = −0.506 eV) and
the defect is therefore not a hole trap. Hence, the two stable end-members of the oxidation
sequence dwell on opposite sides of the trap-polarity divide, and, crucially, this divide
follows directly from substituent electronics rather than from any fitted quantity (Figure 4).
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Figure 3. Frontier reactivity of pristine DNTT: the Mulliken HOMO population at each symmetry-
unique C–H position (HF/STO-3G), used as an ordinal index of susceptibility to photo-oxidative
attack. The population is largest at the peri position (12) and decreases towards the meta-terminal
position (10); the locant numbering follows Figure 1.

En
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Pristine Hydroxyl
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Quinone
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Hole trap

Electron trap

Figure 4. Sign rule for the frontier shift. A net π-donating substituent (phenolic –OH) raises
the HOMO and produces a donor-like hole trap (∆EHOMO > 0); a net π-accepting substituent
(carbonyl/quinone C=O) lowers the HOMO and introduces a deep π∗ LUMO, producing an electron
trap (∆ELUMO < 0).

3.3. Competition Between Donation and Withdrawal: The Hydroperoxide Cross-Over

That the sign is set by a competition—and not merely by the presence of oxygen—
is illustrated most cleanly by the hydroperoxides (C–OOH), in which π-donation from
the α-oxygen lone pair (+M) competes against σ-withdrawal along the electronegative
O–O bond (−I). Interestingly, the outcome is governed by the local frontier density: at
the peri site, where the HOMO density is the highest, donation prevails and the defect
remains a hole trap (∆EHOMO = +0.088 eV), whereas at the low-density terminal positions,
withdrawal prevails and ∆EHOMO becomes negative, reaching −0.144 eV at C10. In other
words, one and the same chemical group produces opposite trap polarity, depending solely
on where it is attached to the molecule—a clear demonstration that the trap polarity is
governed by the product of the local frontier density and the substituent electronics.
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The same trend is reflected in the charge on the α-oxygen, which tracks a monotonic
loss of donor strength across the three single-oxygen species at the peri site (Table S3):
hydroxyl q(αO) ≈ −0.38 (∆EHOMO = +0.181 eV), hydroperoxide ≈ −0.17 (+0.088 eV),
and peroxyl radical ≈ −0.04 (+0.052 eV). It should be noted here that the hydroperoxide is
thus not simply a “weaker hydroxyl” but rather a distinct electronic identity, the sign of
which may invert along the molecule.

3.4. The Defect Landscape: Six Electronic Regimes

Extending the screening across all six chemical classes resolves the map into six distinct
electronic regimes (Table 1 and Figure 5), ranging from deep and shallow hole traps, through
a “dual” trap and a gap-widening (i.e., locally dearomatised) regime, to mild and strong
electron traps. Two consequences follow. First, a simple binary hole/electron classification
is insufficient for the full landscape: the end-group epoxide can act simultaneously as
a shallow hole trap and a deep electron trap, whereas the endoperoxides act as neither
and merely widen the local gap. Second, and in contrast, the two stable end-members
of the oxidation sequence—the hydroxyl and the quinone—obey the clean dichotomy
of Section 3.2. Hence, even though the intermediate landscape is considerably richer,
the dichotomy of the stable products remains a reliable and intuitive predictor.

Table 1. Representative member of each of the six electronic regimes resolved by the screening
(closed-shell species). Values are frontier-level shifts relative to pristine DNTT, in eV. The complete
39-identity table is given in the Supplementary Materials, and representative chemical structures of
the classes are shown in Figure S2.

Regime ∆EHOMO ∆ELUMO Representative Defect

Deep hole trap +0.36 +0.27 5,12-(OH)2
Shallow hole trap +0.05 +0.02 10-OH
Dual trap +0.07 −0.43 9,10-epoxide
Gap-widener −0.32 +0.03 7,12-endoperoxide
Mild electron trap −0.11 −0.27 11a,12-epoxide
Strong electron trap −0.51 −1.29 7,12-para-quinone (canonical)

Open-shell radical intermediates form an additional (SOMO-based) group that is reported separately and not
placed on this axis.
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Figure 5. Frontier-shift landscape of the DNTT oxidation defects: the LUMO shift ∆ELUMO versus the
HOMO shift ∆EHOMO (relative to pristine DNTT) for the 33 closed-shell and peroxyl species; the six
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alkoxyl/carbonyl radicals are singly occupied and are omitted (see Table S1). Colour denotes the
chemical class, and filled versus open markers distinguish closed-shell from open-shell (peroxyl)
species. The dashed lines mark the pristine VBM (∆EHOMO = 0) and CBM (∆ELUMO = 0), and the
orange band indicates the measured hole trap at ∆EHOMO ≈ 0.255 eV (a proxy). Hydroxylation
populates the shallow hole-trap region (right), whereas oxidation to the quinones and the diketone
forms the deep electron traps (bottom); the canonical 7,12-quinone and the 5,12-diketone are labelled.

It should be noted here that the open-shell radical intermediates (i.e., the alkoxyl/
carbonyl and peroxyl species) are included in the map for completeness but are treated
separately: their frontier level is singly occupied (SOMO) and is therefore not directly
comparable, on the same quantitative axis, with the closed-shell HOMO/LUMO of the
stable species. As a result, they are not employed to assign the measured signal.

3.5. Experimental Observation: A Hole Trap Resolved by DLTFS

Deep-level transient Fourier spectroscopy on the DNTT transistors resolves a single hole
trap. Its Arrhenius analysis (Figure 6) yields an activation energy Ea = 0.255 ± 0.011 eV. It
should be noted here that Ea is obtained from the emission time constant τe (i.e., the time
constant of the transient), and it is therefore independent of the amplitude-to-concentration
conversion discussed in the Supplementary Materials.
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Figure 6. Experimental determination of the hole-trap activation energy by DLTFS. (a) DLTFS
spectrum: the first Fourier sine coefficient b1 as a function of temperature (130–205 K), showing
the emission peak of the trap for the applied rate window. (b) The corresponding Arrhenius plot,
ln(τ vth NV) versus 1/T, from whose slope the activation energy Ea = 0.255 ± 0.011 eV is obtained.

3.6. A Defect-Level Rationalisation of the p/n Ambient-Stability Asymmetry

Collecting the whole map by trap polarity provides a compact, defect-level account of
the well-known experimental observation that p-type acene semiconductors tolerate air
far better than their n-type counterparts. On the hole side, the products of hydroxylation
populate a band of shallow-to-moderate traps, with ∆EHOMO varying in a wide range
from about +0.04 to +0.36 eV, which would slow down but not destroy hole transport.
On the electron side, in contrast, the oxidation products cluster as deep electron traps:
four independent carbonyl species—the canonical 7,12-para-quinone together with the 8,11-
and 8,9-quinones and the 5,12-diketone—span ∆ELUMO from about −1.29 to −1.56 eV,
and they are joined by the epoxides (−0.27 to −0.43 eV) and the terminal peroxyls (−0.43
to −0.48 eV); such levels would be catastrophic for electron transport. It should be noted
here that this depth is a general feature of quinone and diketone formation and not an
artefact of a single carbonyl geometry, since it persists across para and ortho regiochemistry
and across inner- and outer-ring positions. In other words, the atmospheric oxidation of
an acene generates predominantly shallow hole traps but deep electron traps so that hole
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(p-type) transport survives while electron (n-type) transport is essentially destroyed. It
should be noted here that this is a statement about the oxidation landscape—i.e., about
which species can form—and is decoupled from any particular device or exposure history;
hence, it constitutes the strongest, experiment-independent result of the present map.

Against this landscape, the measured hole trap of about 0.255 eV dwells within the
band that the sign rule predicts for hydroxylation and early oxidation. This is consistent
with a photo-oxidative hydroxyl origin as one plausible assignment; however—owing to
the semi-empirical nature of the proxy, the density of candidate states within this window,
and the absence of an independent chemical or structural characterisation of the film—it
cannot be regarded as a unique identification, and structural or contact-related origins
cannot be excluded. We may therefore conclude that the map constrains the polarity and
the plausible chemistry of the trap rather than its precise microscopic identity.

4. Discussion
4.1. Position of the Sign Rule and the p/n Asymmetry

The notion that a substituent shifts the frontier levels of a conjugated molecule ac-
cording to its donating or accepting character is, in itself, elementary. What the present
screening adds is the systematic application of this notion across an entire family of at-
mospheric oxidation products of a single semiconductor so that the trap polarity may be
read directly from the sign of the frontier-level shift. Previous computational studies of
traps in organic semiconductors have commonly addressed individual candidate species in
isolation [14,15]; here, in contrast, the value dwells in the continuity and the breadth of the
map, which turns a case-by-case assignment into a single organising rule.

The same breadth underlies the second and, arguably, the more general result.
The markedly better air stability of p-type organic semiconductors relative to their n-type
counterparts is well documented experimentally [7,8], and it has usually been attributed
to oxidation and humidity in rather general terms. The present map provides, to our
knowledge, the first defect-level rationalisation of this asymmetry: atmospheric oxidation
generates predominantly shallow hole traps but deep electron traps so that hole transport
is only mildly perturbed, whereas electron transport would be destroyed. It should be
noted here that this account is decoupled from any particular device—being a statement
about which species can form and where their frontier levels dwell—and it constitutes,
for this reason, the most robust and experiment-independent result of the present study.

A further, independent line of support emerges when the map is confronted with
the thermodynamic criterion for the ambient stability of n-type transport. De Leeuw and
co-workers established that a reduced, electron-carrying state is stable against water and
oxygen only if the electron affinity is sufficiently large—in practice, an electron affinity of
roughly 3.5–4 eV, i.e., a LUMO near −4 eV—a threshold that later underpinned the deep-
LUMO design rules for air-stable n-type semiconductors [27,28]. Notably, the oxidation-
derived quinones of the present map fall within this window: added to the experimental
pristine LUMO of DNTT (−2.44 eV [6]), the density-functional shifts of −1.25 to −1.86 eV
(Section 4.4) place their absolute LUMO at about −3.7 to −4.3 eV; the semi-empirical
shifts give essentially the same range (−3.7 to −4.0 eV) so that this placement does not
depend on the level of the theory. Two consequences follow. First, these quinone states
are deep enough to bind an electron stably in air so that they behave as permanent,
thermodynamically robust electron traps rather than as reactive transients—consistent
with their thermal silence in the DLTFS window. Second, and more broadly, the very
deep LUMO that is deliberately engineered to obtain air-stable n-type transport is here
produced spontaneously by oxidation of the acene but as isolated defects: the oxidative
lowering of the LUMO that would (globally) be required for stable n-type conduction
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therefore (locally) destroys it, while perturbing hole transport only mildly so that the defect
map supplies a microscopic basis for the macroscopic de Leeuw criterion. This absolute
alignment, however, rests on adding a computed shift to the measured pristine level; owing
to the semi-empirical, single-molecule nature of the screening, the agreement should be
read as one of the right order rather than as an exact coincidence.

It should nevertheless be emphasised that the sign rule is a trend-level organising
principle rather than a substitute for quantitative level positions; its strength dwells in
predicting the polarity and the ordering of the traps rather than their absolute depths—a
point to which we return below.

A remark on the relative likelihood of the mapped defects is in order, since not all
of the identities are equally probable. The frontier reactivity index supplies an a priori
ordering of the points of attack: the peri positions carry by far the largest HOMO population
and are therefore the most susceptible to electrophilic oxidation (Figure 3) so that the peri
hydroxyl and the peri-derived carbonyl/quinone—precisely the species that anchor the
present analysis—are expected to dominate the early-stage defect population. The multiply-
oxidised species (the bis-hydroxyls and the endoperoxides) and the high-locant single
defects are best read as later-stage or less-probable products that delineate the boundaries
of each electronic regime rather than as the most likely traps. It should be noted here that a
quantitative formation-energy ranking would require explicit reference states for O2 and
H2O together with a treatment of the reaction barriers, which lies outside the scope of the
present frontier-orbital screening; the reactivity index is therefore used only as an ordinal
proxy for susceptibility.

4.2. The Experimental Anchor and Why a Unique Identification Is Withheld

As shown in Section 3.6, the hole trap measured at about 0.255 eV dwells within the
band that the sign rule predicts for hydroxylation and early oxidation, and it is, in this
sense, fully consistent with a hydroxyl-related origin. It should be noted here, however, that
consistency is deliberately not equated with identification, and this is due to three reasons.

First, this energy window is densely populated by chemically distinct species: the
12-hydroxyl at +0.181 eV, several bis-hydroxyl isomers between about +0.21 and +0.28 eV,
and, numerically, the 12-carbonyl/alkoxyl radical at +0.255 eV. Hence a single activation
energy cannot, on its own, single out one microscopic configuration. Second, the screening
is semi-empirical, with an intrinsic scatter of the order of 0.1–0.3 eV; even a nominally
exact coincidence therefore dwells well within the uncertainty of the method and carries
no special weight. Third, and most importantly, the chemical composition of the degraded
film was not characterised independently (e.g., by infrared or photoelectron spectroscopy),
so the actual presence of hydroxyl groups is inferred rather than verified.

It should be emphasised that the apparent exact match of the 12-carbonyl radical is
not employed here as an argument. Its frontier level is singly occupied (i.e., a SOMO) and
is thus not directly comparable with the closed-shell levels, and the radical is, in any case,
a transient intermediate rather than a stable trapping species. We therefore deliberately
refrain from resting any identification on this coincidence.

Furthermore, the exposure history of the devices was short—the transistors were first
measured about one day after fabrication and were subsequently held under vacuum—so
that the extent of oxidation was necessarily limited, and origins other than hydroxylation
cannot be excluded. In particular, the disruption of π–π stacking at grain boundaries [10],
physisorbed oxygen or water acting as acceptors [7,9], and the penetration of silver from
the evaporated top contacts all remain plausible contributors to a deep state of this energy.
Indeed, a hole-trap feature at a comparable energy (about 0.25–0.35 eV above the mobility
edge) has previously been resolved in DNTT and attributed to water-related states at
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the dielectric interface [7]. The chemical origin proposed here is therefore offered as a
complementary—and, to our knowledge, previously unexplored—possibility and not as
a replacement for these physical mechanisms. It should be noted here, moreover, that
covalent oxidation defects are expected only in dilute concentrations, at or below the
sensitivity of the composition-sensitive probes (XPS, FTIR, SIMS) that would be required
to confirm them directly; their absence from earlier reports therefore reflects the difficulty
of detecting such dilute chemical modifications—already electrically active as traps at
concentrations far below the chemical detection floor—rather than their genuine absence.
As a result, the map is best read as constraining the polarity and the plausible chemistry of
the trap rather than as delivering its precise microscopic identity.

4.3. Optical Filling and the Absence of an Electron-Trap Signal

Because the traps were filled optically rather than by an electrical pulse, the green-light
excitation (λ = 520 nm, 2.38 eV) generates both holes and electrons within the DNTT layer
so that—in principle—both the hole and the electron families of the map could be populated.
Optical excitation of DNTT is indeed well documented to produce a photoresponse and
to trap photo-generated carriers [9,29], the response being strongest near the absorption
maximum at 460 nm [9] so that our 520 nm excitation lies on the low-energy tail. It should
be noted here that the absence of any electron-related feature in the measured spectra is
therefore not a filling artefact but rather a consequence of the detection stage.

The photo-generated species is initially a Frenkel exciton, the binding energy of which
reaches a value of about 0.5 eV in acene-type materials [30]. Its dissociation into free carriers
is driven by the high internal field established under reverse bias, together with charge sep-
aration at the semiconductor/dielectric interface and at defect sites. Interestingly, the deep
oxidation-derived electron traps (i.e., the quinones and the 5,12-diketone, with ∆ELUMO

reaching about −1.3 to −1.6 eV) constitute almost ideal electron sinks at which such a dis-
sociation may proceed: the electron falls deep and remains captured, whereas the liberated
hole is subsequently observed through its shallower hydroxyl-related trap. One and the
same oxidation chemistry thus provides both a dissociation centre and the observed hole
trap; this, however, should be regarded as a plausible mechanistic reading rather than an
established claim.

The invisibility of the electron side then follows from a bundle of concurrent reasons.
First, the deepest electron traps are thermally mute: at the measurement temperatures
(130–205 K) a level lying 1.55 eV below the conduction-band minimum emits at a negligible
rate and behaves as fixed charge rather than as a transient. Second, the structure is a
p-type device measured under negative reverse bias, i.e., in hole accumulation, so that the
capacitance transient is intrinsically governed by the exchange of holes with the valence
band. Third, and in accordance with the two preceding points, the electron channel is
doubly blocked: the effective electron mobility of DNTT is lower by orders of magnitude
(the material being a strongly unipolar p-type semiconductor), and the silver source and
drain present a large injection/extraction barrier to the shallow LUMO of DNTT: taking
the DNTT HOMO and LUMO at about −5.44 and −2.44 eV, respectively [6], and the silver
work function as 4.26 eV [31], the nominal (vacuum-level) electron injection barrier of
about 1.8 eV substantially exceeds the hole barrier of about 1.2 eV. Hence, even a mid-
depth electron trap that could in principle emit would find no communicating pathway to
the electrodes.

It should be noted here that the resulting absence of an electron signal is thus an
expected consequence of the measurement configuration and, crucially, does not constitute
evidence concerning the electron side of the defect map. Where prior photoresponse
studies of DNTT do resolve electron trapping, it is a reversible trapping of photo-generated
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electrons at the dielectric interface [9], distinct from the deep, covalent electron traps (the
quinones) that the present map predicts. The p/n asymmetry of Section 3.6 therefore
remains a computational prediction with which the present experiment is fully consistent
(it resolves the hydroxyl-related hole trap) while being blind, by construction, to the
electron-trapping species.

4.4. Methodological Standing: Validity and Limits of the Screening

The GFN2-xTB method employed here is a fast, broadly parametrised semi-empirical
scheme, and its virtues and its limits should be stated plainly. Its absolute orbital energies
are not reliable—the pristine HOMO of −9.76 eV is far removed from the reported ionisation
energy of DNTT—so the method is used here not as a source of absolute levels but as a
screening tool for the relative shifts and, above all, for their ordering. In other words, it is a
powerful and inexpensive instrument for establishing trends, but it does not, on its own,
deliver quantitative trap depths.

To test directly whether the sign rule and the ordering survive a higher level of the-
ory, single-point hybrid density-functional calculations (B3LYP-D3BJ/def2-TZVP, with the
RIJCOSX approximation) were carried out on the GFN2-xTB geometries of fourteen repre-
sentative defects spanning all closed-shell classes—hydroxyls, a hydroperoxide, quinones,
a diketone, epoxides and endoperoxides (Figure 7 and Table 2). At this level the pristine
frontier levels are realistic (HOMO −5.25 eV, gap 3.12 eV, against the experimental −5.44 eV
and ≈3.0 eV), and, more importantly, the polarity classification is reproduced throughout:
every hydroxyl remains a hole trap (∆EHOMO > 0 for all five), and every quinone together
with the diketone remains a deep electron trap (∆ELUMO between −1.25 and −1.86 eV).
The two frameworks correlate closely—for ∆ELUMO across the twelve donor/acceptor
defects, the Pearson coefficient is r = 0.99—so that the sign rule, the ordering, and with
them the p/n asymmetry are confirmed to be robust to the electronic-structure method. We
verified, in addition, that the shifts are essentially unchanged between the def2-SVP and
def2-TZVP basis sets, and they are therefore not an artefact of basis-set size.
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Figure 7. Validation of the semi-empirical screening against hybrid density-functional theory. Frontier-
level shifts ∆EHOMO (left) and ∆ELUMO (right) relative to pristine DNTT, computed with GFN2-xTB
(abscissa) and with B3LYP-D3BJ/def2-TZVP (ordinate) for fourteen closed-shell defects, coloured
by chemical class; the dashed line is the 1:1 diagonal. The hole traps (hydroxyls) cluster at positive
∆EHOMO and the deep electron traps (quinones and the diketone) at strongly negative ∆ELUMO in
both methods. The endoperoxides (diamonds) are the sole systematic exception (see text).
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Table 2. Representative comparison of the frontier-level shifts (relative to pristine DNTT, in eV) from
the GFN2-xTB screening and from single-point B3LYP-D3BJ/def2-TZVP. The complete set of fourteen
defects is shown in Figure 7.

Defect ∆EHOMO ∆EHOMO ∆ELUMO ∆ELUMO Character(xTB) (DFT) (xTB) (DFT)

12-OH +0.18 +0.14 +0.14 +0.02 hole trap
4,12-(OH)2 +0.27 +0.29 +0.23 +0.17 hole trap
12-OOH +0.09 −0.12 +0.02 −0.14 near-neutral
7,12-quinone −0.51 −0.45 −1.29 −1.25 deep e-trap
5,12-diketone −0.44 −0.09 −1.56 −1.86 deep e-trap
8,9-quinone −0.60 −0.58 −1.42 −1.49 deep e-trap
9,10-epoxide +0.07 +0.51 −0.43 −0.65 dual
7,12-endoperoxide −0.32 +0.29 +0.03 −0.83 xTB fails

One motif, however, exposes a genuine limit of the semi-empirical screening. For both
endoperoxides the two methods disagree: GFN2-xTB classifies them as gap-wideners—a
lowered HOMO with an essentially unshifted LUMO—whereas at the DFT level, the O–O
bridge dearomatises the terminal ring so that the HOMO rises, the LUMO falls, and the
gap in fact narrows. Because the two endoperoxides diverge in precisely the same way,
the discrepancy is systematic rather than incidental, and it singles out the strained, dearo-
matised peroxide bridge as the one structural motif for which the semi-empirical frontier
levels are not to be trusted. It should be noted here that this does not affect the conclu-
sions of the present work, which rest on the hydroxyl and carbonyl/quinone channels;
the endoperoxides are reported in full and are simply excluded from the quantitative
correlation above.

A legitimate objection is that the single-molecule, gas-phase levels neglect the elec-
tronic polarisation of the surrounding crystal, which stabilises a localised charge. It should
be noted here, however, that this polaronic term (P+ ≈ 0.05–0.15 eV) is, to a good approxi-
mation, a state-independent rigid offset: it shifts the whole map downward but changes
neither the sign of ∆EHOMO/LUMO nor the ordering of the defects [24–26]. Hence, the two
load-bearing conclusions of the present work—the trap polarity and the ordering of the
levels—are invariant with respect to it. An explicit crystal-polarisation cell would refine the
absolute depths further, but—as the density-functional validation below already demon-
strates for the sign and the ordering—it would leave the polarity classification and the p/n
asymmetry untouched; the absolute trap depths are therefore not pursued here.

Finally, it should be emphasised that the frontier reactivity index is used only in an
ordinal sense. Because the minimal STO-3G basis and the Mulliken partitioning are known
to be basis-set dependent, no quantitative weight is placed on its values; its sole role is
to rank the sites a priori, that is, independently of the trap energetics. This independence
is, in fact, crucial: it ensures that the most reactive site is identified from the intrinsic
frontier density of the pristine molecule rather than being selected a posteriori because its
energy happens to match the experiment, and it thereby removes the circularity that would
otherwise threaten such an assignment.

4.5. Trap Concentration: A Cautionary Note

A word of caution is in order regarding the trap concentration which, unlike the acti-
vation energy, is not measured directly but is obtained by scaling the transient amplitude,
NT = 2NS(∆C/CR), by the shallow (doping) concentration NS. For the present devices,
the extraction returns an NS of about 3 × 1025 cm−3, which exceeds the molecular density
of DNTT (approximately 2.7 × 1021 cm−3) by several orders of magnitude. It should be
noted here that one cannot have more dopants than molecules; the extracted concentration
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is therefore an artefact rather than a physical value. The reason is simple: the standard
analysis assumes a bulk Schottky junction with a bias-modulated depletion width, whereas
the ≈50 nm, nearly intrinsic film is fully depleted so that its capacitance is geometric (bias-
independent) and the extraction of NS—and hence of NT—breaks down. More generally,
in a field-effect transistor, the charge is transported within a thin accumulation layer at
the semiconductor/dielectric interface so that transfer-curve analyses probe essentially
that interface and naturally return an areal trap density rather than a bulk one; the areal
densities reported for DNTT devices, of the order of 1010–1011 cm−2 [7,9], are consistent
with this picture. As this behaviour is returned as a matter of course by commonly used
commercial DLTS systems, the reported concentration should not be taken at face value;
the detailed analysis is given in the Supplementary Materials. Crucially, the activation
energy Ea is obtained from the emission time constant τe and not from the amplitude, so
that it—and with it the entire defect map—is unaffected by this limitation.

4.6. Implications

The practical implication of the present work is that the map constitutes a roadmap
linking oxidation chemistry to trap polarity, which can be used to assign the electronic
character of a trap once it has been measured: given an activation energy together with its
sign, the map indicates the class of degradation product to which the level may correspond,
without a dedicated calculation for each new case. Since the underlying rule—the sign of
the frontier shift, set by the donor or acceptor nature of the oxygen functionalisation—is
chemical rather than specific to DNTT, the same approach should be transferable to other
acene semiconductors. In particular, the rule is expected to carry over to the widely used
side-chain- and core-modified DNTT derivatives—such as the dialkyl Cn-DNTTs and the
diphenyl variant—since the alkyl or aryl groups govern solubility and film packing but
leave the conjugated core, on which the oxygen functionalisation acts, essentially intact;
the heavier chalcogen (seleno) analogues likewise preserve the donor/acceptor logic of the
sign rule, even though their absolute frontier levels are shifted. The polarity classification
should therefore transfer to these technologically important materials, although the precise
trap depths would have to be recomputed in each case. Hence, the screening offers
an inexpensive and reusable reference for interpreting trap spectra in atmospherically
degraded organic devices.

5. Conclusions
We have screened 39 oxygen- and hydroxyl-related defect identities of DNTT with

the semi-empirical GFN2-xTB method and shown that the sign of the frontier-level shift
governs the trap polarity: a π-donating hydroxyl raises the HOMO and yields a hole
trap, whereas a π-accepting carbonyl or quinone lowers the frontier levels and yields a
deep electron trap. The main result is that this rule provides, to our knowledge, the first
defect-level rationalisation of the p/n ambient-stability asymmetry of acene semiconduc-
tors: hydroxylation generates only shallow-to-moderate hole traps (∆EHOMO of about
+0.04 to +0.36 eV), which slow but do not destroy hole transport, whereas oxidation to
quinones and diketones generates deep electron traps (∆ELUMO of about −1.3 to −1.6 eV
across four independent carbonyl species), which would be catastrophic for electron trans-
port. These sign and ordering trends are reproduced by hybrid density-functional theory
(B3LYP/def2-TZVP) so that the classification is robust to the level of theory. Against this
map, a hole trap of 0.255 eV measured by DLTFS is consistent with a hydroxyl-related
origin, although—owing to the semi-empirical proxy and to the absence of an independent
chemical characterisation—a unique microscopic assignment is not claimed. The map thus
constitutes a reusable roadmap linking oxidation chemistry to trap polarity and, since the
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underlying rule is chemical rather than specific to DNTT, it should be transferable to other
acene semiconductors. It should be noted here that the present trends could be sharpened
by an ageing series together with spectroscopic identification (FTIR, XPS, or EPR) of the
degradation products, and the absolute trap depths by a ∆SCF treatment of the radicals
and an explicit crystal-polarisation treatment, all of which lie beyond the scope of the
present screening.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma19153333/s1, Section S1: Trap-concentration analysis: capacitance–
voltage of the DNTT MIS structure. Figure S1: (a) Capacitance–voltage and (b) 1/C2 characteristics
of the DNTT MIS structure. The accumulation plateau pins the capacitance to Cox, so the 1/C2

branch fitted by the system (red line) is nearly flat; the resulting Mott–Schottky extraction yields
the unphysical NS, UD and φB quoted in the text. Section S2: Complete defect map. Section S3:
Additivity of bis-hydroxyl shifts. Table S1: Complete map of the 39 computed oxygen- and hydroxyl-
related defect identities of DNTT (GFN2-xTB). HOMO, LUMO and their shifts ∆HOMO, ∆LUMO
relative to pristine DNTT, and the gap, are in eV; the dipole moment (dip) is in D. Open-shell radicals
(conf = open) are singly occupied: for these the ∆HOMO column reports ∆SOMO, which is not
directly comparable with the closed-shell values, and the LUMO and gap are not tabulated. Figure S2:
Representative chemical structures of the defect classes discussed in the main text: (a) pristine DNTT;
(b) the peri hydroxyl (12-OH); (c) the peri hydroperoxide (12-OOH); (d) the 7,12-para-quinone; (e) the
5,12-diketone; (f) the 9,10-epoxide; and (g) the 7,12-endoperoxide. The identifiers match those used
in Table 1 and Figure 5 of the main text and the data of Table S1. Section S4: The ortho-catechol
sub-additive outlier. Table S2: Additivity of the bis-hydroxyl HOMO shifts (eV): the additive pre-
diction from the two constituent mono-hydroxyls, the computed value, and the relative deviation.
Section S5: Thienothiophene-bridge delocalisation. Section S6: α-Oxygen Mulliken charges. Table S3:
α-oxygen Mulliken charge q(αO) (in e) of the peroxyl and hydroperoxide defects at the six ring
positions of DNTT.
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13. Juhász, P.; Váry, M.; Stuchlíková, L’.; Harmatha, L.; Jakabovič, J.; Weis, M. Characterization of Charge Traps in Pentacene Diodes

by Electrical Methods. Org. Electron. 2015, 17, 240–246. [CrossRef]
14. Northrup, J.E.; Chabinyc, M.L. Gap States in Organic Semiconductors: Hydrogen- and Oxygen-Induced States in Pentacene. Phys.

Rev. B 2003, 68, 041202. [CrossRef]
15. Knipp, D.; Northrup, J.E. Electric-Field-Induced Gap States in Pentacene. Adv. Mater. 2009, 21, 2511–2515. [CrossRef]
16. Dong, S.; Ong, A.; Chi, C. Photochemistry of Various Acene Based Molecules. J. Photochem. Photobiol. C 2019, 38, 27–46. [CrossRef]
17. Thorley, K.J.; Le, H.; Song, Y.; Anthony, J.E. Unravelling the Major Factors in Photo-Oxidative Stability of Anthradithiophene

Derivatives. J. Mater. Chem. C 2022, 10, 15861–15871. [CrossRef]
18. Stuart, A.N.; Kee, T.W.; Huang, D.M. Role of Singlet and Triplet Excited States in the Oxygen-Mediated Photophysics and

Photodegradation of Polyacenes. J. Am. Chem. Soc. 2024, 146, 2174–2186. [CrossRef] [PubMed]
19. Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-xTB—An Accurate and Broadly Parametrized Self-Consistent Tight-Binding Quantum

Chemical Method with Multipole Electrostatics and Density-Dependent Dispersion Contributions. J. Chem. Theory Comput. 2019,
15, 1652–1671. [CrossRef] [PubMed]

20. Landrum, G. RDKit: Open-Source Cheminformatics Software. Available online: https://www.rdkit.org (accessed on 1
August 2026).

21. Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta Valence Quality for H to
Rn: Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef] [PubMed]

22. Neese, F. Software Update: The ORCA Program System—Version 6.0. WIREs Comput. Mol. Sci. 2025, 15, e70019. [CrossRef]
23. Sun, Q.; Berkelbach, T.C.; Blunt, N.S.; Booth, G.H.; Guo, S.; Li, Z.; Liu, J.; McClain, J.D.; Sayfutyarova, E.R.; Sharma, S.; et al.

PySCF: The Python-Based Simulations of Chemistry Framework. WIREs Comput. Mol. Sci. 2018, 8, e1340. [CrossRef]
24. Tsiper, E.V.; Soos, Z.G. Electronic Polarization in Pentacene Crystals and Thin Films. Phys. Rev. B 2003, 68, 085301. [CrossRef]
25. Ryno, S.M.; Risko, C.; Brédas, J.-L. Impact of Molecular Packing on Electronic Polarization in Organic Crystals: The Case of

Pentacene vs. TIPS-Pentacene. J. Am. Chem. Soc. 2014, 136, 6421–6427. [CrossRef] [PubMed]
26. Cochrane, K.A.; Schiffrin, A.; Roussy, T.S.; Capsoni, M.; Burke, S.A. Pronounced Polarization-Induced Energy Level Shifts at

Boundaries of Organic Semiconductor Nanostructures. Nat. Commun. 2015, 6, 8312. [CrossRef] [PubMed]
27. de Leeuw, D.M.; Simenon, M.M.; Brown, A.R.; Einerhand, R.E. Stability of n-Type Doped Conducting Polymers and Consequences

for Polymeric Microelectronic Devices. Synth. Met. 1997, 87, 53–59. [CrossRef]
28. Tang, C.G.; Hou, K.; Leong, W.L. The Quest for Air Stability in Organic Semiconductors. Chem. Mater. 2024, 36, 28–53. [CrossRef]
29. Fernandes, J.D.; Vieira, D.H.; Klem, M.d.S.; Alves, N. Dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene Photoresistor: Generation of

Photocarriers and Charge Trapping. Mater. Sci. Semicond. Process. 2023, 165, 107621. [CrossRef]
30. Arkhipov, V.I.; Bässler, H. Exciton Dissociation and Charge Photogeneration in Pristine and Doped Conjugated Polymers. Phys.

Status Solidi A 2004, 201, 1152–1187. [CrossRef]
31. Michaelson, H.B. The Work Function of the Elements and Its Periodicity. J. Appl. Phys. 1977, 48, 4729–4733. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19153333

http://dx.doi.org/10.1039/c9tc05695e
http://dx.doi.org/10.1021/ja068429z
http://www.ncbi.nlm.nih.gov/pubmed/17279756
http://dx.doi.org/10.1016/j.orgel.2017.03.002
http://dx.doi.org/10.1039/d0tc04554c
http://dx.doi.org/10.1016/j.orgel.2018.10.041
http://dx.doi.org/10.1021/acsami.5c07824
http://www.ncbi.nlm.nih.gov/pubmed/40532035
http://dx.doi.org/10.1063/1.1459117
http://dx.doi.org/10.1002/pssa.200776805
http://dx.doi.org/10.1016/j.orgel.2014.11.017
http://dx.doi.org/10.1103/PhysRevB.68.041202
http://dx.doi.org/10.1002/adma.200802173
http://dx.doi.org/10.1016/j.jphotochemrev.2018.12.002
http://dx.doi.org/10.1039/d2tc02922g
http://dx.doi.org/10.1021/jacs.3c12245
http://www.ncbi.nlm.nih.gov/pubmed/38197858
http://dx.doi.org/10.1021/acs.jctc.8b01176
http://www.ncbi.nlm.nih.gov/pubmed/30741547
https://www.rdkit.org
http://dx.doi.org/10.1039/b508541a
http://www.ncbi.nlm.nih.gov/pubmed/16240044
http://dx.doi.org/10.1002/wcms.70019
http://dx.doi.org/10.1002/wcms.1340
http://dx.doi.org/10.1103/PhysRevB.68.085301
http://dx.doi.org/10.1021/ja501725s
http://www.ncbi.nlm.nih.gov/pubmed/24725006
http://dx.doi.org/10.1038/ncomms9312
http://www.ncbi.nlm.nih.gov/pubmed/26440933
http://dx.doi.org/10.1016/S0379-6779(97)80097-5
http://dx.doi.org/10.1021/acs.chemmater.3c02093
http://dx.doi.org/10.1016/j.mssp.2023.107621
http://dx.doi.org/10.1002/pssa.200404339
http://dx.doi.org/10.1063/1.323539
https://doi.org/10.3390/ma19153333

	Introduction
	Materials and Methods
	Device Fabrication
	DLTFS Measurement
	Computational Screening
	Frontier Reactivity Index
	Choice of the Defect Set
	From Molecular Orbitals to Trap Levels

	Results
	Frontier Reactivity of Pristine DNTT
	The Sign of the Frontier Shift Sets the Trap Polarity
	Competition Between Donation and Withdrawal: The Hydroperoxide Cross-Over
	The Defect Landscape: Six Electronic Regimes
	Experimental Observation: A Hole Trap Resolved by DLTFS
	A Defect-Level Rationalisation of the p/n Ambient-Stability Asymmetry

	Discussion
	Position of the Sign Rule and the p/n Asymmetry
	The Experimental Anchor and Why a Unique Identification Is Withheld
	Optical Filling and the Absence of an Electron-Trap Signal
	Methodological Standing: Validity and Limits of the Screening
	Trap Concentration: A Cautionary Note
	Implications

	Conclusions
	References

