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A series of new near-infrared (NIR) emitting copolymers, based on a low band gap 6-(2-
butyloctyl)-4,8-di(thiophen-2-yl)-[1,2,3]triazolo[4',5":4,5]benzo[1,2-c][1,2,5]thiadiazole
(TBTTT) fluorophore copolymerized into a high band gap poly[3,3'-ditetradecyl-2,2'-
bithiophene-5,5'-diyl-alt-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione-1,3-diyl]
(P2TTPD) host backbone, for polymer light-emitting diode (PLED) applications is reported.
PLEDs fabricated from the host polymer (P2TTPD-0) show external quantum efficiencies
(EQES) up to 0.49% at 690 nm, with turn-on voltage (Von) at only 2.4 V. By incorporating the
TBTTT segments into the host polymer backbone, pure NIR emission peaking at ~900 nm is
obtained with Von remaining below 5 V. This work demonstrates that such a low Von can be
attributed to efficient intrachain energy and/or charge transfer to the TBTTT sites. When the

NIR emitting copolymer (P2TTPD-10) is blended with P2TTPD-0, the TBTTT are confined
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to well-separated polymer chains. As a result, the EQE from the blend is lower and the Von
higher than that obtained from the pure copolymer (P2TTPD-1.0) with equal content of
TBTTT. An analogous copolymer (P4T-1.0), consisting of poly[3,3'-ditetradecyl-
2,2"5',2"5" 2" -quaterthiophene-5,5"-diyl] (P4T) as the host and 1% TBTTT as the NIR
emitter, further demonstrates that pure NIR emission can be obtained only through optimized
molecular orbital energy levels, as in P2TTPD-1.0, which minimizes chances for either charge

trapping or exciton splitting.

1. Introduction

Shifting the spectral range of organic light-emitting diodes (OLEDs) from the visible to the
near-infrared (NIR) region of the electromagnetic spectrum is of great interest, e.g. for
security display applications, optical communications and even photodynamic therapy.™
Recent publications on NIR OLEDs are mostly based on metalloporphyrins!?, rare-earth and
transition metal complexest®!, organic small molecules™ and conjugated polymers.[®! Hybrid
organic/inorganic materials referred as Perovskites!® and nanomaterials such as quantum
dotstl have shown high performance as NIR emitters as well. The two most efficient NIR
OLEDs reported to date, based on Pt-porphyrin phosphors, exhibit external quantum
efficiency (EQE) of 9.2% at 764 nm and 8.5% at 772 nm.[222I polymer light-emitting diodes
(PLEDs) based on these phosphors reach EQE of 3.0%, which is among the highest reported
for PLEDs. However, such devices are prone to suffer from high turn-on voltage (Von) up to
17 V and, especially for the Pt-OLEDs, significant EQE roll-off at current densities higher
than 103 mA cm2.[2]

Although a substantial part of the PLEDs research is focused on purely organic (metal-
free) fluorescent materials, their efficiencies are still far behind those obtained from the
organometallic ~ phosphors.’*5¢8  Previously,  benzo[c][1,2,5]thiadiazole  (BT),
[1,2,5]thiadiazolo[3,4-g]quinoxaline (TQ), benzo[1,2-c:4,5-c']bis[1,2,5]thiadiazole (BBT) and
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[1,2,3]triazolo[4',5":4,5]benzo[1,2-c][1,2,5]thiadiazole (BTT) have been the most commonly

used electron deficient units in donor—acceptor—donor (DAD) fluorophores (Figure 1).°)
Typically for these materials, both the photoluminescence quantum yield (PLQY) and the
EQE decrease with decreasing band gap, due to strong vibronic coupling between the ground
and excited states.[*! Strong intermolecular n—r stacking, i.e. aggregation, further favors non-
radiative decay processes, leading to poor EQE.[B*8¢1l However, EQEs of ~0.5% with EL
peak at ~725 nm from a BT based oligomer and 0.27% at 885 nm and 0.091% at 895 nm from
BTT based copolymers reported by some of us are among the best performing NIR PLEDs
based on purely organic materials published so far.[¢!2 Despite these promising results, such
devices exhibit high Von (11-28 V), as well as high operating voltage (maximum radiance
obtained at ~30-50 V).[*2l On the other hand, purely organic copolymers can simplify the
device fabrication compared for example to the vacuum deposited organometallic small

molecules and the use of additional host matrix materials.™*®!
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Figure 1. Molecular structures of DAD type NIR emitters BT, TQ, BBT and BTT.

Herein, we present a series of new NIR emitting copolymers based on 6-(2-butyloctyl)-4,8-
di(thiophen-2-yl)-[1,2,3]triazolo[4',5":4,5]benzo[1,2-c][1,2,5]thiadiazole (TBTTT) as the NIR
emitter and poly[3,3'-ditetradecyl-2,2'-bithiophene-5,5'-diyl-alt-5-(2-ethylhexyl)-4H-

thieno[3,4-c]pyrrole-4,6(5H)-dione-1,3-diyl] (P2TTPD) as the host. As shown in literature,
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the amount of NIR emitter is highly related to the EQE of the resulting PLEDs.®! Therefore,
different amounts of TBTTT were copolymerized into the P2TTPD host backbone forming a
series of random copolymers (Figure 2). We conducted a systematic study on the polymer
structure and molecular orbital energy distribution in relation to the optical properties and
device performance. An EQE of 0.49% with emission maximum at 690 nm and a Von at only
2.4 V for PLEDs fabricated from P2TTPD-0 were achieved. We obtained pure NIR emission
up to 930 nm, yet the Von remaining below 5 V even at 10% TBTTT loading (P2TTPD-10).
The polymers did not show EQE roll-offs at increasing current density like those reported for
the Pt-porphyrins.?22¢ |nstead, compared to the Pt-OLEDs,?? the maximum EQEs were
obtained at about four orders of magnitude higher current density, showing progressive
increase from 0.1 up to 10 mA cm2. Furthermore, we detected emission peaking at 930 nm,
i.e. more than 100 nm further towards the NIR compared to the aforementioned Pt-
porphyrins. The low Von can be attributed to the optimized frontier orbital energy levels, as the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the TBTTT NIR unit form a Type | intramolecular heterojunction with the
P2TTPD host (Figure 2). This energy levels arrangement enables efficient energy transfer and
formation of a low barrier to charge injection in the copolymers. When poly[3,3'-ditetradecyl-
2,2"5',2".5" 2"-quaterthiophene-5,5"-diyl] (P4T) is used as a host in a copolymer P4T-1.0,
increased emission component is observed in the visible region. This can be ascribed to a less
efficient charge transfer onto the NIR emitter in PAT-1.0 compared to P2TTPD-1.0. Pure NIR
emission can be obtained from such donor-weak acceptor-donor-strong acceptor
copolymerst®8121 when the energy and charge transfer work together, allowing efficient

energy funnelling and charge trapping at the low-gap NIR fluorophores.
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Figure 2. Chemical structures of the polymers P2TTPD-0, P2TTPD-0.5, P2TTPD-1.0,
P2TTPD-2.5, P2TTPD-10 and P4T-1.0 and energy level diagram for P2TTPD host, TBTTT
NIR unit and P4T host with the device architecture used in this study.

2. Results and Discussion
2.1. Materials

The materials synthesis is described in details in the Supporting Information (Figure S1 and
S2). As shown in Figure 2, we added branched N-C4Ce side chains to TBTTT to reduce the
aggregation of the NIR emitting unit and used long n-Cy4 side chains on the thiophenes to
obtain well-soluble and easily processable polymers. The polymers were synthesized by
varying the amount of TBTTT, 5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione)
(TPD), 3,3-ditetradecyl-2,2'-bithiophene (2Tr) and 2,2'-bithiophene (2T) (Figure S2). Both
2Tr and 2T are referred as 2T in the polymer names for simplicity. All the monomer amounts
are calculated from the initial molar feed ratios and the concentration of the DAD segment is
reported as percent (%) with respect to the host throughout this paper. P2TTPD-0.5, P2TTPD-
1.0, P2TTPD-2.5 and P2TTPD-10 contain 0.5, 1, 2.5 and 10% of TBTTT as the DAD unit,
respectively. Accordingly, P4T-1.0 contains 1% of the DAD. The polymers were end-capped
with thiophene, as recent literature shows that this kind of end-capping of the conjugated
polymers can significantly improve the charge carrier mobility and the performance of the

organic electronics.[**  Number-average molecular weight (Mn) of 10.2 kg mol™
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(polydispersity index, PDI 1.9) was obtained for P2TTPD-0, 9.2 kg mol* (PDI 2.0) for

P2TTPD-0.5, 10.8 kg mol* (PDI 1.9) for P2TTPD-1.0, 10.4 kg mol* (PDI 1.8) for P2TTPD-
2.5 and 16.7 kg mol™* (PDI 1.7) for P2TTPD-10. We noticed that the M, increased to 33.4 kg
mol! (PDI 2.2) for P4T-1.0 upon replacing TPD with 2T. This is probably due to higher
reactivity of the brominated sites of the electron donating 2T compared to the electron
withdrawing TPD. All the polymers show high thermal stability on thermogravimetric
analysis. The degradation onset temperature was > 380 °C (Figure S3). No detectable thermal
transition was observed on differential scanning calorimetry measurements when heated and

cooled over a temperature range of 0-350 °C (Figure S4).

2.2. Molecular Orbital Energy Levels

We used cyclic voltammetry (CV) to determine the HOMO and LUMO levels of the
polymers and the TBTTT monomer. The energy levels were estimated from the first oxidation
onset potential (Eox) and the first reduction onset potential (Ered) relative to the Fc/Fc* redox
couple (Figure S5). As shown in Figure 2, the HOMO/LUMO of P2TTPD-0 are both deeper
than those reported for a similar P2TTPD polymer without any side chains on the 2T donor (—
5.43/-3.09 eV).[*® Tail-to-tail alkylation of the 2T moiety in an analogous polymer lowers the
LUMO to —3.97 eV, which is in the same level with that of P2TTPD-0.[*®] We expect the
steric hindrance among the head-to-head side chains to induce torsion to the 2Tr sites of the
P2TTPD-0 backbone, which lowers the HOMO level, reduces the n—n stacking and promotes
amorphous property in the solid state.!] P2TTPD-0.5, P2TTPD-1.0, P2TTPD-2.5 and
P2TTPD-10 have almost identical HOMO/LUMO levels with P2TTPD-0 and no Eox/Ered
were found for the TBTTT segment using the CV method. This is due to small loading of
TBTTT in the polymers and hence relatively small differences in the polymer backbone.[*218]
However, the HOMO/LUMO of the TBTTT monomer are closely inside the band gap of the

P2TTPD-0 host (Figure 2). Furthermore, we used (TRTPDTRr)n (n = 1, 2, 3) as model
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compounds for the P2TTPD host and TBTTT for the DAD unit and optimized the geometries

at the density functional theory B3LYP/6-31G(d,p) level.l’®) By comparing the
HOMO/LUMO of TBTTT with those of (TRTPDTR)s, the calculated HOMO and LUMO of
TBTTT go inside the (TRTPDTR)3 band gap (Table S1, Figure S6 and S7), which is in
agreement with the CV results. Such a Type | energy levels arrangement®? will facilitate
efficient energy and charge transfer from the host to the NIR emitter.

This preferred match of the band gaps is not obtained with P4T-1.0 (Figure 2), as the
HOMO and LUMO are higher than those of P2TTPD-0 or P2TTPD-1.0. The HOMO of P4T-
1.0 is up-lying by approximately 0.1 eV compared to TBTTT, and thus results in an
unfavorable Type 11 alignment.[?°! Similar results were obtained by using (TRTTTgr)n (n = 1, 2,
3) model compounds for the PAT host. The calculated HOMO of (TrRTTTRr)3 is about 0.1 eV
higher than that of TBTTT (Table S1 and Figure S8). In fact, the HOMO/LUMO of P4T-1.0
are close to a plain thiophene polymer such as P3HT and can be addressed solely to the P4T
host backbone.l'”® The addition of TPD to the polymer not only changes the LUMO but also
lowers the HOMO to a level that reduces the charge injection barrier at the DAD segments
(Figure 2) and consequently favors a balanced charge transport to these sites. Moreover, TPD
does not act as a charge trap and then does not inhibit charge transport to TBTTT, which

would otherwise reduce the NIR emission from the PLEDs.[?

2.3. Optical Properties

Absorption spectra of the polymer thin films are reported in Figure 3a. P2TTPD-0 displays
an absorption maximum at 450 nm with an onset of absorption at 628 nm, corresponding to an
optical band gap of 1.97 eV. This is slightly narrower than the electrochemical band gap 2.23
eV measured by CV (Figure 2), as the two methods differ in terms of electronic transitions
that are measured.[?? Such an absorption band, evident both in the solid state film (Figure 3a)

and dilute chloroform solution (Figure S9), is the characteristic of intramolecular charge
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transfer (ICT) arising from excitations with the n—* manifold.[?®l P2TTPD-0.5, P2TTPD-1.0,

P2TTPD-2.5 and P2TTPD-10 show absorption profiles that are similar to P2TTPD-0 at 450
nm, with an additional ICT m—n* band at ~790 nm. Such additional red-shifted peak is
ascribable to a stronger ICT interaction upon incorporating the strong acceptor TBTTT to the
polymer backbone, and its intensity increases at increasing TBTTT feed.[?*! The absorption
onset at ~1000 nm allows us to identify an optical band gap of 1.24 eV. Accordingly, P4T-1.0
shows tiny absorption peak at ~790 nm and the high-energy maximum owed to the host
appears at 465 nm, with an onset of absorption at 571 nm. This corresponds to an optical band
gap of 2.17 eV for the PAT host and, similarly to P2TTPD-0 discussed earlier, this is slightly

narrower than the electrochemical band gap 2.44 eV (Figure 2).
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Figure 3. (a) Normalized absorption spectra of polymer thin films (~100 nm) on fused silica
glass; (b) Normalized PL of polymers in solid-state thin films. Interference effects at A > 850
nm are due to optical etaloning inside the CCD camera of the spectrometer; (c) EL of
polymers taken at 9 VV (P2TTPD-0), 15 V (P2TTPD-0.5) and 16 V (P2TTPD-1.0, P2TTPD-
2.5 and P4T-1.0); (d) PLEDs characteristics: current density and radiance versus voltage. The
active layer thickness is ~100 nm and the device area is 3.5 mm?.
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The high-energy absorption band of the polymers were almost the same both in thin film
and chloroform solution (452 nm, Figure S9). Although the peaks are somewhat broader in
films (Figure 3a), this is another proof of the low degree of n—n stacking in the solid state and
supports the predicted amorphous property of the head-to-head alkylated polymers. In that
perspective, both P2TTPD and PAT can be regarded as suitable host for the NIR emitting
TBTTT. However, the low-energy absorption red-shifted from ~740 nm in solution to ~790
nm in film, which indicates stronger ICT interaction induced by closer m—= stacking in the
solid state.

In Figure 3b the photoluminescence (PL) spectra of the polymers are reported (see
Supporting Information for experimental details). P2TTPD-0 show PL peak at 708 nm and
PLQY of 20% in solid-state thin films. As expected, the addition of the weak acceptor TPD
red-shifted the emission of P2TTPD-0 by ~90 nm compared to polythiophenes such as P3HT,
whose reported emission maximum is at ~620 nm.[?1 As shown in the Figure 3b, most of the
emission lies in the NIR region and, by taking into account the ratio between the photons
emitted at A > 700 nm and the photons absorbed, we calculated a NIR PLQY of 15%. Since
the long PL wavelength of P2TTPD-0 provides almost complete overlap with the absorption
of the TBTTT DAD unit, efficient resonant energy transfer (RET) can be expected in the
P2TTPD-0.5, P2TTPD-1.0, P2TTPD-2.5 and P2TTPD-10 systems.[®#l Thanks to the RET,
we obtained emission in the NIR region from the TBTTT moiety (Figure 3b). By increasing
the TBTTT amount from 0.5% to 1, 2.5 and 10% the NIR PL peak red-shifts from 874 nm to
897, 924 and 945 nm, respectively. The red-shift is ascribable to the aggregation of the DADs
at increasing concentration, which is well-known for conjugated systems in general and in the
specific case of NIR emitting moieties, as reported in previous studies. 812018261 Emjssijon
from the host decreases for increasing TBTTT content, but the residual red peak still
dominates the PL of P2TTPD-0.5, suggesting that the energy transfer is not complete at 0.5%

TBTTT loading. The residual emission from the P2TTPD host backbone appears blue-shifted



WILEY-VCH
by ~40 nm compared to P2TTPD-O0 as its low-energy tail is efficiently quenched by the NIR

emitting DAD moiety.

We measured the PLQY's for P2TTPD-0.5 (6%) and P2TTPD-1.0 (3%), which exhibit a
NIR PLQY of 4% and 3%, respectively. P2TTPD-2.5 and P2TTPD-10 show significantly
lower PLQY, probably due to aggregation quenching of the NIR emission. As a result, the
NIR PLQY dropped below the 1% sensitivity limit of our experimental setup. In the case of
PAT-1.0, the residual PL from PAT host is blue-shifted by ~70 nm compared to the P2TTPD
host in P2TTPD-1.0. Despite the poor spectral overlap between the PAT host emission and the
TBTTT absorption (Figure 3a and 3b), P4T-1.0 shows PLQY of 5% and NIR PLQY was

calculated to be 4%, which is similar to the NIR PLQY obtained from P2TTPD-1.0.

2.4. PLEDs Characterization

PLEDs were fabricated by using the device structure of ITO/PEDOT:PSS anodes and Ca/Al
cathodes, according to the procedure described in the Supporting Information. The thickness
of the polymer active layer was optimized to ~100 nm. The results of the device
characterization are summarized in Table 1 and the electroluminescence (EL) spectra of the
polymers are shown in Figure 3c. P2TTPD-0 exhibits an EL maximum at 690 nm, which is
~20 nm blue-shifted compared to the PL spectrum (Figure 3b and 3c). Such blue-shift can be
caused by differential charge transfer processes, morphology differences and/or
thermochromic effects in the active layer.[?”) Moreover, we did not observe any shift in the EL
wavelength when the voltage bias was varied by + 5 V. Nevertheless, the EL is mostly in the
NIR region and extending slightly beyond 900 nm. Thanks to the relatively high PLQY, we
achieved a maximum EQE of ~0.49% from the device with a maximum radiance of 0.19 mW
cm~2 (Figure 3d and Table 1). The P2TTPD-0 devices show very small EQE roll-offs, thus an
EQE of ~0.4% is maintained at currents up to 20 mA cm=. Furthermore, we found that

P2TTPD-0 exhibits Von at only 2.4 V, which is exceptionally low for conjugated
10
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copolymers.[5¢808¢12281 By considering only the portion of photons emitted at A > 700 nm, we
calculated a NIR EQE of 0.36% for P2TTPD-0. This is among the highest EQESs reported so
far in this spectral region and, to the best of our knowledge, the highest NIR EQE reported in
literature for a PLED with purely organic (metal-free) copolymer as a single unblended active

|ayer. [5b,5¢,9¢]

Table 1. Summary of PLEDs performance.

Polymer TBTTT Max EQE NIR EQE Von Max Radiance PL peak EL peak
[%]? [%]” [%]° V9 [mW cm™]°) [nm]? [nm]"
P2TTPD-0 0 0.49+0.12 0.36 24+0.3 0.19 708 690
P2TTPD-0.5 0.5 0.15 +0.01 0.13 43+0.3 0.13 667,874 680, 880
P2TTPD-1.0 1 0.08 + 0.05 0.07 43+0.6 0.07 681,897 684, 896
P2TTPD-2.5 25 0.010 + 0.001 0.010 6.4+1.3 0.02 677,924 909
P2TTPD-10 10 0.004 + 0.001 0.004 46+05 0.001 650, 945 930
P4T-1.0 1 0.06 £ 0.01 0.05M 4.7+05 0.02 612,879 604, 864
P2TTPD-10:P2TTPD-09 1 0.06 £0.02 0.06 96+1.4 0.01 664, 892 892

#Calculated from the initial feed ratio of the monomers; ®Measured at ~10 mA cm2 current
density; 9Defined as A > 700 nm; PIntercept of the radiance-voltage curve with the y-axis in a
semi-log plot; ®Measured at 15 V (at 10 V for P2TTPD-0); PEL and PL maxima at A > 700
nm correspond to the emission from the DAD moiety, whereas those at A < 700 nm
correspond to the residual emission from the host backbone; 910% w/w blend of P2TTPD-
10:P2TTPD-0; "The relative ratio of the visible component varied from pixel to pixel,
calculated from the pixel with lowest visible component. All confidence intervals represent
the standard deviation between values measured from a minimum of eight devices.

By adding TBTTT to the P2TTPD backbone in P2TTPD-0.5, P2TTPD-1.0 and P2TTPD-
2.5 (Figure 3c) the residual emission from the host is quenched more efficiently in the PLEDs
compared to the PL experiment (Figure 3b). The NIR EL peak from TBTTT dominates the
EL spectra at all concentrations tested in this work. Such a result is indicative of the crucial
role of the low band gap NIR moieties in both the charge transport and the mutual polarons
capture on these sites, which effectively leads to selective exciton formation at their locations.
Although energy transfer from the high band gap host polymer to the NIR moieties (the only

active in PL experiments) cannot be ruled out as a mechanism in EL, it is clearly less effective

as compared to the former one.[®*#281 We obtained EQE of 0.15% and NIR EQE of 0.13%
11
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with a maximum radiance of 0.13 mW cm2 from P2TTPD-0.5 (Table 1). The emission from
the host part becomes more prominent at increasing voltage bias, especially for polymers with
small amount of TBTTT. This indicates that the EL from the DAD sites saturates at lower
bias compared to the P2TTPD host, thus increasing the rate of exciton formation and
recombination at the higher energy sites.!

When the amount of TBTTT was increased to 1% in P2TTPD-1.0 (Figure 3c), the EL
maximum red-shifted to 896 nm with a vanishingly small fraction of the emission coming
from the host. However, the NIR EQE dropped with the radiance to 0.07% and 0.07 mW cm~
2, respectively (Figure 3d and Table 1). Further increase of the TBTTT loading in P2TTPD-
2.5 and P2TTPD-10 red-shifts the emission up to 909 and 930 nm, respectively, without any
detectable emission from the host (Figure 3c). More DAD sites in the polymer brought the
EQE further down and, as a result, we obtained only 0.004% NIR EQE for P2TTPD-10
(Table 1). Similar to the PLQY, the decrease of EQE can be attributed to the aggregation
quenching at increasing TBTTT content. However, the devices fabricated from P2TTPD-0.5
and P2TTPD-1.0 are among the most efficient reported in literature for PLEDs emitting at
~900 nm and based on a purely organic active material.®*8¢122%1 As for P2TTPD-0, the
maximum EQEs of P2TTPD-0.5 and P2TTPD-1.0 (Table 1) are measured at current densities
of ~10 mA cm2. In fact, the EQEs increase with increasing current density from 0.1 to 10 mA
cm~2 (Figure S10), which is rarely reported for high EQE NIR emitters.[?#¢3 As a general
trend, we found that the Von of the NIR PLEDs were relatively low (Figure 3d and Table 1).
This is an improvement from the high Von at 11-28 V reported previously for the
poly[phthalimide-alt-thiophene] series with similar concentration of the TBTTT DAD unit.[*
The Von increased slightly with higher concentration of TBTTT, which can be attributed to the
increasing amount of the low-gap charge trapping sites in the polymer.

PAT-1.0 exhibits an EL maximum at 864 nm, which is ~30 nm blue-shifted compared to

P2TTPD-1.0 (Figure 3c). Furthermore, the visible emission component from the host is higher
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and blue-shifted in P4T-1.0 compared to P2TTPD-1.0 and its relative intensity varied

substantially between different device samples. The EQE of the devices fabricated from PAT-
1.0 was 0.06% (Table 1). It is noteworthy that for P4T-1.0 the EQE roll-off with current
density is more pronounced. Moreover, similar to the EL spectra, the EQE profile varies
between different samples. The highest NIR EQE of 0.05% was calculated from the spectrum
with the lowest visible component, as reported in Table 1. Remarkably, the NIR EQE of P4T-
1.0 is at least 30% lower than that of P2TTPD-1.0 and the maximum radiance dropped to 0.02

mW cm2, which is about 70% lower than that measured for P2TTPD-1.0.

2.5. Study of the Energy and Charge Transfer

As discussed earlier, especially P2TTPD-0.5 and P2TTPD-1.0 show residual PL from the
P2TTPD host, indicating incomplete energy transfer. When taking into account the small
loading of TBTTT and the limited length of the polymers both in this study (< 20 repeating
units, except P4T-1.0) and in many previous studies, statistically only few of the polymer
chains contain a DAD unit.[8120182601 |n particular, this is the case in P2TTPD-1.0 (Figure 3b
and Figure 4a). Hence, the shorter wavelength PL observed from P2TTPD-1.0 originates not
only from the pure host polymer without TBTTT, but also from P2TTPD chain segments that
are too far from the DAD centers to allow intrachain energy transfer to the NIR emitting
moieties.?1%% This can be due to the low concentration of the DAD segments and the long
side chains, which both control the average intermolecular distance. On the other hand, the
host emission is quenched almost completely in the EL spectra, as in this case injected
charges can migrate more easily from one chain to another, ultimately favoring the exciton

formation and recombination at the lowest-gap sites.
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Figure 4. Comparison between normalized PL (black lines) and EL (red lines) spectra of (a)
P2TTPD-1.0, (b) P2TTPD-10:P2TTPD-0 blend and (c) P4T-1.0. Arrows are to highlight the

increase of the host emission with respect to the PL and EL of P2TTPD-1.0.

To have a clearer view of which one is the dominant transport process, we prepared a 10%
w/w blend of P2TTPD-10 in P2TTPD-0 host to obtain 1% total concentration of the DAD
segment in the blend (P2TTPD-10:P2TTPD-0), similarly to P2TTPD-1.0. Such a blend
increases the amount of P2TTPD host chains, leading to a segregation of the P2TTPD-10
chains within the host matrix and thereby increase of the average distance between the host
and DAD moieties. As illustrated in Figure 4b, the blend shows a PL maximum at 892 nm,
which is ~50 nm blue-shifted compared to P2TTPD-10 (Figure 3b and Table 1) and match the
NIR PL peak of P2TTPD-1.0 due to reduced DAD aggregation (Figure 4a). The PLQY of the
blend is 4%, which is also close to the value obtained for P2TTPD-1.0. However, as
illustrated in Figure 4a and 4b, the intensity of the residual emission from the host is higher
for the blend and hence the relative portion of the NIR emission from the DAD sites is lower
compared to the PL of P2TTPD-1.0. Such less efficient quenching of the P2TTPD host
emission can be ascribed to a reduced intrachain energy transfer (more active in P2TTPD-
1.0), as in the case of blend far less than 10% of the polymer chains contain the low band gap
DAD moiety.

In addition, we measured the PL decay transient at the emission maximum of P2TTPD
host at 680 nm for P2TTPD-0, P2TTPD-1.0 and P2TTPD-10:P2TTPD-0 blend (Figure 5).

The PL decay of P2TTPD-0 can be fitted with a mono-exponential function with 1.50 ns time

constant. Both the blend and P2TTPD-1.0 exhibit a drop in the lifetime and show a bi-
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exponential behaviour. The PL decay is dominated by a fast component whose lifetime is <
100 ps, i.e. below our instrument response function. Such fast component is due to energy
transfer to the DAD sites and comes with an amplitude of 80% for P2TTPD-1.0 and 65% for
the blend. This results in a slightly slower recombination process for the blend (Figure 5, red
line) as interchain energy transfer is less efficient than intrachain energy transfer. On the other
hand, as shown in the EL spectra for both P2TTPD-1.0 and blend (Figure 4a and 4b) the host
emission was almost completely quenched when it comes to PLEDs due to an efficient charge
transfer. As mentioned before, when a voltage bias is applied, injected charges efficiently
migrate through the polymer layer and are ultimately trapped at the low-gap DAD sites. The
EL spectrum of the blend device is peaked at 892 nm, similarly to P2TTPD-1.0, with an EQE
of 0.06%. Such value coincides with the one obtained from P2TTPD-1.0 if the confidence
interval is considered (Table 1). However, the radiance dropped down to 0.01 mW cm,
which is about 85% lower than that of P2TTPD-1.0. This indicates that although the host
emission is efficiently quenched in both devices, fewer radiative excitons are generated in the
energy/charge transfer processes in the blend compared to the pure copolymer. Another clear
difference that can be noticed in Table 1 is the average Von at 9.6 V for the blend, which is
more than two times higher than the one obtained from P2TTPD-1.0 devices. This substantial
increase of the Von must be related to an increase of the energetic barrier necessary to inject
charges in the device.®*) As mentioned before, the low band gap moieties, i.e. charge trap
states, are confined in well-separated polymer chains in the blend, which probably affects the

injection and transport properties of the active layer.
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Figure 5. PL decay transients for thin films (100 nm thick on fused silica glass) of P2TTPD-
0, P2TTPD-1.0 and P2TTPD-10:P2TTPD-0 blend taken at 680 nm and P4T-1.0 at 610 nm,
following excitation at 371 nm. The instrument response function (IRF) is also reported.

The PL and EL spectra of P4T-1.0 are reported in Figure 4c for comparison. The DAD
content in the PAT-1.0 active layer is the same as in P2TTPD-1.0 but in this case TPD is not
present. As discussed earlier, the HOMO and LUMO of the TBTTT segment are not
completely encompassed by those of the P4T host and the emission of P4T does not overlap
with the absorption of the DAD moiety (Figure 2 and 3). Therefore, both unbalanced charge
injection and poor energy transfer are expected in P4T-1.0. However, the PL from P4T is
efficiently quenched, similar to P2TTPD-1.0 (Figure 4a and 4c), and the PL decay lifetime is
even faster and below the detection limit of our instrument (Figure 5). Since RET can be
reasonably ruled out as the dominant mechanism because of the poor spectral overlap, such
guenching can be ascribed then only to Dexter energy transfer, which does not require dipole-
dipole coupling and mostly relies on the wave function overlap between the donor and
acceptor.®? This is significant only at very short distances (~10 A) and, given the low degree
of n—= stacking of the solid-state film (vide infra), this also tells us that intrachain Dexter
energy transfer from the P4T donor to the DAD units is the dominating quenching process.
The host emission from P4T-1.0 becomes more prominent when moving to the EL spectrum
(Figure 4c). In the case of EL, the exciton generation is influenced by different mobility of
injected holes and electrons in the polymer. In particular, injected holes tend to hop through

PAT regions, given the higher-lying HOMO compared to that of TBTTT (Figure 2).
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This result, together with lower EQE and PLED radiance and slightly higher Vo, shown in

Table 1, demonstrates the importance of the addition of TPD into the host polymer backbone.
First of all, although the HOMO of TBTTT is similar to the PAT host, its low-lying LUMO
can function as a trap for the injected electrons (a potential barrier of about 0.8 V exists,
Figure 2), lowering the barrier height for hole injection at the TBTTT sites.[22¢313% Despite
this, the less efficient quenching of the host EL in P4T-1.0 compared to P2TTPD-1.0 and
P2TTPD-10:P2TTPD-0 blend indicates that the charge transfer alone does not allow us to
obtain pure NIR EL via PAT host (Figure 4). On the other hand, the addition of TPD also
brings down the HOMO to a level that is favorable for balanced energy and charge transfer to
the lowest energy sites and enables formation of a Type | (instead of Type Il) intramolecular
heterojunction.’?” This in turn leads to higher efficiency and radiance from P2TTPD-1.0 over

the P4T-1.0 devices.

3. Conclusion

In summary, we have synthesized and characterized a series of new copolymers based on a
high band gap P2TTPD host containing different amount of a low band gap TBTTT DAD unit
as a NIR emitter. PLEDs fabricated from P2TTPD-0 exhibit EQE of 0.49% at 690 nm and
maximum radiance of 0.19 mW cm2, with Von at 2.4 V. Pure NIR emission up to 930 nm is
obtained by incorporating the DAD segment into the P2TTPD backbone. The polymer with
0.5% TBTTT (P2TTPD-0.5) shows the best NIR EQE (0.13%) and radiance (0.13 mW cm),
with Von at 4.3 V. The Von remained below 5 V at 10% TBTTT loading (P2TTPD-10). The
devices reach maximum efficiency below 15 V and exhibit very small EQE roll-offs at
increasing current density, up to 20 mA cm2. We demonstrated that efficient energy transfer
is crucial for obtaining high EQE and radiance, yet low Von from the study on PLEDs by
blending the NIR copolymer P2TTPD-10 with P2TTPD-0 host, i.e. by increasing the

intermolecular distance between the host and DAD segments. Furthermore, optimized
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HOMO/LUMO levels of the host (P2TTPD) with respect to the TBTTT unit enables balanced

electron/hole transfer and minimizes chances for exciton splitting, which is demonstrated with
another polymer P4T-1.0. In this unbalanced system, particularly due to the high-lying
HOMO of PAT host, increased emission component in the visible is observed. Pure NIR
emission is obtained via P2TTPD host due to efficient energy and charge transfer and exciton
formation at the TBTTT sites. Devices reported in this study are among the best performing
NIR PLEDs based on purely organic (metal-free) copolymers and among the few materials

emitting in the ~900 nm region.
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Near-infrared polymer light-emitting diodes (NIR PLEDs) are fabricated from a series of
conjugated copolymers. Triazolobenzothiadiazole is used as a low band gap NIR fluorophore,
which is copolymerized in small quantities into a high band gap host polymer backbone. Pure
NIR emission is obtained by optimizing both charge and energy transfer to the low-gap sites.
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