Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 October 2021. Downloaded on 6/13/2026 9:21:17 AM.

#® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Limitations of conjugated polymers as emitters in

\'.) Check for updates‘
triplet—triplet annihilation upconversionf

Cite this: Mater. Adv., 2021,

2,7751 Riley O’'shea,®® Can Gao,

Jonathan M. White, {2° Kenneth P. Ghiggino

© Siobhan Bradley,® Tze Cin Owyong,®® Na Wu,*®
2 and Wallace W. H. Wong () *2°

A series of poly(phenylene-vinylene)s (PPV) was synthesized with two monomer building blocks
containing methoxy and 2-ethylhexyloxy (MEH) sidechains and sterically bulky fluorenyloxy sidechains.
Variations in monomer incorporation were achieved by adjusting the ratio of the monomer precursors in
the synthesis of the PPVs using the Gilch polymerization method. The increased incorporation of the
bulky monomer led to expected variation in photophysical properties, in particular, the enhancement of
photoluminescence quantum yield. Using palladium(i) tetraphenyltetrabenzoporphyrin (PdTPTBP) as the
triplet sensitizer, all polymers displayed upconverted emission in solution with the comonomer ratio for
the fluorenyloxy and MEH units at 1:10 showing the best performance with upconversion efficiency
of 0.135%. This efficiency was up to three times higher than that of two commercially available PPVs,
MEH-PPV and Super yellow PPV, under the same experimental conditions. Further analysis of the
efficiency of the photochemical processes involved revealed several limitations to the performance of
these conjugated polymer emitters. While increasing steric bulk of the sidechains improved the
photoluminescence quantum yield, it also caused variation in excited state energies of the polymers
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through the series. This led to poor alignment with the triplet energy of our chosen sensitizer for some
of the polymers. Even when the triplet—triplet energy transfer efficiency was high, the contact triplet pair
formation efficiency was found to be very low. We reasoned that the structural conformation of the
polymers hindered the chromophore orbital overlap during triplet collisions required for triplet—triplet
annihilation.
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occur, five photochemical processes must proceed effectively in
sequence (Fig. 1). Two types of chromophores are usually

Introduction

(cc)

Triplet-triplet annihilation (TTA) upconversion is a photo-
chemical process by which absorption of two lower energy
photons can produce one photon of higher energy.' TTA
upconversion is possible under relatively low excitation power
compared to other photon upconversion methods such as two-
photon absorption. As such, one of its most attractive applications
is in harvesting solar photons that are below the bandgap of
photovoltaic cells, thereby raising the photovoltaic efficiency
above the Shockley-Queisser limit.”® For TTA upconversion to

“ARC Centre of Excellence in Exciton Science, School of Chemistry,
University of Melbourne, Parkville, VIC 3010, Australia.
E-mail: wwhwong@unimelb.edu.au
b School of Chemistry, Bio21 Institute, University of Melbourne, Parkville, VIC 3010,
Australia
¢ Beijing National Laboratory for Molecular Sciences, Key Laboratory of Organic
Solids, Institute of Chemistry, Chinese Academy of Sciences, Beijing, China
1 Electronic supplementary information (ESI) available: NMR and mass spectra,
polymerisation data, X-ray crystallography data summary and supplementary
photophysical data. CCDC 1992328. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/d1ma00684c

© 2021 The Author(s). Published by the Royal Society of Chemistry

required, a triplet sensitizer and an emitter. The triplet sensitizer
absorbs incoming lower energy photons. The singlet excited
state generated on the triplet sensitizer is quickly converted
to the triplet excited state via intersystem crossing (ISC).
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Fig. 1 Jablonski diagram depicting the processes involved in TTA upcon-
version with a sensitizer-emitter pair.
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Through triplet-triplet energy transfer (TET), the triplet excited
state of the emitter species is populated. When triplet excited
states on two emitter species encounter each other, they can
undergo TTA to generate one emitter species in its singlet excited
state while returning the other emitter to its ground state. The
singlet excited emitter can then decay radiatively producing a
photon at a higher energy than the photon initially absorbed by
the sensitizer. The upconversion quantum yield (®yc) is a product
of all the quantum yields for the photochemical processes
involved, given by the equation:

Pyc = PrscPrerPrraPr (1)

where @i is the intersystem crossing quantum yield, @rgr is the
triplet energy transfer quantum yield, @y, is the triplet-triplet
annihilation quantum yield, and @, is the photoluminescence
quantum yield.*

The most studied and efficient TTA upconversion systems
consists of transition metal complex triplet sensitizers and
small molecule emitters. For example, platinum(u) or
palladium(u) octaethylporphyrin (PtOEP or PAOEP) as the triplet
sensitizers and 9,10-diphenylanthracene (DPA) and derivatives
thereof as the emitters have been reported by many
researchers.”” While the best reported TTA upconversion perfor-
mance is in solution,’ there have been many investigations into
solvent-free systems that are more amenable for integration with
photovoltaic cells.>** The main challenge in solvent-free systems
is ensuring efficient TET and TTA processes without molecular
diffusion. In this context, conjugated polymers as emitters offer
the possibility of enhanced triplet excited state diffusion along the
polymer backbone and rapid intramolecular TTA."

Very few examples exist of polymer-based emitters, and even
fewer of conjugated polymers."*™” A promising conjugated
polymer emitter is a commercially available poly(phenylenevinylene)
(PPV) copolymer with the trade name “super yellow PPV,
Upconverted emission was reported using super yellow PPV
with palladium(u) tetraphenyl-tetrabenzoporphyrin (PdTPTBP)
as the triplet sensitizer in thin films. The use of PPV emitters
over other conjugated polymers may be particularly advant-
ageous owing to their large singlet-triplet excited state energy
gap.'® This may mitigate losses due to reabsorption of upcon-
verted light by having a sufficiently large anti-Stokes shift,
thereby reducing the spectral overlap with the absorbance of

Super yellow PPV
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the triplet sensitizer. Additionally, Schmidt and co-workers
have shown that the triplet exciton transport may proceed via
a fast intramolecular diffusion along the PPV backbone,'?
which cannot be realized in the case of small molecule emitters
that may only proceed via intermolecular diffusion. However,
the use of PPV or other conjugated polymer emitters is still
underdeveloped, and only one set measurements of upconver-
sion quantum yields exist to date, using poly(phenylene-
ethynylene) (PPE) copolymers as emitters."’

Given the work on super yellow PPV,'® we devised a series of
polymer emitters with a similar structural motif (Fig. 2). The
proposed PPV copolymer P1-6 bears similarity to super yellow
PPV in that it contains both alkoxy and aryloxy sidechains on the
comonomer units. The proposed copolymer P1-6 uses the bulky
fluorenol sidechains (comonomer denoted “n’’) to suppress
aggregation caused quenching of the polymer emission. The
alkoxy sidechains (comonomer denoted “m”), which in this case
are from the commonly known MEH-PPV, are used to redshift
the polymer emission. It is noteworthy that the copolymer ratio
in super yellow PPV would have been optimised for electro-
luminescence performance rather than upconversion. Therefore,
a range of comonomer ratios can be explored to find the optimal
value for upconversion emission using the PPV copolymers P1-6.
This can be achieved via a Gilch polymerization strategy,>® such
that a statistically regio-random polymer can be generated but
with fixed ratios (n:m) of the two comonomers. While our PPV
series showed improved TTA upconversion performance over
MEH-PPV and Super yellow PPV, the maximum @yc obtained
was 0.135% under high excitation intensity. Apart from discussions
on performance across the polymer series, the efficiency of each
photochemical step in the TTA upconversion process was analysed
alongside sensitizer phosphorescence lifetime and polymer triplet
excited state decay data. Limitations to the TTA upconversion
performance for conjugated polymers as emitters were revealed.

Results and discussion
Synthesis

The synthesis of the PPV emitter first begins with an Ullmann
coupling between diethyl terephthalate 1 and dioctyl fluorenol
2 to furnish compound 3 in a 67% yield (Fig. 3). Compound 3 is

P1 nm=1:0
P2 n:m = 100:1
P3 n:m =10:1
P4 n:m = 1:1
P5 nim =1:10
P6 n:m = 1:100

Fig. 2 Structures of Super yellow PPV (left) and a proposed structure of a novel PPV copolymer P1-6 (right).
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Fig. 3 Synthesis of PPV copolymers P1-6 starting from dibromodiethylterephthalate 1 and dioctylfluorenol 2.

then reduced with lithium aluminium hydride to give the
corresponding diol 4 in a 62% yield (Fig. 3). The diol 4 can
then be converted to the Gilch monomer 5 via thionyl chloride
in a 57% yield. The single crystal structure of the monomer 5
was then obtained by slow evaporation from a chloroform
solution (Fig. S10, ESIt). For more detail see Tables S1 and S2
(ESIT). PPV copolymers P1-6 were then generated by Gilch
polymerization with both monomer 5 and the MEH monomer
unit 6 (Fig. 3) with yields varying between 50 to 76% for
differing comonomer ratios (Table S3, ESIt).

The average molecular weight of the samples varies with the
comonomer ratio, with a general decreasing trend in molecular
weight for an increasing proportion of MEH monomer 6 (Table 1).
Most of the PPVs apart from P2 and P3 have a similar chain length
of 44 to 55 units (4-5 chromophores).”” Both the solution and
solid state @p; increased with increasing proportion of the
fluorenyloxy monomer 5 going from P6 to P1. As the aggregation
of the polymer backbone was the commonly accepted cause for
photoluminescence quenching in PPV materials, the sterically
bulky monomer 5 reduced aggregation resulting in enhanced @py..

The maximum absorbance and emission wavelengths were
blue shifted with increasing portion of bulky monomer 5 (Fig. 4).

Table 1 Properties of the PPV copolymers P1-6

This is likely due to the increase in twisting of conjugated
backbone from increased incorporation of bulky monomer 5
leading to a decrease in average conjugation length along the
polymer backbone. In addition, the decrease in the portion of
more electron-rich MEH units would reduce the HOMO energy
leading to increased HOMO-LUMO energy gap. It is expected
that these spectral shifts will have significant impact on upcon-
version performance. Additionally, the two peaks in the UV-Vis
spectra at ~300 nm and ~500 nm vary inversely, this can be
attributed to the absorption from the fluorenyl units. The
decrease in the peak intensity at ~300 nm corresponds to a
decrease in the presence of the fluorenyl side chains throughout
the copolymer series going from P1 to P6.

Upconversion photophysics

All the PPV copolymers P1-P6 display red-to-yellow upconversion
when paired with PATPTBP as a sensitizer in chloroform solution
(Fig. 5a and b). Upconversion was then compared between each
polymer using 1.0 mg mL™ " and with 5.0 uM PdTPTBP. The
optimal comonomer ratio for the PPV copolymers, was found to
be n:m = 1:10 (P5) in terms of upconverted emission intensity.
The upconverted emission is lower for n:m = 1:100 (P6) despite

Polymer mm M, (g mol™*) M, (g mol™") D Degree of polymerisation” Average # of chromophores” Solution ®p;° (%) Solid state @py, (%)
P1 1:0 113000 54 000 2.1 59 5 87.0 £ 0.8 55.4 £ 0.6

P2 100:1 368 000 147000 2.5 162 15 84.7 £ 0.9 38.3 £0.9

P3 10:1 23000 100000 2.4 117 11 74.4 £+ 0.8 35.7 £ 0.6

P4 1:1 110000 28000 3.9 48 4 47.8 £ 0.9 12.2 £ 0.4

P5 1:10 52000 18000 2.9 56 5 34.3 £ 0.3 49 £0.1

P6 1:100 33 000 13 000 2.6 49 4 32.0 £ 0.3 4.8 £0.1
MEH-PPV — 62500 20100 3177 7 15.5 £ 0.1 —

Superyellow? — 1300000 200000 6.5 458 42 69 + 3° 17 £ 1°

“ Degree of polymerisation determined from the ratio of M, and the average monomer molecular weight based on the initial stoichiometry used in
the polymerization. ” Calculated based on the degree of polymerisation assuming 11 repeat units.?' ¢ Solution PLQY measured at 0.5 mg mL~" via
integrating sphere method with a reabsorption correction.?? ¢ GPC data from Sigma Aldrich product specification sheet. ¢ Photoluminescence
quantum yield values for films and solution of super yellow PPV taken from Monkman and coworkers.>

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Solution UV-Vis absorbance (a) and photoluminescence spectra
(b) from the PPV copolymers P1-6 and MEH-PPV.

an increase in quenching of the sensitizer’s phosphorescence.
This may be in part due to the slight decrease in ®p;, between P5
and P6 (Table 1).

The upconversion emission intensity and @y for copolymers
P1-P4 were very low (<0.002%) with very poor sensitizer
phosphorescence quenching (Fig. 5a and Table 2). This contrasts
with the ®p;, enhancement with increasing portion of bulky
monomer 5. One explanation for the low performance of
P1-P4 could be energy mismatch between the triplet excited
state of the sensitizer and that of these polymers.

To determine the extent of this electronic effect, time-
dependent density functional theory (TD-DFT) calculations
were performed on PPV oligomers. Geometry optimization of
the oligomers were achieved using PM6 level of theory and
energies of the first singlet excited state (S;) and the first triplet
excited state (T;) were calculated using B3LYP/6-31G(d)
(Fig. 5¢). The alkyl sidechains were truncated in the model
oligomers to reduce computational demand (see Supporting
Information for details). These oligomers bear either methoxy
sidechains (OMe), or fluorenyloxy side chains (OAr), or a simple
1:1 ratio of the two (OMeOAr). For all cases, both the HOMO
and LUMO distributed along the PPV backbone (Fig. S12, ESIT).
The calculated energies for S; ranged from 2.11 eV for the OMe
oligomer to 2.34 eV for the OAr oligomer. These calculated
values were comparable to the peak emission energies from the
PL data which were ~0.1 eV smaller through the series
(Fig. 4b). The calculated energies for T, followed the same
trend as the energies for S;. The energy of T; for OMe oligomer
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was the smallest at 1.51 eV with OMeOAr at 1.70 eV and OAr at
1.79 eV. When these values are compared to the phosphores-
cence energy of the sensitizer at 1.56 €V, only the OMe oligomer
was expected to undergo triplet energy transfer via an exoergic
process. With an increased portion of fluorenyloxy units a
significant energy barrier arises. This agrees with the poor
sensitizer phosphorescence quenching by copolymers P1-P4
with bulky monomer to MEH monomer ratio n > m.

The best copolymer P5 was chosen for further optimization of
upconversion performance which were found to be 0.5 mg mL ™"
of polymer with 7.5 uM of PATPTBP (Fig. S15-S18, ESIt). The
performance of P5 was then compared to two commercially
available PPVs, MEH-PPV and Super yellow PPV, under the same
experimental conditions (Fig. 5d and Fig. S19, ESIt). Both com-
mercial polymers showed lower upconversion emission intensity
than P5. The @y was then measured for all of the PPV copoly-
mers P1-6 including the two commercially available PPVs via an
integrating sphere method. The highest performing emitter was
copolymer P5 with ®@yc at 0.135% significantly outperforming
MEH-PPV with @y at 0.039%. Super yellow PPV showed even
lower @y¢ of 0.029%.

Given the significant variation in ®yc between polymer
samples, transient absorbance (TA) decay data were obtained
to determine the polymer triplet excited state dynamics of the
polymers (Table 2). Additionally, the phosphorescence decay of
the sensitizer in the presence of the polymer emitter was
measured to determine the difference in triplet transfer rates
between samples (Table 2). For the transient absorbance life-
times measurements, a second order decay is expected following
the expression:

dPM]
dr

2

= —kr[’"M*] — krr[M"] ()

where kr is the triplet decay constant and krr is the triplet-triplet
annihilation rate constant.>* The solution of this equation can
be used to fit data to normally obtain both of these terms
(eqn (3)). However, given the low ®ir, values obtained, the
contribution of the second order krr component is very small
and the expression collapses to a single exponential decay

(eqn (4)):

M= oM, (3)
3N+ Ve
ekt <1 + [ Mk]TokTT> B [ Mk]TOkTT
PM] = M et @

From eqn (4), the triplet lifetimes of the polymers can be
extracted (see Table 2). However, there is no obvious trend seen
in relation to @y and all values are roughly within the same
order of magnitude, with an average value of 117 ps across the
polymer series. If an intramolecular TTA mechanism were to be
significant, a fast second order contribution to the decays
might be expected. For MEH-PPV, triplet lifetimes during
intramolecular TTA events have been calculated to be in the
order of 10 fs,** due to a rapid exciton diffusion process with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Upconverted emission spectra from PPV copolymers P1-6 with PATPTBP as the sensitizer under 632 nm excitation, without (a) and with (b) a
600 nm low bandpass filter. Inset in Fig. 5b is the image of TTA upconversion from PPV copolymer P5/PATPTBP dilute solution with 632 nm excitation.
(c) Energy diagram depicting the calculated singlet and triplet excited state energies obtained by DFT of the model oligomers compared to the triplet
excited state energy of PATPTBP. (d) Upconversion quantum yield for PPV copolymers P1-6, MEH-PPV and Super yellow PPV. (e) Dependence of

upconversion quantum yield on excitation intensity for polymer P5. (f) Upconversion power threshold for polymer P5 (determined to be 370 mW cm

Table 2 Summary of transient absorbance decay (TA), phosphorescence
decay, and upconversion quantum yields for MEH-PPV, Super yellow PPV,
and PPV copolymers P1-6

Triplet Phosphorescence @y~ Ppr, Prer” Drra’
Polymer lifetime (ps) lifetime (ps) (%) (%) (%) (%)
Sensitizer only — 123 — - — —
P1 84.3 56.1 0.0003 87.0 6.8  0.005
P2 144 53.1 0.001 84.7 16.2 0.007
P3 145 56.3 0.001 74.4 22.5 0.006
P4 82.9 29.6 0.002 47.8 76.7 0.006
P5 131 29.9 0.135 34.3 86.3 0.460
P6 113 43.5 0.032 32.0 90.7 0.111
MEH-PPV 73.7 13.5 0.039 15.5 92.7 0.274
Super yellow 47 36.6 0.029 69.0 93.5 0.045

¢ Calculated from the ratio of the phosphorescence integrated emission
between the polymer upconversion sample and sensitizer only sample
(see eqn (5)). ? Calculated using eqn (1).

values for kprr = 10 M™* s7'. In the case observed here, an
intermolecular TTA mechanism is most likely to occur, but the
low ®rra values suggest polymer collisions are ineffective
(see later discussion). The sensitizer phosphorescence lifetime
for each sample appear to correlate with ®rgr, except for P6 and
Super yellow which have a slightly increased lifetime than
expected. It should also be noted that the phosphorescence
lifetime can be affected by differences in molar concentration
of the polymer chains due to the different molecular weights.
However, Super yellow PPV has the largest molecular weight but
does not have the longest phosphorescence lifetime, while P6

© 2021 The Author(s). Published by the Royal Society of Chemistry

,2)-

has the lowest molecular weight but does not have the shortest
phosphorescence lifetime. This suggests that other factors
influence the effectiveness of the triplet energy transfer, such
as the energetic offset identified by TD-DFT calculations.

The ®rgr were calculated by comparing the degree of
phosphorescence quenching of the sensitizer by the polymers
to the phosphorescence of a sensitizer-only sample. The ®rgr
for P5, P6, MEH-PPV and Super yellow PPV were all close to 90%
(Table 2). The @iy for the copolymers decreased with increasing
content of the bulky fluorenyloxy monomer going from P6 to P1.
This is again in agreement with the poor triplet excited state
energy alignment between the polymers and the sensitizer
apparent in TD-DFT calculations. The triplet state lifetimes of
the polymers are ~100 ps (Table 2) and, assuming diffusional
interactions (the second order diffusion rate constant in chloro-
form is 5.8 x 10° M~ s7'), there should be multiple collisions
between triplet excited polymer chains for those polymers where
sensitization was efficient (e.g. P5, P6). Even allowing for spin
statistical factors, the observed very low quantum yields of
upconversion suggest that steric restrictions and other factors
must make most collisions ineffective in leading to annihilation
and formation of emitting singlet states. Nevertheless, for the
later part of the polymer series, a significant change can be seen
in the @y, with P5 clearly above all the other polymers with
a value of 0.46%, nearly double that of the second highest;
MEH-PPV with a value of 0.27%. It is unclear why P5 has a
significantly higher ®rra. As a general trend, the ®rps increases
throughout the polymer series.

Mater. Adv,, 2021, 2, 7751-7758 | 7755
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Since the @y value was low for all samples, the upconversion
power threshold was only determined for P5 (Fig. 5¢). The value
determined was 370 mW cm %, which is particularly high
compared to most upconversion systems. This is likely from
the difficulty in having effective collisions between triplet
polymer chains that lead to annihilation, as discussed above.
The upconversion quantum yield was also determined as a
function of excitation intensity above and below the power
threshold for P5 (Fig. 5f). The quantum yield appears to plateau
as the excitation intensity approaches 1000 mW cm™ 2. At high
excitation intensity, the sample should be saturated with triplet
excited state species and the @y would reach a limit.

Conclusions

A series of PPV copolymers P1-P6 was synthesized all of which
display weak TTA upconversion emission with PATPTBP as the
sensitizer. The upconversion quantum yields were measured
for all copolymers and compared to two commercially available
PPVs. The best ¢y obtained was 0.135% for the PPV copolymer
P5 with n:m = 1:10. The PPV copolymers show a general trend
whereby ®yc increases with an increased proportion of the
MEH comonomer unit. However, this is contrary to the ®py,
which decreases with an increased proportion of the MEH
comonomer unit. The quenching of phosphorescence of
the sensitizer and the rate of decay of the triplet exciton on
the polymer emitter were also measured. The variation in the
efficiency of sensitizer quenching, can be related to the
reduction in steric bulk between the PPV copolymers P1-P6.
An increased proportion of the MEH comonomer unit reduces
the steric bulk allowing more facile approach of the sensitizer
to the polymer backbone facilitating triplet energy transfer.
The power intensity threshold for PPV copolymer P5 was found
to be 370 mW cm 2.

Our study revealed several limitations in using conjugated
emitters for TTA upconversion. Firstly, while the PL concen-
tration quenching problem can be mitigated by introduction of
sterically bulky sidechains, these sidechains have significant
negative impact on the TET process between the sensitizer and
the polymer. In addition, theoretical calculations show the
bulky sidechains can also affect the polymer energetics, leading
to poor triplet energy alignment between the sensitizer and the
polymer. This also has an impact on the TET process. Secondly,
the triplet excited state lifetime of the PPV materials in this
study is at least an order of magnitude shorter than that for
molecular emitters such as DPA.” Finally, the @, values for all
samples were very low at <1%. @rrs is determined by the
contact triplet pair formation efficiency and the factor f;* which
is a measure of the probability of generating the singlet excited
state after TTA. Even assuming a minimum f of 1/9, there
appears to be a low contact triplet pair formation efficiency
for PPV materials, and this is a major hurdle in achieving better
dyc. A possible reason for low contact triplet pair formation
efficiency is the steric interference imposed by the structural
conformation of the polymers that inhibits the chromophore

7756 | Mater. Adv, 2021, 2, 7751-7758
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orbital overlap during the triplet collisions required for TTA.
These issues might be addressed by moving to an intra-
molecular TTA mechanism with triplet sensitizers tethered to
the conjugated polymer emitter to produce a high intrachain
concentration of polymer chromophore triplets.

Experimental section
General experimental information

Commercial reagents were purchased from Univar, Sigma-
Aldrich, AK Scientific, Matrix Scientific, Ajax Finechem, and
Labchem, and were used as received. The reference MEH-PPV
polymer was purchased commercially from Lumtec (https://
lumtec.com.tw/). Anhydrous toluene, diethyl ether, dichloro-
methane, and tetrahydrofuran were obtained from alumina
drying columns. For reactions carried out under inert conditions,
standard Schlenk techniques were used. Solvents were sparged
with nitrogen gas for several hours prior to use, and the reaction
vessels were sealed with a rubber septum under a nitrogen
atmosphere. Thin layer chromatography (TLC) was done using
Merck-Millipore Silica gel glass plates (60G F254), with a 254 nm
and 365 nm light mercury lamp used for identifying spots.
'H NMR (400 MHz) and *C NMR (100 MHz) spectra were
obtained in CDClz;, on a 400 MHz Varian spectrometer. NMR
peaks were referenced to the CHCI; solvent peak. UV-Vis spectro-
scopy was performed on Agilent Technologies Cary 50 UV-Vis.
Photoluminescent spectroscopy was performed on Varian Cary
Eclipse fluorimeter. Absolute photoluminescence quantum yield
of the samples was determined via an integrating sphere method
using an integrating sphere accessory (F3018, Horiba Jobin Yvon)
on a Fluorolog-3 fluorimeter.

Synthesis procedures

Compound 3. 9,9-Dioctyl-9H-fluoren-2-o0l (3.73 g, 9.17 mmol),
diethyl 2,5-dibromoterephthalate (1.3 g, 3.42 mmol), and
potassium carbonate (4.1g, 29.7 mmol) were stirred and heated
to 70 °C in 50 mL of pyridine. The solution was then sparged
with nitrogen for 30 min. Then copper(I) bromide (0.472 g,
3.3 mmol) was added, and the mixture was heated to reflux
overnight. The mixture was then cooled and poured into water.
The product was extracted with chloroform and washed with
saturated aqueous ammonium chloride. The organic layer was
then collected and dried with magnesium sulfate, then filtered
through a thin layer of silica. The solvent was then evaporated,
and the product was loaded onto Celite. The product was then
purified by DCVC eluting with a gradient of 0, 2, 5, 10, 20, 30,
40% chloroform in hexanes. Mass = 2.36 g (67%).

"H NMR (400 MHz, CHCl;, §): 7.64 (d, J = 6.0Hz, 4H), 7.58 (s,
2H), 7.32 (m, 4H), 7.24 (m, 2H), 7.02 (s, 2H), 6.89 (d, J = 7.7Hz,
2H), 4.21 (q, J = 7.1Hz, 4H), 1.94 (m, 8H), 1.15 (m, 49H), 0.81
(t,J = 6.8Hz, 12H), 0.66 (m, 8H); **C NMR (100 MHz, CDCl,, §):
164.5, 157.2, 153.0, 151.3, 150.5, 140.5, 136.6, 127.9, 126.8,
126.5, 123.7, 122.8, 120.6, 119.2, 116.2, 113.0, 61.5, 55.2, 40.4,
31.8, 30.1, 29.3, 23.8, 22.6, 14.1, 14.0; HRMS (ESI) m/z: [M]"
caled for C5,Hg,4O6, 1030.7050; found, 1030.7050.
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Compound 4. Lithium aluminium hydride (0.88 g, 23 mmol)
was dissolved in 80 mL of diethyl ether and stirred at 0 °C under
nitrogen atmosphere. A solution of diethyl 2,5-bis((9,9-dioctyl-
9H-fluoren-2-yl)oxy)terephthalate (2.36 g, 2.29 mmol) in 20 mL
of diethyl ether was then added dropwise. The mixture was then
allowed to slowly warm to room temperature overnight. The
mixture was then cooled to 0 °C and 1 mL of water was added
dropwise, then 1 mL of 1 M aqueous sodium hydroxide was
added dropwise. Then a further 3 mL of water was added
dropwise, and the mixture was then allowed to warm to room
temperature. After stirring at room temperature for 15 min, 5 g
of magnesium sulfate and 20 mL of THF was added. The
mixture was then stirred for 15 min, then the mixture was
filtered through a thin layer of silica. The solvent was then then
evaporated, and the product was loaded onto Celite. The
product was then purified by DCVC eluting with a gradient of
0,1, 2, 5,10, 20% ethyl acetate in hexanes. Mass = 1.3 g (62%).

'H NMR (400 MHz, CHCI;, d): 7.66 (d, J = 8.2Hz, 4H), 7.32
(m, 6H), 7.05 (d, J = 1.8Hz, 2H), 7.01 (s, 2H), 6.93 (dd, J = 8.2,
1.9Hz, 2H), 4.68 (d, J = 6.3Hz, 4H), 1.94 (m, 8H), 1.11 (m, 42H),
0.82 (t,J = 7.1Hz, 12H), 0.66 (m, 8H); >*C NMR (100 MHz, CDCl;,
9):156.6, 153.1, 150.8, 150.5, 140.5, 136.9, 132.1, 126.8, 126.6,
122.8, 120.7, 119.3, 118.5, 116.9, 113.7, 61.0, 55.2, 40.4, 31.8,
30.0, 29.3, 29.2, 23.8, 22.6, 14.1; HRMS (ESI) m/z: [M]" caled for
CesHoo04, 946.6839; found, 946.6837.

Compound 5. (2,5-bis((9,9-dioctyl-9H-fluoren-2-yl)oxy)-1,4-
phenylene)dimethanol (1.3 g, 1.37 mmol) was dissolved in
50 mL of chloroform with 3 drops of DMF. Thionyl chloride
(0.55 mL) was added dropwise to the mixture and then stirred
overnight at room temperature. The mixture was then poured
into water and extracted with chloroform washing with
saturated aqueous sodium bicarbonate. The organic layer was
then collected and dried with magnesium sulfate and
filtered through a thin layer of silica. The solvent was then
then evaporated, and the product was loaded onto Celite. The
product was then purified by DCVC eluting with a gradient of
0,1, 2, 4, 10, 20% chloroform in hexanes. Mass = 0.77 g (57%).

"H NMR (400 MHz, CHCI;, §): 7.67 (t, J = 7.3Hz, 4H), 7.31
(m, 6H), 7.02 (m, 6H), 4.61 (s, 4H), 1.94 (m, 8H), 1.12 (m, 44H),
0.84 (m, 13H), 0.66 (m, 8H); *C NMR (100 MHz, CDCl;,
0):156.4, 153.1, 150.9, 150.5, 140.5, 137.1, 129.8, 126.8, 126.6,
122.8, 120.7, 120.0, 119.3, 117.5, 113.8, 55.3, 40.4, 40.4, 31.8,
30.0, 29.3, 29.2, 23.8, 22.6, 22.6, 14.1; HRMS (ESI) m/z: [M]"
caled for CggHggO,Cl,, 982.6161; found, 982.6159.

General polymerization method

Potassium tert-butoxide (20 eq.) was dissolved in dry degassed
THF (made to 0.4 M) and stirred at room temperature under
nitrogen atmosphere. Then the monomer(s) (1 eq.) were added
dropwise as a solution of dry degassed THF (made to 0.035 M)
to the mixture. The mixture was then allowed to stir overnight
at room temperature. The mixture was then diluted with THF
and poured into 10 times the reaction volume of methanol with
vigorous stirring. The suspension was then centrifuged to
collect the polymer, which was then washed 3 times with
methanol and then dried in a vacuum oven overnight. Example
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procedure for P4 provided below. See Table S2 in the ESI,{ for
synthesis details for P1 to P6. GPC traces is shown in Fig. S11
(ESTY).

Example procedure: synthesis of P4

Potassium tert-butoxide (0.22) was dissolved in 4 mL of dry
degassed THF and stirred at room temperature under nitrogen
atmosphere. Then 2,2'-((2,5-bis(chloromethyl)-1,4-phenylene)
bis(oxy))bis(9,9-dioctyl-9H-fluorene) (0.05 g) and 1,4-bis(bromo-
methyl)-2-((2-ethylhexyl)oxy)-5-methoxybenzene (0.021 g)
added dropwise as a solution in 1 mL of dry degassed THF to
the mixture. The mixture was then allowed to stir overnight at room
temperature. The mixture was then diluted with THF and poured
into 50 mL of methanol with vigorous stirring. The suspension was
then centrifuged to collect the polymer, the polymer was then
washed 3 times with methanol and then dried in a vacuum oven
overnight. Mass = 0.035g (59%).

were

Upconversion experiments

Upconversion samples were degassed three times via freeze-
pump-thaw cycles prior to analysis. Upconversion spectra were
taken using an Ocean Optics USB spectrometer with 300 pm
fiber optic cable. The @y of the polymer samples was deter-
mined with 632 nm excitation (band pass filtered HeNe laser)
with an intensity of 985 mW cm™ via an integrating sphere
method with a LABSPHERE (model number: 4P-GPS-053-SL)
and detected with a liquid nitrogen cooled CCD camera from
Princeton Instruments (series number: SP2500). Band pass
filters for both short and long pass filters were obtained from
Thorlabs (Edgepass filter range).

The values for the triplet energy transfer quantum yields
were determined by comparing the integrated emission from
the sensitizer with/without the polymer present, using the
following equation:

7
A)dA
Prpr =1 — 7jp?lymcr( ) (5)
J‘blank (;“)d/L

where Ijoiymer and represents the spectra of the sample with the
polymer present and Iyja,i is the sample without the polymer.

Transient absorbance and phosphorescence decay measurements
were performed with identical sample conditions as per upconversion
emission samples. Phosphorescence decay measurements used
632 nm laser pulse, with detection set to observe emission at
790 nm. Transient absorbance measurements used 632 nm laser
pulse, with 830 nm probe. Triplet excited state concentrations (y-axis)
were obtained from transient absorbance values using the Beer-
Lambert law and an extinction coefficient of 1.19 x 10° M~ cm™ %%
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