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ABSTRACT: Conjugated polymers with intense solid-state emission are vital for the development of next-generation optoelectronic
devices. In particular, it remains extremely challenging to construct n-conjugated systems which emit in the red region of the elec-
tromagnetic spectrum and also retain their optical properties and intense photoluminescence in the solid state. In this article we report
the synthesis and characterization of three novel diketopyrrolopyrrole-based conjugated polymers, with systematic variation of the
covalent encapsulation density. Through control of the distance and density of encapsulation, our red-emitting polymers demonstrate
that aggregation caused quenching can be mostly eliminated, culminating in the most efficient solid-state photoluminescence from

red conjugated polymers to date.

INTRODUCTION

The development of emissive solid-state organic conjugated
materials is extremely important due to their versatile use in op-
toelectronic applications, such as organic light-emitting diodes
(OLEDs),' luminescent sensors,? light-emitting transistors,*”
solid-state lasing,® and biological imaging.” Many m-conju-
gated chromophores exhibit bright photoluminescence (PL) in
dilute solution, but diminished PL in the solid state due to ag-
gregation caused quenching (ACQ). As a result, the ratio (Dr)
between thin film and solution fluorescence quantum yield (i.e.
DOr = Op i/ Dr s01.) 18 typically very low. Addressing this prob-
lem through the development of new organic materials which
retain their brightness in the solid state is of utmost importance
to spearhead next-generation optoelectronic technologies.

Intermolecular communication and ACQ can be suppressed
by spatially isolating individual chromophores. Three important
strategies employed to supress ACQ in conjugated materials
are; (a) non-covalent threading through a macrocycle,'®!! (b)
incorporation of steric bulk'>!* and (c) covalent encapsulation
through alkylene straps'*'7 (Figure 1).
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Figure 1. Different strategies employed to prepare shielded conju-
gated polymers. (a) Non-covalent threading. (b) Incorporation of
steric bulk. (c) Covalent encapsulation.

In the past, most encapsulated conjugated materials have been
prepared via non-covalent approaches, so as to form rotaxane-
like materials.'™'® Although their synthesis is relatively simple,
it is almost impossible to avoid structural defects as their for-

mation is driven thermodynamically.'® Alternatively, the intro-
duction of bulky side groups can also significantly suppress in-
termolecular interactions. A recent paper by Wiirthner and
coworkers highlights the potential of this strategy.'> ACQ was
almost completely supressed in a perylene diimide (PDI) dye,
which exhibited a solid state ®r of over 90%.!* However, this
approach does not always sufficiently limit electronic cross
communication," and to the best of our knowledge only very
few have been successful in obtaining high values of ®x for red
emitters through employing steric bulk effects.?’>2

The third method relies on covalent encapsulation, which has
become increasingly popular in the last few years.'*'">2* An
interesting study conducted by Kobayashi’s group showed that
the covalent encapsulation of blue-emitting 9,10-diphenylan-
thracene gives rise to a very high @ in solution (~98%) and the
solid state (~93%), alongside improved photochemical stabil-
ity.”! Yet, it remains extremely challenging to achieve similar
results for conjugated polymers.

In 2010, Takeuchi’s group was one of the first to fully encap-
sulate a conjugated polymer using the covalent method.'® Their
study made use of alkylene straps to encapsulate two adjacent
thiophene units. This in turn locks the thiophene units in place,
thereby decreasing rotational motion and lengthening the effec-
tive conjugation length (ECL).'® Later this study was extended
to a series of encapsulated phenylene-based polymers.'* Their
only red-emitting polymer had a solution ®r of 39%, which
quenched to a still impressive solid state ®r of 13% (®Pr =
0.33)." This is particularly noteworthy as red-emitting poly-
mers rely on enhanced planarity to achieve a narrow bandgap
and hence tend to aggregate more easily at higher concentra-
tions and consequently suffer from quenching.

Based on its potential to overcome ACQ effects in red-emit-
ting polymers, our group sought to extend this promising strat-
egy towards a more relevant building block in optoelectronics.
Diketopyrrolopyrrole (DPP) is one of the most popular motifs
used in plastic electronics given its versatile industrial use, pho-
tochemical stability, bright photoluminescence
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Figure 2. Chemical synthesis of the novel encapsulated DPP polymer series and their corresponding cartoon representation. (Top)
E-DPP homopolymer. (Middle) E-DPP-TT polymer with aromatic spacer. (Bottom) E-DPP-ANT polymer with an encapsulated
aromatic spacer. penc stands for density of encapsulation (i.e. more densely encapsulated conjugated polymers are more shielded).

and good electronic properties.® Yet, as with most planar build-
ing blocks, it suffers from ACQ. Recently, we synthesised a se-
ries of encapsulated red-emitting DPP copolymers.'” The en-
capsulated polymers displayed more refined spectral features
compared to non-encapsulated analogues, indicating the sup-
pression of intermolecular interactions. We observed that en-
capsulation affords polymers with lower energetic disorder, less
conformational defects and enhanced backbone co-linearity.
Furthermore, the ®f in both solution and solid state increased
significantly compared to non-encapsulated analogues.'” Nev-
ertheless, our reported ®r values were consistently below 0.4
and hence it is vital that they are improved.

Herein, we report the synthesis and characterization of three
novel encapsulated conjugated polymers with a systematic var-
iation in the extent of encapsulation. We demonstrate that
through controlling the density of encapsulation (Qgnc.) it is pos-
sible to almost entirely eliminate ACQ in red-emitting conju-
gated polymers. Furthermore, we report the highest photolumi-
nescence efficiency from a red conjugated polymer in the solid
state, to date.

RESULTS & DISCUSSION
Synthesis

The synthesis of the encapsulated phenyl DPP monomer (1)
(Figure 2) was demonstrated in our previous study.!” However,
the reported preparation is very lengthy, requiring a total of
twelve synthetic steps. Instead, we were delighted to discover
that a more direct route, where the final three steps (alkylation,
Grubbs metathesis and olefin hydrogenation) are replaced by a
simple alkylation with 1,8-dibromooctane, afforded the mono-
mer in an almost identical overall yield (3% increase) (Figure
S1). Moreover, the requirement for an olefin hydrogenation step
is removed, eliminating the risk of problematic monomer
dehalogenation side reactions. After the encapsulated DPP

monomer was prepared using the improved strategy, it was sub-
jected to homopolymerization under Yamamoto conditions
(figure 2) to afford the novel E-DPP polymer in excellent yield
(92%). E-DPP is solely comprised of encapsulated diphenyl
DPP units. Hence the encapsulated straps are in very close prox-
imity, separated only by two backbone phenyl rings. Next, we
increased the distance between adjacent loops compared to E-
DPP through incorporation of an aromatic thieno[3,2-b]thio-
phene spacer (2). The E-DPP-TT polymer was synthesized us-
ing traditional Stille polymerization conditions, again resulting
in a near-quantitative yield (97%). Finally, we increased the
density of encapsulation compared to E-DPP through the use
of an orthogonally encapsulated 9,10-diphenylanthracene
comonomer (3). E-DPP-ANT was prepared through Suzuki
polycondensation to afford a rubbery polymer in 57% yield af-
ter soxhlet extractions. The lower yield for E-DPP-ANT is at-
tributed to its higher solubility, which resulted in an increased
removal of lower molecular weight polymeric material during
the soxhlet purification process. Gel permeation chromatog-
raphy (GPC) indicated that all polymers were prepared in high
number average molecular weights (M;) well above 20 kDa.
The GPC data for the polymers are summarized in table 1.

Table 1. Physical properties of the conjugated DPP polymers.

Polymer Yield M, My PDI
(%) (kD2) | (kpa)
E-DPP 92 ~80.6 | ~370.8 4.6
E-DPP-TT 97 ~334 | ~1136 3.4
E-DPP- 57 ~554 | ~130.5 24
ANT
Optical properties

The solution and thin film absorption and emission spectra of
the novel DPP polymers are shown in figure 3 and
photophysical data are summarized in table 2.
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Figure 3. Absorption and photoluminescence profiles of E-DPP (black), E-DPP-TT (red) and
E-DPP-ANT (green) in chloroform solution (solid line) and thin film (dashed line).

For E-DPP, the solution absorption is relatively featureless
with Amax = 560 nm. The PL is sharper and more well resolved
with Amax = 609 nm and a secondary peak at ~670 nm
corresponding to the 0-1 transition. In thin film, E-DPP is a red
emitter with a PL Amaxx of 629 nm and Commission
Internationale de I’Eclairage (CIE,y) coordinates of 0.69, 0.31.
The solution PL vibronic structure is retained with an
enhancement of the 0-1 transition. The absorption profile also
displays a slight increase in vibronic fine structure.

The spectral features for E-DPP-TT are generally similar to
those of E-DPP. In solution, the absorption Amax of 576 nm is
red-shifted compared to E-DPP with a slightly steeper onset,
which could be indicative of lower conformational disorder in
the ground state.”*” The PL is also red-shifted to @ Amax 0f 617
nm and the spectrum looks more resolved compared to E-DPP,
this time suggesting lower conformational disorder in the
excited state.’**” These marginal bathochromic shifts are
attributed to the more planar nature of the E-DPP-TT polymer
compared to E-DPP. For geometry optimized (B3LYP/6-
31G*) trimers (See SI p. S11-12), the dihedral angles are
approximately 20° between each diphenyl DPP and TT unit of
E-DPP-TT, while E-DPP is more twisted and displays
dihedral angles of approximately 35° between diphenyl DPP
units. The experimentally observed red-shifted optical gap of E-
DPP-TT is also corroborated by the calculated So — S;
excitation energies (TD-B3LYP/6-31G*) (Tables S2-4) for the
trimers. In thin film, E-DPP-TT displays a PL Amax of 636 nm
with CIE,, = 0.70, 0.30.

The absorption and PL of E-DPP-ANT are substantially
blue-shifted compared to both E-DPP and E-DPP-TT - In thin
film E-DPP-ANT is an orange emitter with a PL Aa0f 570 nm
and CIEx,= 0.54, 0.46. This can be rationalized considering the
highly twisted nature of this polymer backbone. As well as
calculated dihedral angles of ~35° between the DPP and ANT
monomers, the encapsulated 9,10-diphenylanthracene has large
internal dihedral angles (~80°) between the phenyl and
anthracene components (See SI p. S12). This translates to a

poorer degree of electronic communication along the polymer
backbone and hence widens the optical bandgap. This effect is
supported by existing literature as anthracene incorporation has
been previously shown to blue-shift DPP polymers.®®
Together with the enhanced density of encapsulation and steric
shielding (four dodecyl chains per anthracene monomer)
encountered in E-DPP-ANT, this limited electronic
communication is also proposed as an explanation for its
minimal solid state red-shift in PL of only 7 nm compared to
solution (Figure 3) as the highly twisted conjugated backbone
is less likely to planarize or pi-pi stack in the solid state.

In summary, the profiles of the absorption and PL spectra for
all polymers provide convincing evidence that the solution op-
tical properties are well retained in the solid state, presumably
due to a suppression of interchain interactions through encap-
sulation. This is particularly apparent from the well-resolved
thin film PL spectra which are typically much broader and
poorly resolved for non-encapsulated literature polymers,
which is associated with aggregation.’*!

The solution photoluminescence quantum yields (®r) of the
three novel DPP polymers in chloroform, determined using an
integrating sphere, are high (> 50%), and remain similarly high
in different solvents within experimental error (Table S2). Fur-
thermore, the photoluminescence quantum yields are retained
remarkably well in the solid state (up to 41%) for polymers that
emit above 560 nm (Table S1).'*1732-** The E-DPP-TT copol-
ymer, which features a non-encapsulated aromatic spacer, dis-
plays the most intense solution photoluminescence (Pr= 71%)
of the series. It is quenched to 19% in thin film, corresponding
to ®r = 0.27. These values are in a similar range to our previ-
ously reported analogues that also contain non-encapsulated ar-
omatic spacers.'’

In comparison, the E-DPP homopolymer has a lower solu-

tion @r of 51%. However, it displays much lower ACQ in thin
film than E-DPP-TT having a ®r = 32%, which corresponds to



an impressive @r = 0.62. This is attributed to the increased de-
gree of encapsulation in E-DPP compared to E-DPP-TT.
When an encapsulated spacer is included in the E-DPP-ANT
copolymer, the density of encapsulation increases further. This
results in a higher thin film ®r of 41% with even lower ACQ
(®r = 0.72). Therefore, within this series ACQ is suppressed
more effectively as the level of encapsulation increases.

Table 2. Optical properties of orange/red-emitting conjugated
DPP-based polymers in this study.

Poly- State Aabs Aem T (ns) TAVG Op O
mer max max (ns) (%)
(nm) (nm)
E- | Sol | 560 | 609 | =054 (14%) | 1.59 | 51&5° | 0.62
DPP = 1.76 (86%)
Film | 589 | 620 | t1=0.04(42%) | 0.68 | 32:4°
1= 0.53 (76%)
2= 1.39 (19.8%)
E- Sol. | 576 | 617 | u=1.19(893%) | 139 | 71=7* | 027
DTP;" T = 3.04 (10.7%)
Film | 602 | 636 | ©1=008(13%) | 049 | 19+2°
2= 0.28 (68.4%)
= 1.57 (18.6%)
E- | Sol | 505 | 563 | 11=056(3.9%) | 444 | 576" | 0.72
'Z;PT' 2 = 4.60 (96.1%)
Film | 529 | 570 | 1 =0.18(5.8%) | 1.16 | 41+4°
12 = 0.83 (65.4%)
=211 (28.8%)

“Measured using an integrating sphere. The solutions were meas-
ured in dilute chloroform, whereas thin films were spin-coated (800
RPM) from a 10 mg/mL chloroform solution. ®g = O gjjm/Dr so1.

Similarly to what is observed for ®r, the weighted-average
fluorescence lifetimes (tavg) (Table 2) decrease when going
from solution to thin film for all polymers. A similar observa-
tion has been previously reported for other “shielded” conju-
gated polymers.*>*¢ However, we note that Tavg in thin film de-
creases to a different extent than is seen in the values of ®r. The
possibility of interchain in addition to intrachain exciton trans-
fer to either emissive or trap sites, in the solid state, could po-
tentially account for this. However, due to the complex multi-
exponential nature of the lifetimes, it is difficult to provide fur-
ther understanding at this time.

It is important to note that while our results demonstrate that
increased encapsulation is highly effective for suppressing
ACQ, within our series the more heavily encapsulated E-DPP
and E-DPP-ANT polymers display lower intrinsic (solution)
@ (Dp = 51 and 57%, respectively) than E-DPP-TT (& =
71%). This indicates that as well as eliminating intermolecular
PL quenching pathways, it is possible that encapsulation intro-
duces new intramolecular routes for non-radiative decay. Fur-
ther investigation is required to determine the exact mechanism.
Nevertheless, to the best of our knowledge the thin film ®f val-
ues reported here are unprecedented for conjugated polymers in
this region of the electromagnetic spectrum, as are the high val-
ues of @r. Further, we note that this design tactic is superior to
non-covalent encapsulation methods as even rotaxane poly-
mers, which are so densely encapsulated they do no quench in
solution in the presence of methyl viologen, still aggregate con-
siderably in the solid state (Og < 0.5).'8

CONCLUSION

We have reported a novel series of encapsulated DPP based
conjugated polymers which display the highest solid-state ®r
ever reported in this region of the electromagnetic spectrum
with unprecedentedly suppressed ACQ. The photophysical data
support that the encapsulation strategy is highly effective at sup-
pressing intermolecular interactions, enabling the solution pho-
tophysical properties of the polymers to be retained in the solid
state. This series has enhanced our understanding of how to sup-
press ACQ in red conjugated polymers by correlating the degree
of encapsulation to solid-state ®r and ®r. Furthermore, we have
presented a strategy for efficiently retaining the solution ®r of
red conjugated polymers in the solid state. In the near future,
we aim to further optimize the encapsulating straps to generate
n-conjugated systems which have an intrinsic solution ®r near
unity. Thereby we hope to build upon the advance presented
here to develop a platform of super bright solid-state polymeric
emitters which bring us closer to emerging next-generation
technologies, such as light-emitting transistors or electrically
pumped organic lasing.

EXPERIMENTAL SECTION

All reactions were performed in pre-dried glassware under ar-
gon atmosphere and with magnetic stirring unless stated other-
wise. Light-sensitive reactions were covered in aluminum foil.
Chemicals were purchased from chemical suppliers (Merck,
TCI, Acros Organics, Alfa Aesar, SLS, Fisher Scientific and
Fluorochem) and used as received unless stated otherwise. Re-
actions were monitored through thin layer chromatography
(TLC) using DC Fertigfolien ALUGRAM aluminum sheets
coated with silica gel. Column chromatography was carried out
using Geduran silica gel 60 (40—63 um) or Biotage Isolera Four
with Biotage SNAP/SNAP ultra cartridges (10, 20, 50, or 100
2). 'H NMR spectra were recorded on a 400 MHz Avance III
HD Spectrometer or 400 MHz Smart Probe Spectrometer in the
stated solvent using residual protic solvent CHCl; (6 = 7.26
ppm, s) or DMSO (6 = 2.50 ppm, s) as the internal standard. 'H
NMR chemical shifts are reported to the nearest 0.01 ppm and
quoted using the following abbreviations: s, singlet; d, doublet;
t, triplet; q, quartet; p, pentet; sxt, sextet; m, multiplet. The cou-
pling constants (J) are measured in Hertz. Mass spectra were
obtained using a Waters MALDI micro MX spectrometer at the
Department of Chemistry, University of Cambridge.

Encapsulated DPP Monomer (1). To a 250 mL round-
bottomed flask under argon, DPP tetra-ol (515 mg, 0.5015
mmol), K,CO; (464.4 mg, 3.3601 mmol) and dry DMF (55 mL)
were added and the mixture was heated to 50 °C for 1h. To this,
a solution of 1,8-dibromooctane (203 uL, 1.1033 mmol) in dry
DMF (55 mL) was added dropwise over lh. The resulting
mixture was heated to 80 °C and left stirring for 2 days. The
reaction mixture was concentrated in vacuo, re-dissolved in the
minimal amount of chloroform and hexane and purified by
column chromatography (using 50 to 70% chloroform in hex-
ane). The product fractions were concentrated in vacuo, soni-
cated in methanol and dried under high vacuum to yield pure
monomer (356.9 mg, 0.2861 mmol, 57%). Ry = 0.73 (Chloro-
form); Mp: 199-203 °C; "H NMR (400 MHz, CDCl3) 6 7.69 (d,
J=8.7Hz,4H),7.39 (d, J = 8.7 Hz, 4H), 6.40 (s, 4H), 3.90 (t,
J=5.1Hz,8H),2.63 -2.52 (m, 4H), 1.69 — 1.56 (m, 8H), 1.53
—1.39 (m, 8H), 1.34 — 1.22 (m, 52H), 0.88 (t, / = 6.8 Hz, 6H).
LRMS (MALDI-TOF): 1248.1 [M]*. Structure supported by X-
ray crystallography.'



Encapsulated Anthracene Monomer (3). The synthesis of this
monomer will be reported shortly elsewhere.

E-DPP Polymer. In a nitrogen glovebox, Ni(COD), (66.0 mg,
0.24 mmol), and 2,2’-bipyridine (27.7 mg, 0.24 mmol) were
added to a 5 mL oven-dried microwave vial and it was sealed.
The vial was flushed with argon for 5 minutes and then a
solution of 1,5-cyclooctadiene (30 xL, 0.24 mmol) in degassed
DMF (970 uL) was added. The resulting mixture was briefly
sonicated, stirred at 60 °C for 10 minutes and briefly sonicated
again to obtain a purple coloured mixture. Next, a solution of
encapsulated DPP monomer (1) (120 mg, 0.0962 mmol) in dry,
degassed toluene (5 mL) was added and the reaction mixture
was heated in a microwave reactor for 30 minutes at 120 °C.
The resulting red-coloured gelly polymer was dissolved in the
minimal amount of chlorobenzene and precipitated into a pre-
stirring mixture of methanol (150 mL) and concentrated HCI
(10 mL). The resulting solids/flakes were then filtered into a
cellulose soxhlet thimble, which was then subjected to soxhlet
extractions in acetone (100 °C), hexane (100 °C) and chloroform
(100 °C). The chloform fraction was concentrated in vacuo,
dissolved in the minimal amount of chloroform and precipitated
into a pre-stirring mixture of methanol (150 mL) and
concentrated HCI (10 mL). After filtration, the polymer was
obtained as red/dark pink solids/flakes (96.7 mg, 92% yield);
Mn ~80601 Da, Mw ~370820 Da, PDI = 4.601. Anal. Calcd.
for C;,HosN2Og: C, 79.51; H, 9.08; N, 2.58; O, 8.83. Found: C,
78.89; H,9.12; N, 2.57 (average of two runs).

E-DPP-TT Polymer. Encapsulated DPP Monomer (1) (140
mg, 0.1122 mmol), 2,5-Bis(trimethylstannyl)-thieno[3,2-
b]thiophene (52.3 mg, 0.1122 mmol), Pd,(dba); (2.2 mg, 0.0024
mmol) and PPh; (2.5 mg, 0.0095 mmol) were placed in a dry 10
mL microwave vial and it was degassed for 45 minutes.
Meanwhile, anhydrous toluene and DMF were bubbled with
argon (45 min). Next, the degassed anhydrous toluene (2 mL)
and DMF (0.2 mL) were added to the monomer/catalyst mixture
and it was heated to 115 °C for 16 h. The gloopy red/pink
product was re-dissolved in a minimal amount of chlorobenene
and precipitated from stirring methanol (~200 mL) by dropwise
addition. The resulting solids were filtered into a soxhlet
cellulose thimble and subsequently purified by soxhlet
extraction in acetone (100 °C), hexane (100 °C) and chloroform
(100 °C). The pink/red chloroform fraction was concentrated in
vacuo, dissolved in the minimal amount of chlorobenzene,
precipiated into stirring methanol and collected by filtration to
afford the polymer as a purple flaky solid (134 mg, 97%); Mn
~33365 Da, Mw ~113606 Da, PDI = 3.405. Anal. Calcd. for
CisHi100N206S2: C, 76.43; H, 8.22; N, 2.29; O, 7.83; S, 5.23.
Found: C, 72.73; H, 8.00; N, 2.31 (average of two runs).

E-DPP-ANT. The encapsulated anthracene monomer (3) (90.9
mg, 60 umol), encapsulated DPP monomer (1) (75 mg, 60.0
pmol) and Pd(PPh;), (0.7 mg, 0.6 pmol, 1 mol%.) were com-
bined in a 5 mL microwave vial under argon. Degassed toluene
(2 mL containing 1 drop of Aliquat 336) and degassed 2 M
aqueous Na,COj; (0.27 mL) were then added sequentially to the
reaction vial. The resulting mixture was degassed with argon
for 10 minutes and then stirred in a preheated 115 °C oil bath
for 72 h in the absence of light. The resulting orange-coloured
liquid/gel was dissolved in the minimal amount of
chlorobenzene and precipitated into a pre-stirring mixture of
methanol (150 mL) and concentrated HCl (10 mL). The
resulting stringy flakes were then filtered into a cellulose
soxhlet thimble, which was then subjected to soxhlet

extractions in acetone (100 °C), hexane (100 °C) and chloroform
(100 °C). The chloform fraction was concentrated in vacuo,
dissolved in the minimal amount of chlorobenzene and
precipitated into a pre-stirring mixture of methanol (150 mL)
and concentrated HCI (10 mL). After filtration, the polymer was
obtained as an orange-coloured, rubbery polymer (80.5 mg,
57% yield); Mn ~55355 Da, Mw ~130505 Da, PDI = 2.358.
Anal. Caled. for Ci6H»34N>0,0: C, 81.93; H, 10.06; N, 1.19; O,
6.82. Found: C, 81.86; H,9.93; N, 1.18 (average of two runs).
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Synthetic Scheme and Characterization
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Figure S1. Previous (top)! and improved (bottom) synthetic route towards the Encapsulated DPP monomer.
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Figure S2. '"H NMR spectrum of the encapsulated DPP monomer.
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Summary of Conjugated Polymers Emitting Above 550 nm
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Figure S3. Summary of the PLQY and ACQ data of conjugated polymers including both literature and novel molecules
presented in this study.



Table S1. Summary of the optical properties of conjugated polymers which emit above 550 nm from previous literature.

Polymer State Aemmax | @r (%) | Dratio | PQuench

(nm) (%)

E-P-BTDT? Sol. 669 39 0.33 67
Film 631 13

F8-DPB-CN? Sol. 597 13 0.23 77
Film 593 3

F8-DPB-CN2® Sol. 615 11 0.27 73
Film 649 3

BBEHBO-PPV* Sol. 544 67 0.67 33
Film 555 45

MEH-PPV*3 Sol. 572 49 0.35 65
Film 595 17

N-DPP-P' Sol. 629 19 0.42 58
Film 644 8

N-DPP-T! Sol. 686 18 0.31 69
Film 703 6

E-DPP-F' Sol. 571 95 0.21 79
Film 589 20

E-DPP-P' Sol. 572 74 0.31 69
Film 641 23

E-DPP-T' Sol. 621 74 0.38 62
Film 641 28
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Polymer Film CIE Coordinates

- CIE 1931 Chromaticity Diagram

Figure S4. The CIE coordinates of E-DPP (green square), E-DPP-TT (blue square) and E-DPP-ANT (grey triangle).
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Photophysical Data

E-DPP Polymer
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Figure S5. Semi-log plot of the transient PL (black squares) for E-DPP in solution (left) and thin film (right). The best fit (red
curve) is achieved with a bi-exponential decay function with lifetime components t1 = 0.54 ns and 12 = 1.76 ns for the solution,
with a tri-exponential decay function with lifetime components t1 = 0.04 ns, 12 = 0.53 ns and 13 = 1.39 ns for the thin film.
The instrument response function is indicated in green. PL decays were collected via time-correlated single photon counting
(TCSPC) with an Edinburgh Instruments Lifespec2, by exciting the samples with a 445-nm ps-pulsed laser diode.

E-DPP-TT Polymer
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Figure S6. Semi-log plot of the transient PL (black squares) for E-DPP-TT in solution (left) and thin film (right). The best fit
(red curve) is achieved with a bi-exponential decay function with lifetime components t1 = 1.19 ns and 12 = 3.04 ns for the
solution. For the film, the transient PL data could be fit using a triexponential decay with lifetime components t1 = 0.08 ns, 12
= 0.28 ns and 3 = 1.57 ns. The instrument response function is indicated in green. The instrument response function is
indicated in green. PL decays were collected via time-correlated single photon counting (TCSPC) with an Edinburgh
Instruments Lifespec2, by exciting the samples with a 445-nm ps-pulsed laser diode.
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E-DPP-ANT Polymer
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Figure S7. Semi-log plot of the transient PL (black squares) for E-DPP-ANT in solution (left) and thin film (right). The best
fit (red curve) is achieved with a bi-exponential decay function with lifetime components t1 = 0.56 ns and 12 = 4.60 ns for the
solution. For the film, the transient PL data could be fit using a triexponential decay with lifetime components t1 = 0.18 ns, 12
=0.83 ns and 13 =2.11 ns. The instrument response function is indicated in green. PL decays were collected via time-correlated

single photon counting (TCSPC) with an Edinburgh Instruments Lifespec2, by exciting the samples with a 445-nm ps-pulsed
laser diode.

Table S2. Fluorescence quantum yields of solutions of E-DPP, E-DPP-TT and E-DPP-ANT in different solvents. “Measured
using an integrating sphere. "Measured relative to the chloroform solutions using a single point calculation. “The polymer does
not dissolve in this solvent. E-DPP and E-DPP-TT were excited at 520 nm and E-DPP-ANT was excited at 500 nm.

Polymer Solvent Dr (%)

Chloroform 51452

E-DPP THF 49+5P
Toluene --°

Chloroform T1+72

E-DPP-TT THF 58+6°
Toluene --°

Chloroform 57+6°

E-DPP-ANT THF 73+7°

Toluene 66+6°
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HOMO and LUMO Distributions

The following data was calculated using B3LYP/6-31G*.

E-DPP Polymer

LUMO (-2.18 eV)

E-DPP-TT Polymer
LUMO (-2.35 eV)
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E-DPP-ANT Polymer
LUMO (-2.01 eV)

HOMO (-4.59 eV)

HOMO-2 (-4.66 eV)
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TD-DFT Data

The following data was calculated using B3LYP/6-31G*.

Table S3. TD-DFT data for E-DPP.

No. Transition Energy Wavelength
(nm)

(em™)

Osc.
Strength

Orbital contributions

1 So— T

2 So— T2

3 So — T3

4 So— Si

Table S4. TD-DFT data for E-DPP-TT.

No. Transition Energy

9241

9704

9937

17049

(em™)

1082

1030

1006

587

Wavelength
(nm)

0

1.7820

Osc.
Strength

HOMO — LUMO (60%),
H-2 — L+2 (20%),

H-1 - L+1 (14%),

H-2 — LUMO (4%),
HOMO — L+2 (3%).
H-2 — L+1 (22%),

H-1 — LUMO (31%),
H-1 — L+2 (20%),
HOMO — L+1 (27%)
H-2 — LUMO (37%),
H-1 — L+1 (33%),
HOMO — L+2 (28%)
HOMO — LUMO (98%)

Orbital contributions

1 So— T

2 So— T2

3 So — T3

4 So — T4

5 So— Si

8837

9048

9189

15256

15714

1132

1105

1088

655

632

0

3.9212

HOMO — LUMO (48%)
H-2 — L+2 (24%),
H-1 - L+1 (17%),
H-2 — LUMO (2%)
HOMO — L+2 (2%)
H-2 — L+1 21%),
H-1 — LUMO (26%),
H-1 - L+2 (20%),
HOMO — L+1 (25%)
H-2 — LUMO (34%),
H-1 - L+1 (28%),
HOMO — L+2 (30%)
H-3 — LUMO (23%),
HOMO — L+3 (17%)
H-4 — L+1 (5%),
H-4 — L+3 (3%),
H-2 — L+1 (9%),

H-1 — LUMO (7%),
H-1 — L+2 (7%),

H-1 — L+4 (3%),
HOMO — L+1 (9%)
HOMO — LUMO (90%),
H-1 — L+1 (7%)
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Table S5. TD-DFT data for E-DPP-ANT.

No.

Transition Energy Wavelength

(em™)

(nm)

Osc.
Strength

Orbital contributions

10

11

So— T

So— T>

So— T3

So — T4

So — Si
So—Ts

So — Ts

So— S
So — S3

So — T

So— S4

9957

9673

14139

14144

18801
18846

18900

18904
19143

19146

19626

1046

1033

707

532

531
529

529

522
522

510

492

0

0.2406

0.0131
0.0666

1.1482

H-3 — LUMO (14%),
H-2 — LUMO (68%),
HOMO — LUMO (13%),
H-1 — LUMO (4%)

H-3 — L+1 (73%),

H-2 — L+1 (20%),
HOMO — L+1 (5%)

H-1 - L+3 (11%),
HOMO — L+2 (20%),
HOMO —> L+3 (48%),
H-3 — L+2 (3%),

H-3 — L+3 (7%),

H-1 — L+2 (4%)

H-1 — L+2 (53%),

H-1 - L+3 (22%),

H-2 — L+2 (6%),

H-2 — L+3 (2%),
HOMO —> L+2 (8%),
HOMO — L+3 (4%)
HOMO — LUMO (95%)

H-1 — LUMO (25%),
HOMO — LUMO (66%),
H-3 — LUMO (6%)

H-2 — LUMO (10%),
H-1 — LUMO (69%),
HOMO — LUMO (18%)
H-1 — LUMO (97%)

H-1 - L+1 (16%),
HOMO —> L+1 (79%),
H-3 — L+1 (3%)

H-1 — L+1 (14%),
HOMO — L+1 (75%),
H-3 — L+1 (9%)

H-3 — LUMO (17%),
H-2 — LUMO (78%)
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GPC Chromatograms
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E-DPP-ANT Polymer
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