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ABSTRACT: To fully utilize the immense potential of organic
light-emitting transistors (OLETs), the mechanism of charge
transfer in these devices needs to be better understood. The
majority of prior studies have leaned toward understanding either
organic light-emitting diodes (OLEDs) or organic field-effect
transistors. Recently, there has been an interest in the use of open-
shell structures, which have been reported to enhance the spin
density that is delocalized along the planar π-conjugated backbone,
ultimately affecting their charge transfer and the overall device
performance efficiency. These structures tend to have low-lying
triplets and small singlet−triplet energy gaps, which are favorable
for charge and energy transfer for OLET applications. Open-shell
diradicals have been reported to enhance the efficiency of OLEDs
by offering intermolecular spin−spin interactions, which lead to σ-aggregation. This σ-aggregation eventually leads to the formation
of σ-polymerization, affecting intermolecular stacking and charge transport, which has been useful for OLEDs. However, it is
unknown how diradical states affect the efficiency of OLETs. In this study, we utilize both linear and nonlinear spectroscopic
techniques to probe the dynamics of diradical states in novel organic thiophene systems. We also utilize computational methods to
probe the energies of the electronic states of the diradical systems investigated. For the furan-containing polymer system, we found
the formation of long-lived zwitterions. We propose that the formed diradical character with a lifetime of 25 μs lowers the charge
transport in the resonant structures, reducing charge transfer and negatively affecting the external quantum efficiency of the
thiophene-based OLETs.

KEYWORDS: organic field-effect transistors, linear and nonlinear spectroscopic, thiophene, diradical, time-resolved spectroscopy

1. INTRODUCTION

Organic light-emitting transistors (OLETs), first reported in
2003, are a promising class of organic optoelectronic devices
that have the unique advantage of combining the electrical
switching functionality of organic field-effect transistors
(OFETs) and the light generation capability of organic light-
emitting diodes (OLEDs) in a single device.1−3 While OFET
and OLED technologies are significantly developed, the
working mechanisms and principles of OLETs as well as
their potential have not been fully exploited.2−4 Prior research
has shown that OLETs have immense potential to reduce the
complexity and enhance the performance of next-generation
pixel circuitry.2 OLETs have shown significant potential
toward applications such as optical communications systems,
electroluminescent displays, electrically pumped organic lasers,
and solid-state lighting sources.2,5 However, the applicability of
these OLETs is far from implementation due to their poor

performance in terms of low brightness, low carrier mobility,
and high driving voltage.6

A typical material for OLET applications will exhibit high
charge mobility as well as increased fluorescence quantum
yield in the same material.7 Recent reports have shown that
organic semiconducting (OSC) materials for these OLET
devices are made of small molecules and polymers that hold
the right luminescent properties, have small bandgaps in the
visible region of the electromagnetic spectra to minimize
charge injection barriers, possess high, balanced and ideally
ambipolar charge carrier mobility for light emission, and have
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high shelf life.8 The increased interest in small molecules as
potential OLET active materials is due to their molecular
structure and high-mobility characteristics.9 The delocalization
of π-bonds in these small molecules and polymers leads to
good photoabsorption, charge carrier photogeneration, and
transport, making these materials great for OLET applications.
Although conjugated polymers have shown a lot of promise as
OLET materials, a major drawback in using these light-
emitting polymers is their low charge carrier mobility, which
limits device performance. A small bandgap for the conjugated
polymers is preferable to enhance the intramolecular charge
transfer across the main donor−acceptor chain, with a lower-
lying lowest unoccupied molecular orbital (LUMO), which is
better for n-type OLETs.10 In addition, these donor−acceptor
polymers induce intermolecular interactions through increased
molecular ordering resulting from the self-assembly of polymer
chains, and this effect has led to high field-effect mobility in
OFETs.11

While single-component OLETs have been successfully
developed, only an external quantum efficiency (EQE) of
1.61% has been reported.12 Due to the difficulties in attaining
large mobilities in single OLET materials, multilayer devices
where different functions are delegated to different materials
have been developed leading to improved EQEs of up to
9.01%.6 For the multilayered devices, however, the device
fabrication process becomes extremely complicated as more
layers are added. This is due to the fact that it becomes very
difficult to control the mutually exclusive device properties of
the OSC active materials while keeping their optoelectronic
performance optimal.9 For instance, high mobility materials
show efficient intermolecular charge transport owing to their
optimal π−π stacking and electronic coupling; the efficient
π−π stacking may lead to the formation of excited state dimers
or other charge transfer states, which quench fluorescence and
reduces the performance of OLETs.3 Therefore, it is important

to find a balance between the multiple parameters that should
be considered when fabricating high-performance OLET
systems: suitable energy levels, optimal fluorescent quantum
yields, optimal charge mobility, and correct aggregation
state.7,9,10,13

Recently, Yuan et al.5 synthesized semiladder polymer
systems that not only address the mobility issues but are also
the first-of-a-kind OLET systems that exhibit a folding
structure that has only been previously observed and well-
studied in biological systems.5 These biological macro-
molecules have shown the existence of foldamers that adopt
highly ordered and helical self-assembled structures through
noncovalent interactions.5,14−16. The idea of using foldamers
was that this structural twist would improve the materials’
electrical and light-emitting properties.5 The structures of the
two investigated polymers and the thiophene-based acceptor
(TPTQ acceptor) are shown in Figure 1. Here, two different
acceptor (A) monomers: thienopyridothienoquinoline, which
has a thiophene incorporated (TPTQ_C), and thienopyr-
idothienoquinoline, with a furan molecule incorporated
(TPTQF_C), (each acceptor coupled to a carbazole donor
(D) monomer moiety) were synthesized.5 These D−A−D
polymers were synthesized based on the idea that ring fusion in
the ladder building blocks can enhance rigidity in the
molecular system, which minimizes the nonradiative decay
and thus improves fluorescence quantum yield. Interestingly,
Yuan et al. reported that these structures can exist in their
electron resonant forms as a result of their quadrupole
interactions forming D−A−

−D+ structures, which tend to
display nonkasha spectroscopic behavior.5,13,17 Furan deriva-
tives have been reported to be better than thiophene
derivatives in terms of solubility, increased power conversion
efficiencies, and formation of quinoidal structures owing to the
lack of aromaticity in sulfur in comparison to thiophene.1

While thiophene-based molecules have been highly inves-

Figure 1. Structures of the investigated polymers (TPTQ_C and TPTQF_C and their respective resonant forms) as well as the TPTQ acceptor.
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tigated due to their abilities to increase molecular conjugation,
furan-based counterparts are seemingly promising due to their
reported tendency to increase conjugation and improve charge
transport properties.18 The furan-based molecules have shown
enhanced performance, which has been linked to their
increased dipole moments, and weak solid-state interaction
between furan moieties, making them highly soluble.
Additionally, Yuan et al. reported that these polymers have

the special ability to form foldable structures and exist in their
resonant forms.5 Prior work showed that folding structures
form ordered and helical self-assembled structures through
noncovalent interactions.5,14,15 The molecular conformation is
rigidified by intramolecular hydrogen bonding, leading to
strong interactions between the layers.19 These π-conjugated
compounds are believed to form helical conformations through
solvophobic interactions in polar solvents and unravel into a
random coil in chloroform.20 Moreover, quinoline structures
are able to exist in their electron resonant forms while
carbazole-based molecules can form zwitterions and diradicals,
which then affect the energy and charge transfer mechanisms
of their derivatives.21−24 Interestingly, some singlet diradical
states have been reported to transition to singlet zwitterion
states where the latter is at higher energy.25−27

It appears that many prior studies have used the terms
diradicals and biradicals interchangeably, which leads to
confusing and conflicting information regarding their respec-
tive photophysical properties and their effect on device
performance. While both are defined by the presence of two
unpaired nonbonding and degenerate electrons (radicals) in an
open-shell structure, the distance between the two unpaired
electrons (r) as well as the electron exchange integral (J) can
be used to differentiate between these two states. For
biradicals, the distance between the two nonbonding electrons
is so long that the electron exchange interaction is negligible. It
is defined as an even-electron molecular structure with two free
radical centers, which act independently of each other. On the
other hand, when the coupling between the two nonbonding
electrons is strong, due to a large magnitude of dipole−dipole
interaction in a molecule, one finds an example of the general
class of diradicals. The molecular structures are even-electron
molecules but have one fewer bond than the number permitted
by the octet rule.28 For nearly degenerate molecular orbitals,
the terms used are diradicaloids or biradicaloids for diradicals
and biradicals, respectively.

Recently, organic semiconductors showing open-shell
diradical character that could be used in organic electronic
materials such as OLEDs, organic photovoltaics (OPVs), and
OFETs have been reported.24,29−33 Increased diradical
character has been reported to activate exothermic singlet
exciton fission, which increases the performance and stability
of OPVs.34 Diradical character has also been reported to affect
the optical, electronic, magnetic properties, and the chemical
reactivity of organic optoelectronic materials.35 This is due to
the presence of unpaired electrons that take part in the low- to
high-spin state transitions. In addition, prior studies have
shown the diradical effect on OFETs, increasing the stability
and half-life of these optoelectronics.36−38 In a recent review,
Dong and Li suggested that the ground states of these
materials are highly controversial due to their high reactivity
toward oxygen. To mitigate stability issues, they suggested
using substituents like mesityl on S atom acene analogues and
bulky compounds which led to half-lives of more than a
month.38 Delocalization of these radials on the organic π-
system dilates the spin density of the molecules and therefore
reduces their reactivity. In another report, neutral radicals from
various open-shell molecules have been used to fabricate
OLEDs with up to 10% EQE.32,39 Because luminescent
radicals emit from the radiative decay of doublet excitons,
the theoretical internal quantum efficiency can be up to 100%.
However, although much research has been done in synthesiz-
ing these materials, very little is known about the photophysics
and charge transfer mechanisms that affect their EQEs. To the
best of our knowledge, no one has reported the existence of
diradical character in OLET foldamers, which would highly
affect their energy transfer process and efficiency.
In this study, time-resolved and nonlinear spectroscopic

techniques are used to show the formation and effect of triplet
ground state diradicals on the photophysical properties of
synthesized carbazole-donor-based foldable polymers for
OLET applications. Thiophene-acceptor-based foldamers
show a diradical character with reduced dipole moments,
which lowers the charge separation in the resonance structures,
reducing the charge transfer and the EQE of the TPTQ_C
molecule (0.005%). However, there is no observed diradical
character in the furan-based foldamers, exhibiting superior
device performance with 3.5% EQE. Our results provide a step
forward toward producing materials that can be used for high-
performance devices.

Figure 2. Absorption (a) and emission (b) spectra of the two investigated polymers as well as of the parent thiophene-based acceptor.
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2. RESULTS

2.1. Steady-State Measurements Studies. The steady-
state absorption and emission spectra for the investigated
polymers and those of the TPTQ acceptor are shown in Figure
2. These measurements were done in chloroform, and the data
is summarized in Table 1. In Figure 2a, both of the polymers
show two distinct absorption bands that have been reported
for donor−acceptor polymers. The two absorption bands for
the TPTQ acceptor may suggest some level of charge transfer
occurring within the acceptor itself. In addition, the full-width
half max (fwhm) of the polymer absorption spectrum (right
absorption band) is significantly larger than that of the TPTQ
acceptor. This larger fwhm suggests that the polymers may
have a better capability to harvest sunlight at longer spectral
regions.40

For the polymers, the broader absorption maxima peaks,
which are red-shifted, can be attributed to the highest occupied
molecular orbital (HOMO) → LUMO transition, which
signifies intramolecular charge transfer between the donor and
the acceptor. The slightly red-shifted absorption spectra of the
TPTQ_C indicate that this polymer has a lower HOMO−

LUMO bandgap and is expected to show enhanced charge
transfer capabilities compared to its furan-based TPTQF_C
analogue. Interestingly, a weak low-energy shoulder is very
visible in the broadened absorption of the TPTQ_C molecule
at 520 nm. The absorption bands in the blue have been
attributed to localized π−π* transitions.41 The steady-state
absorption for TPTQF_C is narrower, and its maximum peak
is blue-shifted in comparison to that of TPTQ_C.
The decrease in the absorption intensity ratio in a

comparison of the absorption spectra of the TPTQ acceptor
to those of the polymer molecules suggests that these polymers
form H-aggregates. These H-aggregates exist even at the level
of a single polymer chain as shown by the consistent spectral
appearance at very low concentrations (Figure 2). This may
suggest that the polymer is folded to enhance H-aggregation,
leading to intrachain H-aggregation. Previous studies have
shown that in semiconducting polymers, H-aggregates are a
result of strong intrachain interactions.42 Therefore, it is
proposed that these polymers form folded chains and that the
movement of charge is through intrachain charge transfer. The
extinction coefficient of both polymers at their highest
absorption wavelengths and that of the TPTQ acceptor are
shown in Table 1. Although the absorptivity is similar for the
investigated polymers, TPTQF _C has a slightly higher molar
extinction coefficient in the solution. Its molar extinction
coefficient at the maximum absorption wavelength (470 nm) is
42505 M−1 cm−1. This slight increase is quite interesting, given
that the TPTQ _C polymer counterpart has a broadened and
red-shifted absorption.
In addition, the absorption spectra of both polymers show

well-resolved vibronic transitions. Compared to the TPTQ
acceptor absorption, the 0−0 transitions of the polymers are
totally different where their 0−0 transition intensity is

significantly reduced, and the 0−1 transition becomes the
strongest; this change in the feature intensity indicates the
formation of H-aggregates. In addition, there is a significant
enhancement of the 0−0 transition peak at 470 nm of
TPTQF_C as compared to the 0−0 transition peak of TPTQ
_C at 483 nm, indicating stronger aggregation of the
TPTQF_C polymer chain.
The emission spectra of both polymers and the acceptor,

which were obtained in chloroform, are shown in Figure 2b
and the relevant data are recorded in Table 1. Structurally, it is
clear that the thiophene-based polymer, TPTQ_C has an
additional emissive peak around 490 nm. The emission spectra
of the rigid TPTQF_C are blue-shifted compared to that of
TPTQ_C. A smaller Stokes shift and higher fluorescence
quantum yields (Table 1) are observed for TPTQF_C as
compared to TPTQ_C which may be attributed to the heavy
atom effect in TPTQ_C. The decreased Stokes shift of
TPTQF_C confirms its increased backbone rigidity compared
to that of TPTQ_C.5 Compared to both polymers, the
fluorescence quantum yield of the TPTQ acceptor is more
than two times lower. However, an intense fluorescence in the
furan-based polymer (TPTQF_C) was observed, which has
been associated with decreased intersystem crossing (ISC) due
to the lack of the heavier atom, sulfur.5 Here, the increased
fluorescence quantum yield shows enhanced radiative decay
pathways. For the TPTQ_C polymer, the decreased
fluorescence quantum yield has been associated with enhanced
nonradiative processes. In all of the investigated materials, a
∼2% decrease in fluorescence quantum yield is observed upon
oxygen purging. This decrease in the fluorescence quantum
yield indicates the lack of thermally activated delayed
fluorescence activity for all of the molecules.
The concentration dependence of the absorption (Figure

S1) measurements was used to check for the existence of
polymer aggregate chain formation or polymer folding. For
both polymers, a decrease in concentration does not change
the shape of the spectra, indicating that the H-aggregates exist
even at the level of a single polymer chain (in very low
concentrations). This further suggests that the polymer is
folded to enhance H-aggregation, leading to intrachain H-
aggregation.
In addition to the concentration dependence, temperature-

dependent emission measurements were carried out to check
the possibility of triplet formation in these molecules through
phosphorescence. It has been reported that an increase in
temperature induces ISC of a singlet (S1) to triplet (T1)
leading to a decrease in fluorescence intensity. Since triplets are
usually at lower energies than singlet states, the temperature-
dependent emission is usually observed in the near-infrared
region. Therefore, these measurements show the presence of
phosphorescence and can be used to determine the energies of
triplets. As shown in Figure S2, temperature-dependent
emission is observed for all of the molecules. For the TPTQ
acceptor, two bands are observed, one peaked at 844 nm and

Table 1. Linear Optical Properties for the Investigated Polymers (TPTQ_C and TPTQF_C) and the TPTQ Acceptor in
Chloroform

compound λabs (nm) λem (nm)
λPhosph.
(nm)

Stokes shift
(cm−1) ε (M−1 cm−1)

ϕF%
(UP)

ϕF%
(P) δTPA/GM λexc = 790 nm

TPTQ acceptor 332, 348, 397, 419 426, 450, 477 844 392 4261 14 11 67.4

TPTQ_C 455, 483, 520 492, 548, 600 970 2456 42437 38 36 223

TPTQF_C 440, 470, 489 504, 544 944 1435 42505 44 42 289
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the other one peaked at 906 nm (Figure S2; Table 1). The
844-nm peak decreases in intensity as the temperature of the
solution increases from 77 to 273 K. On the contrary, the
intensity of the 906-nm peak increases as the temperature
increases. Given that high temperatures quench triplet
emission, it is safe to assign an 844-nm radius to a triplet
state. Therefore, the energy of the TPTQ acceptor triplet is
1.469 eV. For the thiophene-based compound TPTQ_C and
the furan-based compound TPTQF_C, the emission band
whose intensity decreases as the temperature of their respective
solutions increases from 77 to 273 K peaked at 970 and 944
nm, respectively. As such, their triplet energies are 1.28 and
1.31 eV for TPTQ_C and TPTQF_C, respectively.
The results of the two-photon absorption (TPA) cross-

section measurements taken at 800 nm with fs pulses are
shown in Figure 3. The fluorescence method was used in these
experiments. The interesting differences between the three
molecules in terms of their cross-section can be observed in
Table 1. The TPA cross section for the TPTQF_C polymer is
1.3 times more than that of TPTQ_C. The TPA cross-section
has been directly related to changes in the static and transition
dipole moments, which are directly proportional to the charge
transfer character of a molecule.41 Therefore, from the
obtained TPA results, TPTQF_C has enhanced intrachain
charge transfer compared to its thiophene-based analogue
(TPTQ _C). The increased transition dipole moments in
TPTQF_C are due to the increased electronegativity of the
oxygen atom. These increased transition dipole moments may
suggest better interactions between the donor−acceptor
junctions, which lead to more efficient charge transfer.
2.2. Time-Resolved Fluorescence Measurements. To

understand the fluorescence dynamics of these polymers, time-
correlated single photon counting (TCSPC) measurements
were carried out. The decay kinetics and the fitted data are
shown in Figures 4 and S3, respectively. At the emission
maximum, a monoexponential decay function was used to fit
the used reference (Coumarin 6), the unpurged and purged
spectra of the TPTQ acceptor and the thiophene-based
TPTQ_C polymer. However, a biexponential decay function
was necessary to fit both the unpurged and purged data of the
TPTQF_C polymer. The fluorescence lifetime of the
Coumarin 6 reference was found to be 2.8 ns (Table 2)

which matches very well with the reported 2.4 ns.43 The two
polymers appear to have similar initial time decay dynamics.
However, at longer times, the decay of the furan-based
polymer slows down midway showing a biexponential decay.
At ambient conditions, the τ1 contribution in the furan-based
polymer is 28%, leaving only 72% for τ2. However, when
oxygen is purged out, the τ1 contribution drops to 24%, and
the τ2 contribution increases to 76%. Since oxygen has been

Figure 3. Two photon emission spectra (a) and power dependence of the two photon excited emission (b) of the investigated polymers in
chloroform upon 800 nm excitation.

Figure 4. Fluorescence decay lifetimes of the polymers obtained by
using time correlated single photon counting experiments. The inset
shows the decay dynamics at earlier times.

Table 2. Time Resolved Excited State Lifetime Dynamics of
the Investigated Foldable Polymers and the TPTQ Acceptor
in Chloroform at the Underlined Wavelengths in
Nanoseconds

compound λem (nm)
τ1 (UP)
(ns)

τ2 (UP)
(ns)

τ1 (P)
(ns)

τ2 (P)
(ns)

TPTQ
acceptor

426, 450,
477

1.3 N/A 1.3 N/A

TPTQ_C 492, 548,
600

3.2 N/A 3.2 N/A

TPTQF_C 504, 544 2.9 7.4 2.9 9.0

Coumarin 6 2.8
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reported to quench triplet excitons and with the 25% singlet
and 75% triplet exciton rule, the decaying component of the
TPTQF_C can be assigned to triplet a species. This
contribution is shown by the lifetimes reported in Table 2.
For the TPTQ_C polymer, only one species is observed,
which decays within 3.2 ns, and its lifetime is not affected by
oxygen purging, meaning that this contribution is from the
singlet species. However, the TPTQ acceptor, which also
decays monoexponentially, decays more than two times faster
as compared to the TPTQ_C polymer and the first component
of the TPTQF_C polymer as shown in Figure 4 and Table 2.
Interestingly, fluorescence dynamics were also checked at

other emitting wavelengths for both polymers (Figure S3). For
the furan-based polymer (TPTQF_C), the species at longer
wavelengths (542 nm) decays faster compared to those found
at the maximum emission peak (504 nm). In the thiophene-
based polymer, however, the low-wavelength species decays
the fastest. The similarity in decay kinetics between the 498
and 598 nm wavelengths could mean that these are similarly
emissive species. However, it is clear that 548 nm species emit
differently and can be assigned to different species.
Time-resolved fluorescence upconversion measurements

were used to resolve the fast fluorescence of the compounds.
As shown in Figure 5, the three compounds have different

decay dynamics, which were fitted and reported in Table 3.
Both polymers fitted well to a triexponential function. The
earlier two decay components for both polymers are very fast,
however, that of TPTQ_C portrays faster dynamics (4 and 50
ps) compared to the 16 and 205 ps decay time of TPTQF_C.
Interestingly, the final and third polymer decay component,
which does not necessarily decay completely, shows that

TPTQF_C decays 2.3 times faster as compared to TPTQ_C.
The interesting result showing that the third ultrafast decay
component of the decay is faster in TPTQF_C matches well
with the results obtained using the TCSPC, where the decay
time of the earlier components of the furan-based polymer is
faster compared to the thiophene-based counterpart. There-
fore, comparing just the polymers, the fluorescence decay
results trend obtained using ultrafast upconversion results
(later component) matches those obtained using the TCSPC
(earlier component). At earlier times, however, the TPTQ
acceptor decay time is significantly slower (more than an order
of magnitude) than that of both polymer systems. This could
indicate that at these earlier times, the polymers are forming a
fast species that is not observed in the TPTQ acceptor.
2.3. Transient Absorption Spectroscopy. Both nano-

second and femtosecond transient absorption measurements
were used to probe the excited state dynamics of the
investigated molecules. The nanosecond transient absorption
spectroscopy (nsTAS) measurements were used to probe the
long-lived excited state dynamics, while the femtosecond
transient absorption spectroscopy (fsTAS) was used to probe
the contribution of short-lived states to the photophysics of
these materials. The TAS spectra show depletion of the ground
state, also known as the ground state bleach (GSB). The
excitation of photons to higher excited states can also be
observed, which are positive signals called excited state
absorption (ESA). A negative signal (stimulated emission�

SE) can also be observed when radiative decay happens. For
the nsTAS, the compounds were excited using both low
(absorption maxima of the respective materials) and high (348
nm) energies, as shown in Figures 6, 7, and S4−S8, and Table
4. All measurements were done at low fluence (∼1.2 mJ)
excitation. With visible wavelength excitation (483 nm for
TPTQ_C and 470 nm for TPTQF_C), a broad and intense
stimulated emission that decays within 100 ns is observed for
both polymers (Figure S4a,b). Without the fluorescence
background subtraction and exciting at the compounds at
their respective maximum absorptions, both polymers show a
very small ESA as shown in Figure S5a−d. The peak of these
ESAs can be estimated to be ∼560 and ∼536 nm for TPTQ_C
and TPTQF_C, respectively. The GSBs, whose peak maxima
match well with the absorption spectra of the compounds, are
observed for both molecules. The observed ESAs are more
clearer and less noisy when the compounds are excited using
higher energy (348 nm) as shown in Figure 6. The spectra and
ESA kinetics of these polymers did not change when the two
molecules were excited in UV with the excitation power kept
low.
As shown in Figure 6, a GSB which resembles the one

obtained in Figure S5 is observed. The small ESA around 560
nm for TPTQ_C and 536 nm for TPTQF_C becomes more
prominent, as shown in Figure 6. For the TPTQ_C
compound, the lifetime of the GSB observed at 484 nm
increases slightly upon oxygen purging, which may be an
indicator of nonsinglet species in the molecule (Figure S6).
However, the ESA decay time from this molecule does not
change upon oxygen purging, which shows that this ESA is a
result of nontriplet species (Figure 7). For the TPTQF_C
compound, both the ESA and its GSB are not affected by
oxygen purging at all, showing that this ESA is a result of
purely singlet states (Figures S6 and 7).
The TPTQ acceptor molecule shows well-resolved dynamics

where a GSB with a maximum peak at 420 nm (which matches

Figure 5. Ultrafast fluoresence upconversion decay kinetics of the
investigated polymers obtained using time-correlated single photon
counting experiments.

Table 3. Ultrafast Time-Resolved Excited State Lifetime
Dynamics of the Investigated Foldable Polymers as well as
the TPTQ Acceptor in Chloroform in Picoseconds

compound λem (nm) τ1 (ps) τ2 (ps) τ3 (ps)

TPTQ acceptor 480 61 264 N/A

TPTQ_C 500 4 50 651

TPTQF_C 500 16 205 280
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well with the ground state absorption) was observed as shown
in Figure 6. Two ESA bands are also observed where the ESA
at 302 nm decays more slowly as compared to that observed at
562 nm, as shown in Table 4. The lifetimes of both of these
ESAs are enhanced upon oxygen purging showing that these
ESAs are a result of triplets (Figures 7C and S7). In addition,
the GSB decay time is also enhanced by oxygen purging, which
further proves the existence of triplet species (Figure S8).
Interestingly, there is another GSB peak observed at 844 nm,
whose decaytime is also enhanced by oxygen purging (Figure
S8). This 844 nm peak matches well with the phosphorescence
peak observed in the steady-state studies (Figure S2 and Table
1).
TAS measurements were taken to look into the faster

dynamics of the molecules. For both polymer molecules, a
GSB that matches well with the respective absorption spectra
was observed. At both excitations (respective absorption
maxima and 348 nm excitation), the GSB of both polymers
forms within 1.00 ps before decaying back slowly (Figures 8
and S9). In both cases, the GSB does not decay completely to
zero, which agrees well with the nsTAS results that show long-
lived GSB. Additionally, an ESA similar to that observed
around the same wavelength range as that for nsTAS was
observed for both molecules. For both polymers, the GSB
formation and decay happen at the same time as the ESA
formation and decay, indicating that the ESA observed is of a

singlet character, which agrees with the nsTAS results. The
ESA decay kinetics are shown in Figures S10−S13.
For the TPTQ acceptor, a very intense ESA with two bands

was observed. Interestingly, as the ESA at 489 nm decayed, the
ESA at 566 nm formed (Figures 8 and S11). This decay and
formation, which happens at approximately the same rate,
could be connected with the charge transfer of the donor and
acceptor species in the system. The ESA at 566 nm is
consistent with the ESA observed in the nsTAS measurements
and has a decay time of approximately 600 ps. The reason why
the singlet species are not observed using the nsTAS is clearly
because their decay time is ∼600 ps, which is too fast to be
resolved by our nsTAS whose instrument response function is
only 7 ns. These excited state dynamics measurements with
both nanosecond and femtosecond resolution identify the
differences in acceptor charge transfer and mobility in
comparison to those of the two polymers.
2.4. Electron Paramagnetic Resonance Spectroscopy.

As it was predicted that the TPTQ_C and TPTQF_C
molecules can exist in their resonance states, electron
paramagnetic resonance (EPR) spectroscopic measurements
were done at ∼100 K to check the presence of unpaired
electrons in these polymer samples and the TPTQ acceptor.
Interestingly, only one of the investigated molecular systems
investigated in this study, TPTQ_C, showed a derivative peak
where the g-factor of the formally forbidden double quantum
(nonvertical) transition is ∼1.9726 as shown by the green

Figure 6. Nanosecond transient absorption spectra of the investigated polymers with a UV excitation of ∼2.3 mJ.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.4c00685
ACS Appl. Energy Mater. 2024, 7, 4904−4918

4910

https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c00685/suppl_file/ae4c00685_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00685?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00685?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00685?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00685?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


arrows in the spectra in Figure 9. This g-factor shows the
presence of organic radicals and has been reported in multiple
studies.44,45 It is worth noting that there is an additional peak
at higher g-factor values and a peak at 2.2811. The difference
between this peak and the peak derivative is 0.3085. This
information is used in the theoretical model described below.
2.5. Quantum Chemical Calculations. The focus of

these quantum chemical calculations is on the vertical
excitations from the initial structures of the TPTQ acceptor,
TPTQ_C, and TPTQF_C. The details of computational
methodologies are presented in the SI. The predicted
absorption wavelengths are shown in Table 5 and are

consistent with the trend of experimental results (strongest
absorption wavelength, TPTQ_C > TPTQF_C > TPTQ
acceptor). The natural transition orbitals (NTOs) in Figure 10
indicate charge transfer from the nitrogen to the oxygen, via π

→ π* excitations in the aromatic rings. In Figure S14, the
planarity of the TPTQ acceptor, TPTQ_C, and TPTQF_C,
which allows for the different charge transfers, is characterized.
The predictions show that TPTQ_C has a smaller HOMO−

LUMO bandgap (2.25 eV) as compared to the TPTQF_C
(2.38 eV). Incorporating the furan in the electron-deficient
material interestingly leads to higher energies for both HOMO
(−5.42 eV) and LUMO (−3.04 eV). However, TPTQ_C has

Figure 7. Nanosecond transient absorption ESA kinetics of the investigated polymers with a UV excitation of ∼2.3 mJ.

Table 4. Purged (p) and Unpurged (up) nsTAS ESA and GSB Lifetime Dynamics of the Investigated Molecules, as well as the
TPTQ Acceptor in Chloroform at Their Indicated Wavelengths

ESA GSB

compound λem (nm) τ1(UP) (ns) τ1(P) (ns) λem (nm) τ1(UP) (ns) τ2 (UP) (ns) τ1(P) (ns) τ2 (P) (ns)

TPTQ acceptor 302 591 2098 420 584 N/A 4415 N/A

562 568 1922 844 563 N/A 3793 N/A

TPTQ_C 562 1164/24,954 484 233 472 214 1294

TPTQF_C 536 1129/61,214 470 447 801 180 1242
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a slightly lower HOMO (−5.44 eV) and lower LUMO (−3.19
eV). These results indicate there should be a better intrachain
charge transfer from the donor to the acceptor of the

TPTQ_C polymer, compared to the charge transfer in
TPTQF_C.46 The orbital energies of TPTQ_C, TPTQF_C,
and the TPTQ acceptor are shown in Table S1. In addition to

Figure 8. fsTAS spectra of both the TPTQ_C and TPTQF_C polymers as well as the TPTQ acceptor at 348 nm excitation.

Figure 9. EPR measurements of the investigated molecules. On the right, the TPTQ_C measurements were repeated at a lower concentration.
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the HOMO−LUMO energy gap, the singlet/triplet energy gap
was also calculated at the Density Functional Theory (DFT)
level for TPTQ_C, TPTQF_C, and the TPTQ acceptor. The
ground state of each of the calculated structure is a singlet, and
the first triplet excited state requires a lot less energy than the
first singlet excited state (at least 150 nm lower in energy for
the three complexes).
The structures, as well as ground and excited information for

both polymers, are illustrated in Figure 11 and Table 6. The
isosurface for spin densities of TPTQ_C, TPTQF_C, and
acceptor are depicted in Figure S15, showing the diradical
electron distribution along the Π systems The carbon−carbon
bond distance C−C 3 decreases from the ground to the excited
state (1.462−1.437 Å for TPTQ_C and 1.452−1.425 Å for
TPTQF_C), which indicates the excited state has a larger
weight of the zwitterion resonance form than the ground state.
To characterize the diradical characters of the molecules, the

natural orbital occupation number (NOON) of the ground
and excited states of TPTQ_C, TPTQF_C, and TPTQ
acceptor were evaluated and presented in Table 7. This same
method has been used and reported in the literature.47 The
Mulliken spin densities presented in Figure 12 indicate the
spatial locations of spin-polarized electrons.
The unrestricted Hartee−Fock (UHF) NOON values

obtained theoretically were used to compute the diradical
character, y, of all the investigated materials based on a method
previously described by Kamada et al.47,48 Here, the diradical
resonance contribution to the ground structure, also known as
the singlet diradical character index, y, is calculated from using
the Hartee−Fock method where

y
T

T
1

2

1
2

=

+ (1)

T is represented using the occupational numbers of (n) of
UHF natural orbitals

T
n n

2

HOMO LUMO
=

(2)

3. DISCUSSION

In this study, the photophysical properties are reported of
previously synthesized semiladder polymers consisting of two
different acceptor monomers: thienopyridothienoquinoline,
which has a thiophene incorporated (TPTQ_C) and
thienopyridothienoquinoline with a furan molecule incorpo-
rated (TPTQF_C). Both of these acceptors are coupled to a
carbazole donor monomer moiety.5 Previous reports have
shown the photoinduced radical polymerization of quinolines
through intramolecular charge transfer that cleaves certain C−

O bonds to form radicals.49 Elsewhere, carbazole-donor-based
fullerene polymers have been reported to form long-lived
singlet diradicals upon light absorption.50 In some molecules,
these diradicals can transition to form long-lived zwitterions.26

To the best of our knowledge, no one has reported time-
resolved and nonlinear optical properties and the charge
transfer mechanism that involves the formation of diradicaloids
in foldable ladder-type polymer aggregates for OLET
applications. Thus, from our studies, we propose that the
diradicaloids formed in the case of the TPTQ_C molecule
reduce the charge and energy transfer rate of the thiophene-
carbazole-based OLET polymers. The reduced energy transfer
process leads to a decreased overall (EQE) of the resultant
OLETs with diradicaloid character.

Table 5. Absorption Spectra (nm) for TPTQ_C, TPTQF_C,
and TPTQ Acceptors from Experiment and Computational
Approaches.a

wavelength (nm) TPTQ_C TPTQF_C TPTQ acceptor

S0 → S1 446 (0.97) 428 (0.93) 419 (0.69)

S0 → T1b 607 (0.00) 580 (0.00) 578 (0.00)

experiment 455, 483, 520 440, 470, 489 332, 348, 397, 419
aS0, S1, and T1 represent the singlet ground, first singlet excited, and
first triplet excited states, respectively. Values in parentheses indicate
the oscillator strengths. bZero oscillator strength due to no spin−orbit
coupling in the calculations.

Figure 10. NTOs for TPTQ_C, TPTQF_C, and TPTQ acceptors. λ indicates the eigenvalue of the transition.

Figure 11. Structure for TPTQ_C (X�S) and TPTQF_C (X�O).
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From the steady-state absorption, and just considering the
maximum absorption (Figure 2; Table 1), it is clear that
TPTQ_C has a slightly lower HOMO−LUMO bandgap
(2.567 eV) compared to the TPTQF_C (2.638 eV). Here, the
HOMO−LUMO bandgap of the furan-based polymer is 0.071
eV higher than the generally suggested difference of 0.3−0.4
eV.51 The weak low-energy shoulder observed at 520 nm has
been reported to originate from low-lying singlet states, which
are mostly because of doubly excited electronic configuration
(HH/LL) and indicate the presence of open-shell singlet
ground states in the form of diradicaloids.23,31,52−54 This weak
and low-energy shoulder is the first evidence that shows the

presence of diradical character in only the TPTQ_C molecule
and backed-up by its lowest HOMO−LUMO bandgap. The
red-shifted emission of the TPTQ_C compound can also be
attributed to its larger diradical character and has been
reported to improve the electron delocalization and the
compound's diradical resonance, effectively reducing their
optical energy gaps.24

Additionally, the faster fluorescence decay kinetics, as well as
lower fluorescence quantum yield, indicates fluorescence
quenching in the thiophene-based polymer (TPTQ_C)
compared to its counterpart TPTQF_C. This quenching can
be associated with increased molecular aromatization and
conjugation which increases the fluorophores density.55 Due to
its high aromatic stability, TPTQ_C can form neutral
zwitterions through the cleaving of the C�O in the thiophene
acceptor, followed by an electronic reorganization to form a
cation on the amine side of the carbazole donor. This cation
formation can be followed by self-doping leading to the
formation of diradicals.33 However, the presence of furan in
TPTQF_C reduces its aromaticity and increases the quinoidal
interactions, which inhibit the diradical formation. Similar
results were observed by Xue et al. and Sander.23,56 As
mentioned above, low fluorescence quantum yields have been
reported for materials with increased diradical character.54

Table 6. Partial Natural Population Analysis Charges (Atomic Unit) and Bond Distances (Å) in the Ground and Excited States
of TPTQ_C and TPTQF_C

N1 C4 X5 O7 X8 N1−C 2 C3−C4 C6−O 7

TPTQ_C S0 −0.386 −0.177 0.443 −0.628 0.439 1.386 1.462 1.231

S1 −0.345 −0.211 0.392 −0.632 0.404 1.379 1.437 1.234

TPTQF_C S0 −0.483 0.374 −0.550 −0.735 −0.553 1.385 1.452 1.229

S1 −0.384 0.322 −0.457 −0.626 −0.460 1.378 1.425 1.234

Table 7. Diradical Character of TPTQ_C, TPTQF_C, and
TPTQ Acceptor, Characterized by the UHF Spin Value
<S2> and NOON

TPTQ_C TPTQF_C
TPTQ
acceptor

ground state (S0) <S2> 2.68 2.54 1.46

ground state (S0) NOON 1.64, 0.36 1.66, 0.34 1.68, 0.32

excited state (S1) NOON 1.22, 0.75 1.25, 0.73 1.04, 0.98

computed diradical character, y
(ground state (S0) NOON)

0.09 0.08 0.07

computed diradical character y’,
(excited state (S1) NOON)

0.55 0.51 0.94

Figure 12. Mulliken spin densities for TPTQ_C, TPTQF_C, and the TPTQ acceptor. Absolute values greater than 0.3 are labeled near the
associated atoms.
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A D A D A D+ + +
· ·+ · · (3)

Given the reported steady-state results, a few parameters
were obtained to calculate the singlet diradical character, y, of
the investigated materials using the expression (eq 4) derived
and reported by Kamada et al.57

y
E E

E
1 1

S S T S

S

2

u g u g

g S g

1 1 1 1

2 , 1

=

i

k

jjjjjjj

y

{

zzzzzzz
(4)

where ESd1uSd1g
is given by the lowest energy peak of the one-

photon absorption spectra, ETd1uSd1g
is obtained from phosphor-

escence peak measurements and ESd2g, S1g
corresponds to the

lowest energy peak of the TPA spectra. Based on these steady-
state parameters, the calculated diradical character shows an
element of diradical character in these molecules with the
TPTQ_C molecule showing the largest y (Table 8).
Additionally, the singlet−triplet energy gap (ΔEST) was

calculated by subtracting the triplet state energy (ET) from the
singlet state energy (ES). Here, TPTQ_C shows a lower ΔEST
bandgap compared to TPTQF_C. Previous studies have used
the singlet−triplet energy gap of diradicaloids to not only rule
out the possibility of biradical formation but also determine the
spin multiplicity of the diradicals. Su et al. report that the
diradicaloids can be characterized by a positive electron
exchange interaction, J, which means that there is some level of
coupling between the nonbonding electrons, as shown in eq
5.58

E E E J2ST S T= = (5)

The presence of electron exchange interaction indicates that
there is some coupling between the nonbonding electrons,
which eliminates the possibility that the nonbonding electrons
could be forming diradicals instead of biradicals.
The diradical character in TPTQ_C is also ascertained by

the signal observed in the EPR measurements. The appearance
of the EPR spectra observed in our results can be explained by
the forbidden Δms = ±2 EPR transitions which become weakly
allowed by the second-order perturbation in the zero-field
splitting Hamiltonian to produce distinct states.59 The
intensity of the half-field transitions is therefore much weaker,
as shown at 3167G and 3514G (Figure 13). The EPR allowed
transitions of the TPTQ_C molecule lead to degenerate Ex
and Ey. As a result, Ex and Ey = 3241G while Ez = 3167G. This
information can be used to calculate the zero-field splitting
parameters, E and D.28 D/2 = 74G, D = 148G. Since D = 3E, E
= 49.3G. The experimentally computed D parameter can
therefore be used to determine the spin−spin distance (r)
using eq 6 below.

D X g r1.39 10 ( / )4 2
= (6)

where:
g = g-factor and
r is the spin−spin distance.

From the above equation, the spin−spin distance, r, is 5.8 Å.
This calculated spin−spin distance is smaller than the
previously reported spin−spin distance between two non-
bonding electrons (6.4 Å) of a stable diradical emitter.60

From the transient absorption, the positive ESA, which,
according to fsTAS, has a growth and decay time equivalent to
that of their respective ground state depletion, is assigned to
singlet states. This assignment to singlet states is further
reinforced by the nsTAS measurements, where the ESA
lifetimes are not enhanced in nitrogen-rich environments.
Surprisingly, lifetimes of these ESAs are beyond the usual
singlet state lifetimes of a couple of 10−100 ns. Here, we
obtain 25 and 60 μs for TPTQ_C and TPTQF_C,
respectively. The TPTQ_C ESA is assigned to diradicaloids.
These long lifetime diradicaloid species whose lifetime is
affected by purging out oxygen have been reported in previous
studies.61 We suggest that for TPTQF_C, the long-lived
singlet state is as a result of zwitterions states which have been
reported to appear in higher energies than diradical states.25

Based on our experimental data, we propose the energy level
diagram shown in Figure 14.
The Mulliken spin density in Figure 12 suggests all three

systems are more similar to diradicals rather than biradicals,
namely, the polarized electrons are not located in two spatial
centers.47 To compare the diradical characters among
TPTQ_C, TPTQF_C, and TPTQ acceptor, the values of
<S2> and NOON in Table 5 were estimated. Larger <S2> and
deviations from the values 2.0 and 0.0 suggest stronger
diradical character.27,47,48 The <S2> and NOON in Table 7
indicate that TPTQ_C and TPTQF_C have significant
diradical character, both of which are stronger than that of
TPTQ acceptor. This may be explained by TPTQ_C and
TPTQF_C having more extended conjugated ranges than the
acceptor, similar to the increasingly large diradical characters
observed in higher-order acenes.27 TPTQ_C exhibits a slightly
larger diradical character than TPTQF_C (<S2> are 2.68 and

Table 8. Calculated Diradical Character, y, ΔEST, and J from the Steady-State Measurements

compound lSd1uS d1g
(nm) ES d1uSd1g

(eV) lT d1uS d1g
(nm) ET d1uSd1g

(eV) lSd2g,S1g
(nm) ESd2g,S1g

(eV) y ΔEST J

TPTQ acceptor 419 2.9541 844 1.469 540 4.592 0.053 1.485 0.74

TPTQ_C 522 2.375 970 1.278 600 2.296 0.122 1.097 0.55

TPTQF_C 496 2.500 944 1.313 540 4.592 0.034 1.186 0.59

Figure 13. EPR data of the TPTQ_C compound were analyzed.
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2.54 for TPTQ_C and TPTQF_C, respectively). This may be
explained by the fact that the atomic orbital energy of sulfur 3p
(−0.263 hartree) is closer to carbon 2p (−0.199 hartree) than
oxygen 2p (−0.338 hartree) is to carbon 2p (−0.199
hartree).62

From previous studies5,13,17 it is possible for quinoline
derivatives like TPTQ_C and TPTQF_C to exist in their
resonant forms as shown in Figure 1. Due to the presence of
sulfur, the thiophene-based polymer resonant structure
becomes more unreactive due to its high aromatic stability
compared to the furan-based counterparts. The TPTQF_C,
which is more reactive, is extremely unstable, and its resonant
structure is very short-lived. Similar results were reported by
Jursic where sulfur heterocyclic compounds showed the
highest resonance stability while their furan derivatives were
the most reactive.63 Previous polymer studies show that furan
has reduced aromaticity which increases the contribution from
quinoidal resonance structure in polyfurans making furan-
containing polymers more rigid with a planar conformation as
well as an overly increased conjugation.18 This decrease in
aromaticity around the furan moiety tends to enhance the
probability of additional reactions like that of singlet oxygen
and light, compared to their counterpart thiophene-based
polymers.18 This is an interesting observation since previously,
a decrease in aromaticity has been related to an increase in the
diradical character of molecules.64,65 The saturation of this π
conjugation leads to an unexpected shift of the absorption
maximum to high energies. However, the lone pair of electrons
on the sulfur atom in the TPTQ _C polymer leads to p−π
conjugation, extending the overall conjugation of the
thiophene-based TPTQ _C polymer. This extended con-
jugation leads to intensified absorption, which is shifted to
longer wavelengths as confirmed by the TPTQ _C absorption
in Figure 2a.

4. CONCLUSIONS

The presence of unpaired electrons in an open-shell molecule
has been reported to form resonant structures with the
enhanced spin density that is delocalized along the planar π-
conjugated backbone, influencing charge transfer. The
existence of degenerate or nearly degenerate nonbonding
orbitals containing radicals can offer intermolecular spin−spin
interactions, which lead to σ-aggregation and formation of σ-

polymerization, affecting intermolecular stacking and charge
transport, proving to be good for OLEDs. Per our experimental
work, we believe that the thiophene-based compound
(TPTQ_C) displays a diradical character. This conclusion is
suggested as a result of a number of properties. First, the weak
low-energy shoulder observed at 520 nm has been reported to
originate from low-lying singlet states which are mostly a result
of doubly excited electronic configuration (HH/LL) and
indicate the presence of open-shell singlet ground states in the
form of diradicaloids. Second, fluorescence quenching in the
polymer along with the low fluorescence quantum yields and
lower TPA cross-section suggest an increased diradical
character.54,66 Third, based on the optical and calculated
diradical character (y) results, the TPTQ_C molecule has the
largest diradical character. In addition, the calculation of the
electron exchange interaction parameter shows that there is
some interaction between the two unpaired electrons, which
means that the open-shell structure formed is of diradical
character and not biradical. Fourth, TPTQ_C has the lowest
singlet−triplet energy gap (ΔEST). Fifth, a signal is observed
from EPR measurements with a g-factor of ∼2.000, which is
typical of organic radicals. And sixth, the unusually long-lived
ESA (25 μs) with a singlet character that was observed for the
TPTQ_C compound has also been reported in other rylene
diradical states and is assigned to the singlet diradicaloid states
for this compound. These results strongly point to the diradical
character of the TPTQ-C molecule and will be useful in the
design of new and highly efficient OLET devices.
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