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ABSTRACT: Pentacepe (PEN) is a protot.yplcal small-mf)lecul.e organic | O S S e
semiconductor and a singlet fission (SF) material, but the details of its charge- 3 “ “ j%[
transfer (CT) interactions with electron acceptors are still under debate. Here, | @ \ "‘ ‘ ‘.‘ BN
we revisit the CT interactions in thin film blends of PEN and 2,3,56- [5| a. 'Q O
tetrafluoro-7,7,8,8,-tetracyanoquinodimethane (F4-TCNQ) and find exper- f-j “ % Q% % e
imental evidence for the coexistence of integer CT (ICT) and charge-transfer | & &y
complex (CTC) formation, with the relative amount depending on the mixing )
ratio. In contrast, in blends of PEN and 2,2'-(perfluoronaphthalene-2,6- ' 0 P,
diylidene)dimalononitrile (F6-TCNNQ), only ICT is found, illustrating the |5 ‘ e% Q e% NG
special behavior of PEN/F4-TCNQ at the border between CTC formation and i ‘- ‘ —_— %- ‘ . ¢
ICT. We further study the photophysics of these donor/acceptor blends with | = ﬂ ‘ ﬂ ‘ r s
respect to the importance of PEN as a SF material and find that SF is robust \ Y4 ’ Y 4 ’ Mot

against moderate amounts of acceptors in the blends. Triplet pair formation
and separation, as well as CT from PEN triplets to CTCs and acceptor molecules, is observed.

B INTRODUCTION

Organic semiconductors attracted enormous attention due to
their application in cost- and energy-efficient devices such as
organic light-emitting diodes, transistors, and solar cells." In
the context of an optimized device performance, the transfer of
charge in strongly interacting donor/acceptor systems is a key
parameter for charge separation as well as for doping.™”’
Furthermore, in the last decade, the potential of multiexciton
generation processes like singlet fission (SF) for the improve-
ment of solar cell efficiency has been demonstrated.”” A
model for the SF process with the evolution Sy + S; — '(TT)
— Y(T..T) - T, + T, has been established.” Here, S, and S,
denote singlet ground and lowest energy excited state,
respectively, '(TT) is a triplet pair state with electronic
coupling of the triplets, '(T...T) is a triplet pair state in which
electronic coupling has been lost, and T, is the lowest energy

(ICT)."® CTC formation has been successfully used to explain
the relatively small doping efficiency in small-molecule organic
semiconductors, and numerous examples of CTC formation
since have been reported.'’ ™

Recently, the model system of F4-TCNQ-doped PEN has
been revisited from the theoretical perspective,30 with the
conclusion that it is at the boundary between CTC formation
and ICT. To experimentally clarify the mechanisms of CT in
this system, we investigated PEN/F4-TCNQ_thin film blends
with a wide range of mixing ratios and compared them to
blends of PEN and 2,2’-(perfluoronaphthalene-2,6-diylidene)-
dimalononitrile (F6-TCNNQ), which is a slightly stronger
acceptor (see Figure 1). By expanding the spectral region of
the absorption measurements down to 0.5 eV and performing
additional vibrational measurements, we find evidence for
both, ICT and CTC formation, in blends of PEN and F4-

triplet state.

To gain deeper insight into the microscopic mechanisms of
both processes, charge-transfer (CT) and SF, pentacene
(PEN) has been identified as a model system since it not
only exhibits ultrafast and efficient SE*~'* but also finds wide
application in organic transistors'”'* due to its high
conductivity. Furthermore, PEN doped by 2,3,5,6-tetrafluoro-
7,7,8,8,-tetracyanoquinodimethane (F4-TCNQ) has been
established as a prototypical system for the doping of organic
semiconductors via charge-transfer complex (CTC) formation
involving the hybridization of the frontier orbitals of dopant
and host molecules' in contrast to integer charge-transfer
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TCNQ, in agreement with the theoretical predictions® and a
recent report of another donor/acceptor system.’’ This is
contrasted by blends of PEN and F6-TCNNQ that exhibit
only ICT, illustrating the impact of slight changes in the
acceptor strength and molecular size on the CT mechanism.
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Figure 1. Molecular structures, electron affinities (EAs), and
ionization potentials (IPs) of PEN, F4-TCNQ, and Fé-
TCNNQ.” *° *For the EAs of the acceptors and the IP of PEN,
an energy range is given, based on the reported values in the
literature.>*~>*

The PEN/F4-TCNQ and PEN/F6-TCNNQ blends are
therefore prototypical systems to investigate the photophysical
behavior of PEN in the presence of CTCs and ICT. Here, we
use transient absorption (TA) spectroscopy in the visible and
near-infrared (NIR) spectral regions to characterize the
dynamics of photoinduced ion pair formation in equimolar

blends and to study the impact of donor/acceptor interactions
on SF in blends with PEN excess.

B EXPERIMENTAL METHODS

PEN and F4-TCNQ were purchased from Sigma-Aldrich with
99.995 and 99% purity and F6-TCNNQ from Novaled GmbH
with 99.9% purity and used as received. Thin films were
prepared by organic molecular beam deposition in a vacuum
chamber with a base pressure of 2 X 10~® mbar. The sample
holder was cooled to ~253 K during the deposition of the thin
films at a rate of 6 A min™' and a nominal thickness of 80 nm.
The growth rates of the two compounds of the blends were
monitored independently by two quartz crystal microbalances,
which were calibrated by ellipsometry and have an estimated
error of +10%.

For steady-state absorption measurements, a PerkinElmer
Lambda 950 UV—vis—NIR spectrometer was used. The X-ray
reflectivity (XRR) measurements were performed on native
silicon substrates on a General Electric XRD 3003TT
instrument with Cu-K,,-radiation (4 = 1.541 A). Grazing-
incidence X-ray diffraction (GIXD) experiments were
performed on a Xeuss 2.0, Xenocs laboratory instrument
equipped with a microfocus X-ray source (4 = 1.541 A) and a
Pilatus 300k detector. Infrared spectra were measured in
transmission mode on doubly polished, 1.5 mm thick silicon
substrates using a Vertex 70 (Bruker) Fourier transform
infrared (FTIR) spectrometer. Transient absorption (TA)
measurements were performed using 150 pm thick borosilicate
glass slides as substrates, which were sealed by a second glass in
nitrogen to prevent photodegradation of the samples. The TA
setup is a commercially available pump-probe setup (HELIOS,
Ultrafast Systems). To generate the pump pulse, the
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Figure 2. FTIR and NIR spectra of PEN/F6-TCNNQ (&, c) and PEN/F4-TCNQ (b, d) blends. The acceptor fractions are given in the figures, and
the spectra are vertically offset for clarity. The vertical lines in the NIR spectra in (c) and (d) correspond to the reported cation and anion peak
positions: The dashed lines are at the PEN cation peak positions, as reported in ref 34, the solid lines in (c) are at the F6-TCNNQ™ anion peak
positions reported in ref 25, and the solid lines in (d) are at the F4-TCNQ~ anion peak position reported in ref 17.
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Figure 3. TA spectra integrated over the indicated pump-probe delay times of a blend with (a) 50% F6-TCNNQ pumped at 495 nm and (b) 50%
F4-TCNQ_ pumped at 400 nm and probed in the visible (left) and NIR (right) spectral region. The oscillations in (b) in the NIR are measurement

artifacts due to interference effects between the two sealed glasses.

fundamental beam at a center wavelength of 800 nm generated
by a Ti:Sa amplified laser system (Astrella, Coherent, 4 kHz)
was used as a pump in an optical parametric amplifier (TOPAS
Prime, Light Conversion). White light supercontinuum
generated in sapphire was used as probe; see ref 32 for details.
All measurements were done with magic angle polarization
between the pump and probe pulse. For global analysis (GA)
of the obtained TA data, the open source software Glotaran™
was used.

B RESULTS

The structure of the thin films was investigated by XRR and
GIXD measurements; see Figures S1 and S2 in the Supporting
Information. These data lead to the conclusion of an
amorphous mixed phase of PEN and the respective acceptor
and, in blends with excess PEN, phase-separated, randomly
oriented, polycrystalline PEN domains.

To characterize the degree of charge-transfer 6.y in different
blends, FTIR spectra were recorded, and the region of the CN
stretching mode, shown in Figure 2a,b, was analyzed. PEN
does not show any vibrational signal in this region which
allows us to assign all features to the respective acceptor. For
neat F6-TCNNQ, a relatively strong signal is obtained with
peaks at 2223, 2216, and 2207 cm ™!, with the strongest one at
2216 cm ™ as reported before.'”***! For increasing fractions of
PEN in the blends, this signal continuously decreases in
intensity. Simultaneously, a signal around 2191 cm™" appears
that can be assigned to the CN stretching mode of F6-
TCNNQ~ anions,”**" dominating for the 14% F6-TCNNQ
blend. The additional broad peak around 2065 nm, observed
for the blends, is tentatively assigned to interactions between
the charges in the organic thin films and oxygen vacancies in
SiO, due to its width.”” In summary, the data allow the
conclusion that in the blends, both, neutral and ionized F6-
TCNNQ molecules are present. This scenario is supported by
the NIR absorption spectra in Figure 2¢ as the sharp peaks at
1.06 eV (1170 nm), 1.26 eV (985 nm), and 1.45 eV (855 nm)

23954

25,36

match the positions reported for the F6-TCNNQ™ anion
and PEN" cation absorption.”* We note here that the weak
absorption below 0.7 €V in the spectra of the blends with 14
and 30% F6-TCNNQ might indicate a small fraction of CTCs
with a large 5cr. However, we conclude from the strong F6-
TCNNQ™ anion and PEN" cation peaks that ICT is the
dominant mechanism.

For the blends with F4-TCNQ, a different picture is
obtained based on the shift of the CN stretching mode (Figure
2b). Neat F4-TCNQ shows one main sharp peak at 2228 cm ™
in accordance with the literature.'” Upon addition of PEN,
three peaks can be discerned: At 2230 cm™, a weak peak,
assigned to neutral F4-TCNQ, is observable, which decreases
in intensity with increasing PEN fraction. At 2193 cm™", a peak
is visible that becomes less intense for increasing PEN fraction
and is assi_?ned to F4-TCNQ~ anions based on the
literature,'”*” indicating ICT. Finally, there is a peak at 2203
cm™!, which is visible in all blends and dominates in the blend
with 10% F4-TCNQ. Due to its intermediate position between
the ionic and neutral F4-TCNQ CN stretching mode, this peak
is assigned to a CTC formed by PEN and F4-TCNQ with d¢p
= (0.72 + 0.05)e (ref 14, 17). This indicates the coexistence of
ICT and CTC formation in blends of PEN and F4-TCNQ as
observed before in a related system (dibenzotetrathiafulvalene/
F6-TCNNQ)®' and consistent with the NIR absorption
spectra (Figure 2d). Here, the spectra of the blends also
show sharp peaks at 1.26 eV (985 nm), 1.42 eV (875 nm),
1.44 eV (860 nm), and 1.60 eV (775 nm) that match the
absorption of F4-TCNQ~ anions'”** and PEN* cations.’
However, there is an additional broad absorption peak at even
lower energies, around 0.65 eV (1910 nm), that we ascribe to
electronic transitions of a CTC, based on the broad shape and
the low energy position.' >’

The comparison of PEN blends with F6-TCNNQ_and F4-
TCNQ, respectively, allows us to investigate the photophysics
of donor/acceptor blends at the boundary between ICT and
CTC formation using ultrafast TA spectroscopy. For reference,
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Figure 4. TA spectra integrated over the indicated pump-probe delay times of (a) PEN, (b) 14% F6-TCNNQ, and (c) 10% F4-TCNQ pumped at

620 nm and probed in the visible (left) and NIR (right) spectral region.

steady-state absorption spectra of the investigated blends are
shown in the Supporting Information, Figure S3. In Figure 3a,
TA spectra of a blend with 50% F6-TCNNQ_pumped at 495
nm and probed in the visible and NIR spectral regions are
shown, which display only minor spectral evolution and a slow,
nonexponential decay. The TA spectra in the visible exhibit a
ground-state bleach (GSB) at an absorption maximum of 495
nm and a feature related to the Stark effect*” around 545 nm.
The NIR TA spectra show pronounced photoinduced
absorption (PIA) peaked at 1170 and 1000 nm and a shoulder
around 880 nm, thus at the positions of the F6-TCNNQ™
anion and PEN" cation absorption®** (see Figure 2c). These
signals would be consistent with optical excitation of neutral
F6-TCNNQ_molecules by the pump pulse followed by F6-
TCNNQ™ anion and PEN" cation formation via the transfer of
an electron from PEN to F6-TCNNQ. In the visible TA
spectra of the blend with 50% F4-TCNQ_ pumped at 400 nm
(Figure 3b), PIAs peaked outside our measurement region
and, in the NIR TA spectra, PIAs peaked at 880 and 990 nm
are observed at the positions of the F4-TCNQ ™ anion and
PEN* cation absorption'”** (Figure 2d), supporting the
notion of a similar scenario as for the F6-TCNNQ blend.
The steady-state absorption spectra of the blends with excess
PEN show characteristic PEN features (Figure S3 in the
Supporting Information) and therefore allow a comparison to a
neat PEN film. The TA spectra of a neat PEN film pumped at
620 nm and probed in the visible and NIR region are shown in

23955

Figure 4a. From GA of the data in the visible spectral region
(see the Supporting Information), a time constant of

T, = 95<i%0> fs was extracted for the S, — '(TT) evolution,

based on the loss of stimulated emission (SE) and appearance
of triplet excited-state absorption (ESA) above 700 nm, in very
good agreement with the literature.""*' The further evolution
into '(T...T) cannot be monitored in the visible region in neat
thin film PEN under perpendicular illumination due to the
absence of strong triplet features.'"” However, in the NIR
region, a spectral difference was reported for the '(TT) and
Y(T...T) species,”** which is also found in our data as a shift of
the main ESA toward slightly larger wavelengths and loss of
ESA above 1100 nm, even at room temperature. From GA (see
the Supporting Information), a time constant of

7, = 129(1'8%%) ps was found for the '(TT) — '(T..T)

transition, consistent with earlier reports.

In Figure 4b,c, the TA spectra of the blend with 14% F6-
TCNNQ and the blend with 10% F4-TCNQ are shown. The
TA spectra of the blends with 30% F6-TCNNQ and 28% F4-
TCNQ can be found in the Supporting Information in Figure
SS and two-dimensional (2D) map representations of all films
in Figures S6 and S7. The incorporation of acceptor molecules
into the PEN thin film not only impacts the photophysics due
to their strong electron-accepting behavior but also affects the
PEN crystallite orientation, seen in the structural analysis. This,

10,42
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Figure S. Schematic representation of the involved photoinduced species in PEN/F4-TCNQ_blends with PEN excess. Blue ellipsoids represent
PEN molecules, CTCs are depicted in purple, singlet excitons in yellow, and triplet excitons in green. '(T...T) and T, + T, show no spectroscopic
difference and the last step is diffusion-driven; therefore, only an approximate T, decay time is given. Reverse processes and decay to the ground
state are omitted for clarity. For the PEN/F6-TCNNQ blends, the last step is CT to F6-TCNNQ or F6-TCNNQ .

in turn, modifies the visibility of PEN transitions in the TA
spectrum.'”'>* Both effects can be seen in the TA spectra
shown in Figure 4b,c. In the visible region of the spectra, the
appearance of sharp ESA peaks at 500 and 540 nm can be
explained by a change of the PEN crystallite orientation,
making PEN triplet transitions at these positions excitable with
our measurement geometry.'~ These ESA features are evolving
and slightly shifting within the first picoseconds, which can be
ascribed to the evolution from '(TT) to '(T..T) (see ref 42),
and which again can also be followed in the NIR spectra.® A
second orientation effect can be seen in the NIR spectra as an
ESA around 1300 nm at very short times, which we ascribe to
the singlet TA spectrum based on ref 42.

The impact of acceptor molecules on the PEN photophysics
can be followed in the visible and NIR TA spectra on longer
time scales. While neat PEN does not show any spectral
evolution after 10 ps, the shape of the spectra of the blends
changes on these time scales. The PEN triplet ESA in the
visible spectral region (at 540 nm and above 700 nm) decays
within 500 ps, while the PEN GSB remains. In the NIR TA
spectra of the PEN/F6-TCNNQ_ blend in Figure 4b, a PIA
between 850 and 1000 nm and a weaker PIA around 1200 nm
rise at long delay times, thus at the positions of the PEN*
cation and F6-TCNNQ™ anion absorption shown in Figure 2c.
The NIR spectra in Figure 4c show at long times PIAs at the
positions of the PEN™ cation and F4-TCNQ™ anion absorption
(compare Figure 2d) and a bleach above 1300 nm that
matches the CTC transition.

B DISCUSSION

Summarizing our experimental findings, we provide conclusive
evidence for the coexistence of CTC formation and ICT in
blends of PEN and F4-TCNQ, confirming theoretical
predictions that F4-TCNQ-doped PEN is at the boundary
between CTC formation and ICT.*® This was achieved by
expanding the measured spectral region of the absorption
spectra down to 0.5 eV and comparing these results with FTIR
spectra, allowing us to observe signatures of both CT
mechanisms. In particular, the high sensitivity of the CTC
formation on long-range order’' is confirmed in our experi-
ments. We find that CTC formation dominates in PEN/F4-
TCNQ blends with an excess of PEN for which Bragg peaks
indicate pronounced long-range order. In contrast, it seems
that ICT is more likely for those mixing ratios for which the
molecular arrangement is less ordered and the probability of
defects is increased. A possible explanation is that increased
disorder facilitates a variation of the relative arrangement of
donor and acceptor molecules and thus reduced orbital
overlap. By comparing these results to blends of PEN with
the slightly stronger acceptor F6-TCNNQ, the special case of
PEN/F4-TCNQ blends becomes apparent as the small
differences in the acceptor strength and molecular size are
already sufficient to push the system across the boundary

toward preferential ICT independent of the mixing ratio and
the resulting long-range order.

Interestingly, independent of the acceptor used, the
photophysics of equimolar blends is dominated by the decay
of ion pairs resulting from CT between PEN and the excited
acceptor. This can be explained by a dominant excitation of
neutral acceptor molecules in both blends (compare their
solution absorption spectra®) and subsequent CT. We thus
turn to the discussion of blends with an excess of PEN, in
which the PEN excess molecules in phase-separated domains
can directly be excited using an excitation wavelength of 620
nm (see the Supporting Information). Based on the previously
described observations and performing GA (see the Support-
ing Information) of the TA data in the visible and the NIR of
the blends with 10% (14%) and 28% (30%) F4-TCNQ_(Fé6-
TCNNQ), we propose the kinetic scheme shown in Figure §
to describe the photophysics of these blends.

The 620 nm pump pulse excites singlets on PEN molecules
(S;) that undergo an ultrafast transition to an electronically
coupled '(TT) state with a time constant 7, between 110 and
230 fs, slightly slower than in the neat PEN film. It follows a
transition with a time constant 7, between 1.8 and 3.3 ps to a
'(T..T) state, again slightly slower than in neat PEN. These
similar time constants suggest that PEN undergoes coherent
SF also in the presence of some acceptor molecules in the film,
which do not significantly impact this process. In particular, we
have no indications for a mediating role of the CT between
PEN and the electron acceptor in the SF process in our blends.
The further evolution differs for the two different acceptors. In
the blends with F4-TCNQ, the long-lived bleach of the
energetically low CTC transition combined with the PIA of
PEN" cations suggests an electron transfer from a PEN triplet
to a CTC, resulting in additional PEN" cations and negatively
charged CTCs. Since this evolution is driven by the diffusion
of excitons and depends on the distance of the created PEN
triplet to the CTCs, it has a nonexponential behavior.
Consequently, only a rough estimate of ~300 ps can be
given, based on the time scale of the quenching of the triplet
ESA (see Figure S8 in the Supporting Information). In the
blends containing F6-TCNNQ, the triplet ESA of PEN is also
quenched much faster than in neat PEN, although CTC
formation is not observed. The remaining of the GSB and the
build-up of PEN™ cation PIA accompanied by a weaker PIA at
the position of F6-TCNNQ ™ anion absorption could be
explained by a combination of the following two effects. First,
CT of an electron from a PEN triplet to neutral F6-TCNNQ,
leading to PEN' cations and F6-TCNNQ™ anions, and
possibly second, a CT from PEN triplets to F6-TCNNQ™
anions, resulting in PEN* cations and F6-TCNNQ’~ dianions.
The formation of F6-TCNNQ’~ dianions has been reported
before in the context of double doping,®® but these dianions do
not show any absorption in our accessible spectral region** so
that their formation cannot be proven. However, the scenario
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would be consistent with the FTIR spectra in Figure 2¢, which
indicate that a large fraction of the F6-TCNNQ molecules in
these blends is already ionized in the ground state. Similar to
the blends with F4-TCNQ, the process of triplet quenching is
probably diffusion-driven, which explains the nonexponential
behavior and the similar time of ~300 ps until the triplet signal
has disappeared. Finally, the weaker PEN GSB signal in all
blends after SO0 ps compared to neat PEN implies that a
fraction of the PEN triplets in the blends directly decays back
to the ground state, probably accelerated by smaller crystallite
sizes in the blends or energy transfer to CTCs.

B CONCLUSIONS

In summary, we have revisited the CT interactions of PEN and
F4-TCNQ_in thin film blends to unify the existing models for
CT in this system.">'*** Clear evidence is found for a
coexistence of CTC formation as well as ICT, with the relative
contribution depending on the mixing ratio. While at relatively
small F4-TCNQ_fractions CTC formation is facilitated, ICT
becomes more and more important with increasing F4-TCNQ_
fraction in the blends, possibly due to reduced long-range
order. Blends of PEN and F6-TCNNQ, on the other hand,
show only ICT, which can be rationalized by the slightly higher
electron affinity of F6-TCNNQ compared to F4-TCNQ. This
underlines the sensitivity of the CT mechanism to changes in
the acceptor strength, as a slight increase seems to be sufficient
to suppress CTC formation.

The dynamics of the equimolar blends are dominated by the
formation and decay of ion pairs, whereas the major decay
channel in blends with excess of PEN is SF. Importantly,
despite the presence of strong acceptors, the PEN triplet pair
formation is only slightly slowed down in comparison to neat
PEN and still occurs within a few 100 fs. On longer time scales,
CT from PEN triplets to CTCs and acceptor molecules is
observed, which results in long-lived charged molecules in the
blends. Our findings clarify the open question of the CT
mechanism in the model system PEN/F4-TCNQ and
emphasize its special status at the boundary between the two
main mechanisms, CTC formation and ICT. In addition, the
results of ultrafast spectroscopy experiments suggest that SF is
a very robust process in PEN, even in the presence of
considerable amounts of strong electron acceptors.

B ASSOCIATED CONTENT

® Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c07457.

Additional experimental data and discussions: X-ray
diffraction data, additional steady-state absorption
spectra, transient absorption data, and details of global
analysis (PDF)
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