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Molecules based on anthracene are commonly used in applications such as OLEDs and triplet—triplet
annihilation upconversion. In future design of blue emitting materials it is useful to know which part of
the molecule can be altered in order to obtain new physical properties without losing the inherent optical
properties. We have studied the effect of substitution of 9,10-substituted anthracenes. Eight anthracenes
with aromatic phenyl and thiophene substituents were synthesised, containing both electron donating and
accepting groups. The substitutions were found to affect the UV/Vis absorption only to a small extent,
however the fluorescence properties were more affected with the thiophene substituents that decreased
the fluorescence quantum yield from unity to <10%. DFT calculations confirm the minor change in
absorption and indicate that the first and second triplet state energies are also unaffected. Finally the three
most fluorescent derivatives 4-(10-phenylanthracene-9-yl)pyridine, 9-phenyl-10-(4-(trifluoromethyl)-
phenyllanthracene and 4-(10-phenylanthracene-9-yl)benzonitrile were successfully utilized as annihilators
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DOI: 10.1039/c5tc02626a in a triplet—triplet annihilation upconversion (TTA-UC) system employing platinum octaethylporphyrin as

the sensitizer. The observed upconversion quantum yields, ¢yc, slightly exceeded that of the benchmark
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1 Introduction

Anthracene and its derivatives have played an important role as
organic chromophores since its discovery in 1832 by Jean B. A.
Dumas and Auguste Laurent."”” Many dyes are based on the
anthracene structure and applications for these blue emitting
chromophores are plentiful in a variety of fields, from organic
light emitting diodes (OLEDs)*~ and fluorescent probes®® to
organic scintillators’ and more recently photon-upconversion
through triplet-triplet annihilation.""

Unsubstituted anthracene has a fluorescence quantum yield
of about 30%, a consequence of the high intersystem crossing
rate and a triplet yield of approximately 70%.>* Substituting
anthracene at the 9- and 10-positions can drastically alter the
probability of these transitions, e.g. 9,10-dimethylanthracene
has a fluorescence quantum yield of about 70%** and has
been successfully used in triplet-triplet annihilation systems
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i Electronic supplementary information (ESI) available: Absorption spectra,
transient absorption spectra, the Stern-Volmer plot for PAOEP and NMR spectra.
See DOI: 10.1039/c5tc02626a
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annihilator 9,10-diphenylanthracene (DPA).

previously by Parker’® and more recently by McCusker and
Castellano.>® For many applications it is desirable to have a
high emission yield and therefore 9,10-substituted anthracenes
are potential candidates. As the substitutions also influence
other important factors, such as solubility, crystal structure,
exciplex formation, surface affinity and spectral characteristics,
there can be multiple purposes for the choice of substituents.
Bulky substituents, such as phenyl groups, are also known
to hamper the [4+4] photocycloaddition that anthracene and
9,10-dimethylanthracene undergo at high concentrations when
irradiated.”*>*>®

Photon upconversion is the process of generating high
energy photons from two or more low energy photons. Through
triplet-triplet annihilation (TTA) this can be achieved with
incoherent low intensity light such as sunlight.'®**?77*? Thus,
TTA photon upconversion has gained a lot of interest as a way
to improve the efficiency of solar energy applications®*”** such
as photovoltaics,*>** photoelectrochemical*>** and solar driven
photochemical reactions®®** by utilizing sub-bandgap photons.
TTA photon upconversion, schematically described in Fig. 1,
generally occurs in a bimolecular system, consisting of a triplet
sensitizer (S), typically metalloporphyrins, and an annihilator
species (A), commonly polyaromatic molecules. The process was
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Fig. 1 Jablonski diagram explaining the triplet—triplet annihilation upcon-
version process. First a sensitizer absorbs a low energy photon (1) and
rapidly populates its first triplet excited state after intersystem crossing
(ISC) from the singlet state (2). The triplet energy can then be transferred to
an annihilator species through a triplet energy transfer (TET) process
(3) generating one triplet excited annihilator molecule. When two triplet
excited annihilator molecules come together they can undergo triplet—
triplet annihilation (4) generating one singlet excited annihilator which can
deactivate to its ground state by emitting a photon (5).

first described in the 1960s by Parker and Hatchard*>™*” and
consists of a series of events. First a low energy photon is
absorbed by a sensitizer in its ground state ('S) which readily
undergoes intersystem crossing (ISC) to its first excited triplet
state (3$*). Subsequently the triplet state of the annihilator (*A*)
is populated through a triplet-energy transfer (TET) process
from the sensitizer. Two triplet-excited annihilators can then
interact and undergo triplet-triplet annihilation (TTA), which
can result in the formation of one singlet excited annihilator
(*A*) and one annihilator in the ground state (*A). The excited
singlet can subsequently relax to the ground state through
fluorescence, emitting a photon of higher frequency than the
ones initially absorbed. In reality, one TTA event does not
necessarily form one singlet state if triplet and quintet states
are energetically accessible, and spin-statistics was first assumed
to limit the TTA process to efficiencies below 1/9. However
experimental data have disproven this limit with observed
efficiencies well above 1/9.">*®

One of the most efficient upconversion sensitizer-annihila-
tor pairs is DPA, 1 (Fig. 2) and Pd or Pt octaethylporphyrin, with
an upconversion quantum yield of up to 18%.'> Lately some
promising attempts to modify 1 have been made in order to
facilitate and achieve TTA-UC in different matrices."”*%*>>°
However no detailed study of how these modifications alter the
photophysical properties of chromophore 1 has been done.
With the aim of identifying the structure/property relationships
for 9,10-substituted anthracenes and revealing the design para-
meters for future TTA-UC materials herein we present the
synthesis and study of photophysical properties of eight 9,10-
disubstituted anthracene derivatives (Fig. 2). To complement
the experimental measurements DFT calculations of the posi-
tion of singlet and triplet excited states were performed in order
to determine the S-T energy level spacing. Both electron
withdrawing and electron donating substituents have been
chosen. We further demonstrate the use of the most promising
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Fig. 2 Structures of investigated 9,10-substituted anthracenes and the
triplet sensitizers platinum and palladium octaethylporphyrin.

derivatives as annihilators in the triplet-triplet annihilation
based upconversion, using platinum octaethylporphyrin (PtOEP)
as the sensitizer. The derivatives are compared to the well-known
9,10-diphenylanthracene (1) and 9,10-dimethylanthracene (2)
chromophores.

2 Experimental method

2.1 Instrumentation and optical measurements

Steady-state absorption spectra were recorded on a Cary 4000
spectrophotometer and steady state fluorescence measurements
were carried out on a Spex Fluorolog 3 spectrofluorimeter
(JY Horiba). Fluorescence lifetimes were determined on a time
correlated single photon counting (TCSPC) setup using Pico-
Quant laser diodes (377 nm) and a PMT detector (10 000 counts,
4096 channels). Nanosecond transient absorption measure-
ments were performed on a home-built system using a Surelite
Continuum Nd:YAG laser equipped with an OPO generating
a ~10 ns pump beam. A quartz-halogen lamp with a mono-
chromator was used as the probe light and a monochromator
together with a 5-stage PMT coupled to an oscilloscope was
used for recording the transient. All photophysical measure-
ments were carried out in toluene using quartz cuvettes except
for samples used in the upconversion intensity study which
were permanently sealed in Pyrex test-tubes after degassing
following a freeze-pump-thaw procedure described in the ESL.f
Samples for Stern-Volmer quenching studies and nanosecond
transient absorption studies were degassed by stirring in a glovebox
from Innovative Technologies (< 0.1 ppm oxygen level) under a
nitrogen atmosphere for at least 48 h.

This journal is © The Royal Society of Chemistry 2015
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Fluorescence quantum yields were determined by relative
actinometry employing 1 as the standard using deaerated dilute
solutions, and comparative spectra were corrected for absor-
bance. Upconversion quantum yields were determined relative
to zinc octaethyl porphyrin®" using a 532 nm green laser-pointer
(33.8 mW, 0.0573 cm’®) as the light source and a graduated
neutral density filter to vary the intensity. Solubility experiments
were carried out by saturating a solution of toluene with each
derivative and then filtering the supernant with a syringe filter
before recording the absorption spectra to monitor the amount
of dissolved species.

1 was purchased from Sigma-Aldrich, PtOEP and PdOEP were
purchased from PorphyChem and all were used as received. 2 was
a kind gift from the late Prof. Hans-Dieter Becker and its purity
was confirmed by H'-NMR spectroscopy prior to use. Spectro-
scopy and GC grade toluene was used for all measurements.
Degassed and dry toluene was obtained from a M-Braun solvent
drying system. NMR was run on a 400 MHz Varian NMR and IR
was run either neat or in KBr pellets using a Perkin Elmer ATR-
FTIR or Perkin Elmer FTIR respectively. Column chromatography
was carried out using a Biotage Flash Column Chromatography
system with Biotage prepacked SNAP columns if not stated
otherwise. Melting points were determined using an automatic
Mettler Toledo MP70 melting point apparatus.

2.2 Synthesis

Phenyl substitutents were coupled to the anthracene core by
Suzuki-Miyaura cross-coupling procedures (Fig. 3) and thiophene-
substitutents by Stille cross-coupling procedures (Fig. 3). 9-Bromo-
10-phenylanthracene was synthesized according to the literature.>®

Preparation of 4-(10-phenylanthracene-9-yl)pyridine, 3. The
title compound was synthesized as follows: 330 mg (0.99 mmol)
of 9-bromo-10-phenylanthracene was added to a reaction vessel
together with 201 mg (0.98 mmol) of 4-pyridine boronic acid
pinacole ester and 27 mg (0.02 mmol, 2 mol%) of Pd(PPh;),.
The atmosphere was changed to N, and 4.9 mL of degassed THF,
2.5 mL of K,CO; (aq, 2 M, N, purged) and a drop of the phase
transfer catalyst Aliquat 336 were added. The mixture was heated
to reflux for 76 h. The crude mixture was evaporated to dryness
and then loaded onto a manually packed silica column, eluted with

R =PhorBr

iorii
[N

1Ry =Ph, Ry =Pyr
:Ry = Ph, Ry = Ph-CF;

3 9: R, = Thiophene, Rz = Ph-CF3
4

5:R; = Ph, Ry = Ph-CN

6

7

8

10: Ry = Ph-OMe, R3 = Ph-CF
: Ry = Ph, Ry = Ph-OMe
: Ry = Ph, Ry = Thiophene
: Ry = Ry = Thiophene
11: Ry = Br, Ry = Thiophene
12: Ry = Br, Rp = Ph-OMe
Fig. 3 Synthesis of 9,10-disubstituted anthracenes. (i) Suzuki coupling;
arylboronic acid, Pd(PPhs)4, Na,COs (2 M aq), THF, toluene, reflux, (i) Stille
coupling; 2-BusSn-thiophene, Pd,(dba)s, tri-o-tolylphosphine, THF, reflux,
(iii) CF3-Ph-B(OR),, Pd(PPhs)4, and (iv) toluene, THF, Na,COs (2 M, aq),
reflux, 18 h.
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DCM until the first fraction was obtained, then with DCM
containing 1% MeOH (R¢ = 0.57, 2% MeOH in DCM) to yield
light yellow crystals (219 mg, 0.66 mmol, 67%). M, = 280.7 °C.
Elem. anal.: cale. (Cy5H;,N): C: 90.60% H: 5.17% N: 4.23%,
found: C: 90.56% H: 5.19% N: 4.22%. FT-IR (KBr) v(cm ™) =
3429 (bs), 3061 (m), 2922 (m), 2851 (m), 2359 (w), 1941 (W), 1809
(W), 1704 (w) 1646 (W), 1592 (s), 1538 (m) 1519 (w) 1495 (m) 1438
(s) 1390 (s) 1324 (m), 1254 (m) 1212 (m), 1167 (m), 1145 (m),
1118 (m), 1068 (m), 1025 (s), 989 (m) 945 (m), 915 (w), 901 (w),
877 (w), 849 (w), 817 (m), 768 (s), 703 (s), 673 (m), 651 (s), 610 (s)
527 (s) 427 (w). H'-NMR (400 MHz, CDCl;) § = 8.88 (dd, J, =
4.3 Hz, J, = 1.6 Hz, 2H), 7.74-7.70 (m, 2H), 7.64-7.55 (m, 5H),
7.49-7.46 (m, 4H), 7.40-7.33 (m, 4H) ppm. C'*-NMR (400 MHz,
CDCl;) 6 = 150.05, 147.74, 138.66, 138.21, 131.16, 129.76,
129.06, 128.46, 127.64, 127.21, 126.58, 126.00, 125.68, 125.1 ppm.
MALDI-TOF (m/z): found: 330.9 calc.: 331.14.

Preparation of 9-phenyl-10-(4-(trifluoromethyl)phenyl)anthra-
cene, 4. The title compound was synthesized as follows: 237 mg
(0.7 mmol) of 9-bromo-10-phenylanthracene was added to a
reaction vessel together with 290 mg (1.5 mmol) of 4-(trifluoro-
methyl)phenyl boronic acid and 75 mg (0.06 mmol, 9 mol%) of
Pd(PPh;),. The atmosphere was changed to N, and 30 mL of
degassed toluene, 28 mL of degassed THF and 5 mL of Na,CO;
(ag, 2 M, N, purged) were added. The mixture was heated to
reflux overnight. The crude mixture was extracted with petro-
leum ether, washed with brine and dried with Na,SO,. The
crude product was purified by column chromatography (1-8%
DCM in hexane, R = 0.26, 4% DCM in hexane) to yield a light
yellow powder (232 mg, 0.58 mmol, 83%). M, = 254.7 °C. Elem.
anal.: calc. (Cy;H;,F3): C: 81.39% H: 4.30% F: 14.31%, found: C:
81.08% H: 4.36% F: 14.27%. FT-IR (neat, ATR) v(cm ') = 3061
(bw) 2820 (w) 1615 (m), 1494 (w), 1440 (m), 1402 (m) 1393 (m),
1324 (s) 1161 (s), 1117 (s), 1020 (m), 942 (m), 835 (m), 770 (s),
760 (s), 700 (m), 666 (s), 624 (m), 610 (s), 515 (m), 440 (m), 421
(m). H'-NMR (400 MHz, CDCl;) § = 7.88 (d, J = 8.08 Hz, 2H),
7.72-7.70 (m, 2H), 7.64-7.56 (m, 6H), 7.49-7.47 (m, 2H), 7.38-
7.33 (m, 4H) ppm. C"*-NMR (400 MHz, CDCl;) § = 143.15,
138.78, 137.87, 135.16, 131.76, 131.20, 129.98, 129.80, 129.66,
129.60, 128.44, 127.58, 127.13, 126.32, 125.46, 125.41, 125.11 ppm.
F'°-NMR (400 MHz, CDCl;) § = —62.38 ppm. MALDI-TOF (m/2):
found: 398.0 calc.: 398.1.

Preparation of 4-(10-phenylanthracene-9-yl)benzonitrile, 5. The
title compound was synthesized as follows: 350 mg (1.05 mmol) of
9-bromo-10-phenylanthracene was added to a reaction vessel
together with 230 mg (1.58 mmol) of 4-cyanophenyl boronic acid
and 60 mg (0.05 mmol, 9 mol%) of Pd(PPh;),. The atmosphere
was changed to N,, 9 mL of degassed toluene, 2 mL of ethanol
and 2 mL of K,CO; (aq, 4.9 M, N, purged) were added and the
reaction was purged with N, for 30 minutes. The mixture was then
heated to reflux for 24 h. After cooling to room temperature the
crude mixture was extracted with DCM, washed with brine and
dried with Na,SO,. The crude product was purified by column
chromatography, eluted with hexane until the first fraction was
collected, thereafter with DCM (R; = 0.57 in DCM) to yield a
light yellow powder (313 mg, 0.88 mmol, 84%). M, = 281.6 °C.
Elem. anal.: calc. (C,,H;,N): C: 91.24% H: 4.82% N: 3.94%,

J. Mater. Chem. C, 2015, 3, 11111-11121 | 11113
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found: C: 91.24% H: 4.83% N: 3.95%. FT-IR (neat, ATR) {cm ') =
3056 (bw), 2230 (m), 1934 (bw), 1815 (w), 1603 (m), 1497 (m),
1438 (m), 1390 (m), 1271 (w), 1253 (w), 1190 (w), 1106 (W), 1069
(w), 1027 (m), 941 (m), 896 (w), 880 (w), 849 (m), 834 (m), 793
(w), 764 (s), 734 (w), 700 (s), 669 (s), 641 (m), 611 (s), 555 (s), 521
(w), 501 (w), 421 (m). H-NMR (400 MHz, CDCl;) 6 = 7.94-7.91
(dt, J, = 8.4 Hz, J, = 1.6 Hz, 2H), 7.73-7.69 (m, 2H), 7.63-7.61
(m, 2H), 7.60-7.52 (m, 4H), 7.48-7.46 (m, 2H), 7.39-7.33 (m, 4H)
ppm. C"*-NMR (400 MHz, CDCl;) § = 144.53, 138.63, 138.26,
134.47, 132.29, 131.15, 129.77, 129.36, 128.46, 127.65, 127.24,
125.98, 125.69, 125.17, 118.90, 111.60, 31.37 ppm. MALDI-TOF
(m/z): found: 354.8 calc.: 355.14.

Preparation of 9-(4-methoxyphenyl)-10-phenylanthracene, 6.
The title compound was synthesized as follows: 195 mg (0.59 mmol)
of 9-bromo-10-phenylanthracene was added to a reaction vessel
together with 205 mg (1.35 mmol) of 4-methoxyphenyl boronic
acid and 64 mg (0.05 mmol, 9 mol%) of Pd(PPh;),. The atmo-
sphere was changed to N, and 9 mL of degassed toluene, 9 mL
of degassed THF and 4.5 mL of Na,CO; (aq, 2 M, N, purged)
were added. The mixture was heated to reflux for 43 h. The
crude mixture was extracted with hexane, washed with brine
and dried with Na,SO,. The crude product was filtered over a
silica plug eluted with 16% DCM in hexane (R; = 0.20). The
yellow crystals were recrystallized from toluene to yield light
yellow crystals (151 mg, 0.42 mmol, 70%). M, = 233.6 °C. Elem.
anal.: calc. (Cy;H0): C: 89.97% H: 5.59% O: 4.44%, found: C:
89.98% H: 5.62% O: 4.30%. FT-IR (neat, ATR) v(cm™*) = 3068
(w), 3041 (w), 2997 (m), 2961 (m), 2839 (w), 1955 (bw), 1888
(bw), 1815 (w), 1708 (w), 1636 (W), 1607 (m), 1573 (m), 1512 (s),
1496 (m), 1461 (m), 1439 (m), 1408 (w), 1390 (m), 1369 (w), 1303
(w), 1284 (m), 1241 (s), 1181 (m), 1104 (m), 1070 (m), 1027 (s),
941 (m), 915 (w), 877 (w), 848 (m), 830 (s), 791 (W), 770 (s), 755
(s), 731 (w), 714 (w), 704 (s), 665 (s), 638 (m), 627 (m), 611 (s),
578 (m), 534 (m), 498 (w), 418 (m). H-NMR (400 MHz, CDCI;)
0 = 7.77-7.73 (m, 2H), 7.70-7.67 (m, 2H), 7.63-7.52 (m, 3H),
7.49-7.47 (m, 2H), 7.42-7.38 (m, 2H), 7.36-7.30 (m, 2H), 7.17-
7.13 (m, 2H), 3.97 (s, 3H) ppm. C"*-NMR (400 MHz, CDCI;)
5 = 218.85, 159.00, 139.11, 136.91, 136.89, 132.36, 131.31,
131.08, 130.19, 129.89, 128.37, 127.41, 127.02, 126.93, 124.93,
124.88, 55.38 ppm. MALDI-TOF (m/z): found: 360.1 calc.: 360.2.

Preparation of 2-(10-phenylanthracen-9-yl)thiophene, 7. The
title compound was synthesized as follows: 250 mg (0.75 mmol)
of 9-bromo-10-phenylanthracene was added to a dry reaction
vessel with the catalyst Pd,(dba); (17 mg, 0.02 mmol, 2.4 mol%)
and the ligand tri-o-tolyl phosphine (28 mg, 0.09 mmol). Under
nitrogen 7.5 mL of dry THF and 0.26 mL (0.83 mmol) of
2-(tertbutylstannyl)-thiophene were added. The reaction mix-
ture was heated to reflux overnight. The crude mixture was
extracted with DCM, washed with brine and dried over Na,SO,.
The crude product was filtered over a plug of silica eluted with
toluene and evaporated to dryness. The pale white crystals were
washed with hexane to yield 151 mg (0.45 mmol, 60%) of the
title compound. M, = 197.0 °C. Elem. anal.: calc. (C,,H;6S): C:
85.68%, H: 4.79% S: 9.53%, found: C: 85.58% H: 4.81%, S:
9.45%. FT-IR (KBr) v{cm ') = 3060 (bm), 1947 (w), 1806 (W),
1708 (w), 1598 (w), 1518 (w), 1438 (m), 1377 (m), 1389 (m),
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1286 (w), 1222 (m), 1161 (w), 1112 (w), 1070 (w), 1027 (m), 931
(m), 834 (m), 765 (s), 741 (m), 702 (m), 692 (s), 670 (m), 651 (s),
632 (w), 611 (s), 596 (w), 487 (w), 511 (m), 487 (w), 446 (w), 416
(m) H'-NMR (400 MHz, CDCl;) § = 7.90-7.88 (m, 2H), 7.69-7.67
(m, 2H), 7.63 (dd, J, = 1.2 Hz, J, = 5.2 Hz, 1H), 7.61-7.58, (m, 2H)
7.57-7.54 (m, 1H), 7.48-7.45 (m, 2H), 7.42-7.36 (m, 3H),
7.34-7.32 (m, 2H), 7.23 (dd, J, = 1.2 Hz, ], = 3.4 Hz, 1H) ppm.
C*-NMR (400 MHz, CDCl;) é = 139.23, 138.82, 138.50, 131.55,
131.16, 129.78, 129.46, 128.73, 128.40, 127.55, 127.16, 126.94,
126.68, 126.66, 125.51, 125.11 ppm. MALDI-TOF (m/z): found:
335.8 calc.: 336.1.

Preparation of 9,10-di(thiophene-2-yl)anthracene, 8. The
title compound was synthesized as follows: 500 mg (1.49 mmol)
of 9,10-dibromoanthracene was added to a dry reaction vessel
with the catalyst Pd,(dba); (56 mg, 0.06 mmol, 2 mol%) and the
ligand tri-o-tolyl phosphine (75 mg, 0.24 mmol). Under nitrogen
20 mL of dry THF and 1.3 mL (4.1 mmol) of 2-(tertbutylstannyl)-
thiophene were added. The reaction mixture was heated to
reflux overnight. The crude mixture was extracted with DCM,
washed with brine and dried over Na,SO,. The crude product
was filtered over silica and then recrystallized from toluene and
washed with hexane to yield 409 mg (1.2 mmol, 80%) of yellow
crystals. M, = 246.1 °C. Elem. anal.: calc. (C,,H4S5): C: 77.16%,
H: 4.12% S: 18.72%, found: C: 77.26% H: 4.00%, S: 18.66%.
FT-IR (KBr) v(cm™") = 3102 (w), 3058 (w), 2921 (m), 2851 (m),
1789 (w), 1717 (w), 1529 (w), 1448 (W), 1435 (m), 1372 (m), 1328
(m), 1258 (w), 1221 (m), 1173 (w), 1146 (w), 1136 (w), 1101 (m),
1036 (m), 1025 (m), 957 (w), 904 (m), 848 (m), 817 (s), 767 (s),
741 (m), 692 (s), 670 (s), 652 (m), 643 (m), 612 (m), 602 (m), 510
(m), 490 (w), 415 (m). H'-NMR (400 MHz, CDCl;) § = 7.89-7.85
(m, 4H), 7.63 (dd, J, = 1.2 Hz, J, = 5.2 Hz, 2H), 7.43-7.39 (m, 4H),
7.32(dd, J, = 3.4 Hz, J, = 5.2 Hz, 2H) 7.22 (dd, J; = 1.2 Hz, J, = 3.4
Hz, 2H) ppm. C"*>-NMR (400 MHz, CDCl;) 6 = 138.88, 131.42,
130.21, 129.51, 127.17, 126.79, 126.65, 125.64, 77.32, 77.00,
76.68 ppm. MALDI-TOF (m/z): found: 341.7 calc.: 342.05.

Preparation of (2-(10-(4-trifluoromethyl)phenyl)anthracen-9-
yl)thiophene, 9. The title compound was prepared as follows:
188 mg (2.7 mmol) of 2-(10-bromoanthracene-9-yl)thiophene
was added to a reaction vessel together with 232 mg of (1.5 mmol)
4-(trifluoro)phenyl boronic acid and 62 mg (0.05 mmol, 9 mol%)
of Pd(PPh;),. The atmosphere was changed to N, and 5 mL of
degassed toluene, 5 mL of degassed THF and 4 mL of Na,COj3;
(ag, 2 M, N, purged) were added. The mixture was heated to
reflux for 18 h, 39 mg (0.03 mmol) of Pd(PPh;), was added and
the mixture was heated to reflux for another 8 h. The crude
mixture was extracted with DCM, washed with brine and
dried over Na,SO,. The crude product was purified by column
chromatography, eluted with a gradient of 2-16% DCM in
hexane (Rf = 0.47, 20% DCM in hexane) yielding light yellow
crystals, 142 mg (0.35 mmol, 64%). M, = 261.4 °C. Elem. anal.:
cale. (CpsHy5F5S): C: 74.24% H: 3.74% F: 14.09% S: 7.93%,
found: C: 74.68% H: 4.01%, F: 13.41%, S: 6.54%. FT-IR (KBr)
Yem™?) = 3068 (bw), 2878 (w), 1929 (w), 1805 (bw), 1712 (bw),
1614 (m), 1574 (w), 1519 (w), 1439 (m), 1404 (m), 1380 (m), 1319
(s), 1222 (m), 1185 (m), 1160 (s), 1141 (s), 1113 (s), 1104 (s), 1065
(s), 1020 (m), 956 (w), 932 (m), 860 (w), 850 (w), 836 (m), 825 (s),
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764 (s), 748 (m), 741 (m), 708 (W), 692 (s), 674 (m), 659 (s), 634
(m), 615 (s), 596 (m), 511 (m), 494 (w), 464 (W), 442 (m), 417 (m).
H'-NMR (400 MHz, CDCl;) § = 7.90 (m, 4H), 7.65 (dd, J; =
1.2 Hz, J, = 5.2 Hz, 1H), 7.62-7.56 (m, 4H), 7.44-7.33 (m, 5H),
7.24 (dd, J; = 1.2 Hz, J, = 3.4 Hz, 1H) ppm. C'*-NMR (400 MHz,
CDCl;) 6 = 142.89, 138.86, 136.53, 131.62, 131.48, 130.10,
129.77, 129.58, 129.53, 127.20, 126.85, 126.82, 126.31, 125.64,
125.60, 125.47, 125.43, 109.99 ppm. F'°-NMR (400 MHz, CDCl5)
0 = —62.39 ppm. MALDI-TOF (m/z): found: 403.7 calc.: 404.1.

Preparation of 9-(4-methoxyphenyl)-10-(4-(trifluoromethyl)-
phenyl)anthracene, 10. The title compound was synthesized
as follows: 125 mg (0.34 mmol) of 9-bromo-10-(4-methoxy-
phenyl)anthracene was added to a reaction vessel together with
140 mg (0.74 mmol) of 4-(trifluoro)phenyl boronic acid and
39 mg (0.03 mmol, 9 mol%) of Pd(PPh;),. The atmosphere was
changed to N, and 15 mL of degassed toluene, 15 mL of
degassed THF and 2.5 mL of Na,CO; (aq, 2 M, N, purged) were
added. The mixture was heated to reflux for 18 h, then the reaction
was purged with N, for 40 min where-after 40 mg (0.03 mmol) of
Pd(PPh;), and 140 mg of (0.74 mmol) of 4-(trifluoro)phenyl
boronic acid were added. The reaction was then heated to reflux
for another 24 h. The crude mixture was extracted with petroleum
ether, washed with brine and dried with Na,SO,. The crude
product was purified by column chromatography (3-30% DCM
in hexane, Ry = 0.31, 15% DCM in hexane) to yield light yellow
crystals (113 mg, 0.26 mmol, 77%). M, = 305.7 °C. Elem. anal.: calc.
(Cp7H;9F30): C: 78.4% H: 4.47% F: 13.30%, found: C: 77.13%, H:
4.54%, F: 13.30%. FT-IR (KBr) {cm %) = 3065 (bw), 2953 (w), 1939
(bw), 1817 (bw), 1613 (m), 1605 (m), 1574 (W), 1510 (m), 1460 (m),
1440 (m), 1403 (m), 1392 (m), 1367 (w), 1321 (s), 1286 (m), 1242
(m), 1175 (m), 1158 (s), 1120 (s), 1104 (s), 1065 (s), 1036 (m), 1021
(m), 942 (m), 883 (w), 866 (w), 848 (m), 826 (s), 818 (m), 708 (w), 771
(s), 751 (s), 730 (W), 672 (s), 644 (W), 633 (m), 621 (W), 610 (m), 591
(w), 577 (m), 533 (m), 506 (W), 430 (m), 421 (m). H'-NMR (400 MHz,
CDCl;) 6 = 7.88 (d, J = 7.9 Hz, 2H), 7.79-7.75 (m, 2H), 7.62
(d, J = 7.8 Hz 2H), 7.60-7.56 (m, 2H), 7.41-7.33 (m, 6H), 7.15
(dt, J; = 8.7 Hz, J, = 2.8 Hz, 2H), 3.97 (s, 3H) ppm. C"*-NMR
(400 MHz, CDCl;) 6 = 159.10, 137.69, 134.99, 132.28, 131.76,
130.78, 130.14, 129.63, 127.22, 126.31, 125.43, 125.40, 125.02,
113.90, 55.39 ppm. F'°>-NMR (400 MHz, CDCl;) § = —62.36 ppm.
MALDI-TOF (m/z): found: 428.0 calc.: 428.14.

Preparation of 2-(10-bromoanthracene-9-yl)thiophene, 11. The
title compound was synthesized as follows: 908 mg (2.7 mmol) of
9,10-dibromoanthracene was added to a dry reaction vessel with
23 mg (0.025 mmol, 1 mol%) of the catalyst Pd,(dba); and 34 mg
(0.11 mmol) of the ligand tri-o-tolyl phosphine. Under nitrogen
24 mL of dry THF and 0.38 mL (1.2 mmol) of 2-(tertbutylstannyl)-
thiophene were added. The reaction mixture was heated to reflux
overnight. The crude mixture was extracted with DCM, washed
with brine and dried over Na,SO,. The crude product was
purified by column chromatography and eluted with hexane
(Rf = 0.32) to yield 188 mg (0.55 mmol, 46%) of yellow crystals.
H'-NMR (400 MHz, CDCl;) 6 = 8.59 (d, J = 8.9 Hz, 2H), 7.83
(d, J = 8.9 Hz, 2H), 7.63-7.58 (m, 1H), 7.46-7.42 (m, 1H), 7.32-
7.28 (m, 1H), 7.20-7.17 (m, 1H) ppm. Spectroscopic data are in
agreement with those reported previously.>
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Preparation of 9-bromo-10-(4-methoxyphenyl)anthracene, 12.
The title compound was synthesized as follows: 200 mg (0.60 mmol)
of 9,10-dibromoanthracene was added to a reaction vessel together
with 480 mg (3.15 mmol) of 4-methoxyphenyl boronic acid and
100 mg (0.09 mmol, 7.5 mol%) of Pd(PPh;),. The atmosphere
was changed to N, and 25 mL of degassed toluene, 25 mL of
degassed THF and 10 mL of Na,CO; (aqg, 2 M, N, purged) were
added. The mixture was heated to reflux overnight. The crude
mixture was extracted with petroleum ether, washed with brine
and dried with Na,SO,. The crude product was purified by
column chromatography (4-32% DCM in hexane, R; = 0.29,
16% DCM in hexane) to yield light yellow crystals (125 mg,
0.34 mmol, 58%). H'-NMR (400 MHz, CDCl;) 6 = 8.60 (d, J =
9.5 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.60-7.56 (m, 2H), 7.39-7.36
(m, 2H), 7.31 (d, J = 7.5 Hz, 2H), 7.12 (d, J = 7.6 Hz, 2H), 3.95 (s,
3H) ppm. Spectroscopic data are in good agreement with those
reported previously.>*

2.3 Calculations

The popular hybrid functional B3LYP*>*® was used in connection
with a triple-zeta basis set, 6-311+G(d,p)*’>° as implemented
in Gaussian 09.%° All structures were fully optimized and con-
sequently confirmed as local minima by calculation of second
derivatives. Excited state calculations were performed using the
time-dependent DFT method.*">

3 Results and discussion
3.1 Synthesis

The commercially available 9,10-dibromoanthracene and 9-phenyl-
anthracene were used as starting materials for Suzuki-Miyaura
(S-M) and Stille cross-coupling reactions. The Stille cross-coupling
procedure in dry THF was preferred for the thiophene-anthracene
coupling as it proceeded smoothly and resulted in higher yields
(46-80%) than the corresponding S-M procedures first attempted
(<10%). The phenyl-substituents were successfully coupled
using S-M cross-coupling procedures (58-84%). A system of
THF/toluene/Na,COs(aq)>® was generally used, except for the
nitrogen containing phenyl groups which gave higher yields when
carried out in a THF/K,COs(aq) mixture. It was also observed that
reducing the amount of solvent to half or less in the S-M
procedure compared to what was initially used®® resulted in
higher yields (from 35% to 70%).

3.2 Photophysical characterization

Photophysical properties of the studied derivatives are pre-
sented in Table 1. Absorption spectra and molar absorptivities
of the five representative anthracene derivatives are presented
in Fig. 4 (for clarity, the remaining compounds were omitted
and can be found in Fig. S1, ESIT). The absorption spectra are
all similar to 1, with the characteristic vibronic peaks of 1 and
anthracene. Only minor (<10 nm) red shifts (Fig. 4) are observed
for derivatives with thiophene substituents. These results are
in well agreement with calculations which predict only small
changes in the Sy-S; gap, vide infra.
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Table 1 Properties determined for 9,10-substituted anthracenes in toluene
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Solubility krer krra
Compound  (mM) Abspa (¢ x 107%) (wavelength (nm)) & (ns) 1, (ms) (x10°M s (x10°M s
1 93 1.21(395), 1.25(375), 0.76(356)° 1.0% 6.97 8.61 2.15 2.51
2 115 0.92(401), 0.955(380), 0.56(360) ~0.7% — — 3.97 —
3 39 1.21(395), 1.28(374), 0.79(356) 0.96 + 0.020 6.93 7.73 1.93 2.31
4 8 1.22(395), 1.29(374), 0.795(356) 1.0 + 0.010 6.84 9.55 1.92 2.25
5 83 1.24(395), 1.31(375), 0.80(357) 0.99 + 0.003 5.54 1.73 1.81 1.98
6 47 1.245(396), 1.32(375), 0.815(357) 0.84 + 0.065 5.50 18.95 2.25 —
7 256 1.255(397), 1.315(377), 0.8(358) 0.09 + 0.002 — 0.043  2.07 —
8 61 1.35(400), 1.365(379), 0.815(360) 0.02 + 0.000 — 0.005  2.52 —
9 76 1.28(397), 1.32(376), 0.80(358) 0.026 + 0.006  — 0.043  2.17 —
10 107 1.23(396), 1.30(375), 0.80(357) 0.77 £ 0.016 4.69 8.50 1.90 1.77

“ Reported values are the average of two independent measurements. ” PtOEP as the sensitizer.

The fluorescence spectra of the phenyl-substituted anthra-
cenes 3-6 and 10 are similar to that of 1, Fig. 4, and have high
fluorescence quantum yields (Table 1). However, compounds
containing thiophenes show a considerable decrease in their
fluorescence quantum yield compared to 1, with quantum yields
as low as 2% for 8. The tail of the emission of these derivatives
(7-9) stretches further into red, up to 750 nm compared to the
other derivatives which end closer to 600 nm, indicating that
excitation is more delocalized as the smaller thiophene moiety
can conform to a more planar structure compared to the phenyl
substituents.®> The low fluorescence quantum yield is most
probably explained by new non-radiative decay pathways that
become possible as the rotation around the anthracene-
thiophene bond is easier than the anthracene-phenyl bond
which is substantially more sterically hindered. The lack of an
efficient fluorescence state makes these derivatives less useful
for applications requiring emissive materials, such as OLEDs or
photon-upconversion. The phenyl containing derivatives, on
the other hand, have high fluorescence quantum yields, many
close to unity as observed for 1.°* Also listed in Table 1 are
excited state lifetimes of the emissive compounds, these are in
general similar or slightly shorter than the lifetime of 1.

Nanosecond transient absorption was used in order to
determine the triplet lifetime of the derivatives (Table 1). The
triplet absorption was monitored at 452 nm. No triplet states
were detected for the derivatives when directly excited at
355 nm. Therefore samples of 1-10 (~770 uM) were prepared
with 1 pM PtOEP and were pumped at 532 nm using a fraction
of the frequency doubled fundamental pump beam. All samples
were degassed in a glove-box prior to measurement. The triplet
decays were fit to eqn (1) which takes into account the con-
tribution of triplet-triplet annihilation which can occur at high
triplet state concentrations*®®>°® (Fig. $12-520, ESI{):

B 1-p
1) = Ioexp(z/t,) - p

1)
where f is a dimensionless parameter with a value between
0 and 1 indicating the fraction of initial decay that occurs
through the second-order channel,®® 1 corresponding to fully
second order and zero to first order. I, is the intensity at time,
t = 0, and 7, is the lifetime of the triplet state.

11116 | J Mater. Chem. C, 2015, 3, 11111-11121

Long triplet state lifetimes (>1 ms) were observed for the
diphenyl substituted derivatives (Table 1), which are beneficial
in a TTA-UC system.®” As was the case in the first excited singlet
state, thiophene containing derivatives also displayed shorter
triplet state lifetimes.

The solubility in toluene was investigated and is also pre-
sented in Table 1. All derivatives are soluble above 40 mM in
toluene, except for trifluoro-substituted 4 which is about an
order of magnitude less soluble. The absorption spectra of the
saturated solutions were recorded between two glass slides and
showed no significant change compared to the dilute spectra
(S2-S11, ESI¥). Also the fluorescence of the saturated solutions
were recorded. For aryl substituted anthracenes the only changes
observed could be explained by reabsorption due to the overlap
of absorption and emission, indicating that little or no aggre-
gation occurred. 2 showed a new red-shifted emission which is
characteristic of its exciplex and has been reported previously.”*

3.3 Stern-Volmer quenching analysis

For an efficient triplet energy transfer from a triplet sensitizer
to an acceptor it requires that the triplet state of the acceptor is
lower in energy than that of the sensitizer. This is the case for the
sensitizer-acceptor pairs platinum octaethylporphyrin (PtOEP)
and 1 as well as palladium octaethylporphyrin (PdOEP) and 1.
The energy transfer efficiency can be monitored by the quenching
of the sensitizer phosphorescence as described by the Stern-Volmer
relationship (eqn (2)) which relates the emission quenching to the
concentration of the quencher:*

I

D=1+ krerto [Q]

; )

where I, and I are the unquenched and quenched emission
intensities, respectively, krgr is the triplet energy transfer rate
constant, 7, is the lifetime of the unquenched state and [Q] is
the concentration of the quencher.

The quenching of PAOEP and PtOEP by the substituted
anthracenes was studied. Stern-Volmer plots of the quenching
dynamics of PtOEP are shown in Fig. 5. Similar graphs were
obtained for the quenching of PAOEP (Fig. S26, ESIT). The obtained
triplet energy transfer rate constants, krgr, (Table 1) are similar for
all derivatives and 1, and all are diffusion limited as expected;
they also agree with values reported for 1 in similar systems.”””°

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Stern—Volmer plot of PtOEP (0.5 uM) phosphorescence quenching
of 1 (@), 2(X).3 (M. 4(A).5(4).6(V),7(+) 8(«), 9(0)and10 ().

This indicates that the first triplet state energies (T;) of 9,10-
substituted anthracenes are all similar or lower than the triplet
state of PAOEP, 1.86 eV,”® which is in agreement with that reported
for 1, 1.77 €V.”" In this context all derivatives are good candidates
for sensitized triplet-triplet annihilation photon upconversion
utilizing PAOEP or PtOEP as a sensitizer and the upconverted
emission was observed for all derivatives with >10% fluorescence
quantum yields.

3.4 Theoretical calculations

In order to reveal the changes in electronic levels due to sub-
stitution patterns of 9,10-disubstituted anthracene DFT calcula-
tions were performed. Table 2 lists the calculated energy levels
and the difference between two times the first triplet energy level
(2 x Ty) and the first singlet energy level (S;), which ideally is

This journal is © The Royal Society of Chemistry 2015

Table 2 Calculated excited state energies of anthracene derivatives®

Compound So-S1 So-T4 So-T, 2 X T1-S4
1 3.10 1.72 3.23 0.34
2 3.03 1.67 3.24 0.31
3 3.10 1.73 3.23 0.36
4 3.10 1.73 3.23 0.36
5 3.10 1.73 3.23 0.36
6 3.10 1.73 3.23 0.36
7 3.08 1.71 3.22 0.34
8 3.05 1.69 3.20 0.33
9 3.07 1.71 3.22 0.35
10 3.10 1.73 3.23 0.36

@ All energies are reported in eV.

positive but close to zero for a good annihilator in a triplet-
triplet annihilation upconversion system.*?

The rotation around the single bond between the anthracene and
the ligand group was explored and a global minima at 90 degrees
was always found in good agreement to that calculated for 9-phenyl-
anthracene and close to 85° as determined by X-ray diffraction of
substituted diphenylanthracenes.” This explains the minor effect of
the substitution on the energy levels as the conjugation between the
perpendicular aryl-substituent and the anthracene core is minimal
compared to the coplanar orientation. The coplanar orientation is
unlikely, due to the sterical clash between the hydrogen of sub-
stituents and the hydrogens of 1,4,5,8-anthracene, resulting in a
high rotational barrier for the phenyl groups.”” The smaller thio-
phene substituent is expected to have a less hindered rotation and is
consistent with the observed red-shifted emission, vide supra.

The substitution effect on the calculated energies is minimal
(Table 2), as confirmed by optical absorption experiments. For
applications in TTA upconversion this is a promising finding as
the spacing of the energy levels is of crucial importance for an
efficient system and 1, being a benchmark system, could be
modified with substituents to obtain desired properties without
affecting the energetics of the chromophore.
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3.5 Upconversion study

A long triplet lifetime and an efficient triplet-triplet annihila-
tion rate constant are key features of an upconverting system.®”
Triplet-triplet annihilation rate constants were determined for
the derivatives 3 (1 mM), 4 (1 mM), 5 (0.7 mM) and 10 (1 mM) as
well as for the reference 1 (1 mM) with PtOEP (3.4 uM) as the
sensitizer. Samples were monitored at 410 nm as well as at
650 nm after excitation at 532 nm. Fig. 6 displays the transient
decays of 4/PtOEP at 410 nm and 650 nm (inset in Fig. 6 shows
the first 5 ps) and the best fit to the data. Decays of 1, 3, 4, 5 and
10 with the corresponding fits and the determined fitting
parameters can be found in Fig. S21-S25 (ESIt). As is seen in
Fig. 6 there is an initial positive feature at 410 nm, which corre-
sponds to the absorption of the annihilator triplet state and the
sensitizer triplet, after about 100 ns delayed fluorescence of the
annihilator starts to take part, resulting in a negative feature in
the transient. Whereas at 650 nm only the phosphorescence of
the sensitizer is observed. Both long (1 ms) and short (5 or 50 ps,
inset Fig. 6) time windows were recorded at 410 nm. The three
transients (1 ms and 5 ps or 50 ps at 410 nm and 5 ps at 650 nm)
were fitted globally to the rate equations governing the system,
as presented in the ESL{ using MATLAB and the built-in
differential equation solver ode23s. The fitting parameters were
the triplet-triplet annihilation rate constant (krrs), the triplet
energy transfer rate constant (krgr), the annihilator triplet absorp-
tivity (Aegr), the sensitizer triplet absorptivity (Aesy), as well as two
scaling factors for the relative magnitude of phosphorescence
(@phos) and upconverted emission (ag). The initial triplet concen-
tration of the sensitizer was estimated from the initial ground
state bleach at 540 nm.

Derivatives 3 and 4 exhibit similar annihilation rate constants
but slightly lower than 1, and compounds 5 and 10 display the
lowest values of the series. The fitting also yielded triplet energy
transfer rate constants krgr close to those determined in the
Stern-Volmer analysis as well as triplet absorptivities close to
half of that reported at ~450 nm for 1, which is consistent with
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Fig. 6 Transient absorption measurements of 4 (1 mM) and PtOEP (3.4 uM)
at 410 nm (annihilator decay, blue) and 650 nm (sensitizer decay, black) and
the respective fits. The inset shows the first 5 ps. The bottom panel shows
the residual of the fitted annihilator decay.
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the triplet-triplet absorption spectra of 1.”%”? The obtained
values can be found in the ESIf together with the transient
decays (Fig. S21-S25, ESIT).

The quantum yield of upconversion, the number of emitted
high-energy photons compared to the number of absorbed low
energy photons, is challenging to determine and to compare
with reported values for which one requires to know the exact
experimental conditions, such as the sensitizer and annihilator
concentrations, light intensity and oxygen concentration.** The
upconversion quantum yield is the product of the quantum
yields for each step required to produce upconverted photons

(eqn (3)):
Dyc = Pisc X Prer X Prra X P (3)

where @ig¢ is the quantum yield of inter-system crossing of the
triplet sensitizer, ®rgr is the triplet-energy transfer efficiency
from the sensitizer to the annihilator, @y, is the triplet-triplet
annihilation quantum yield and @ is the fluorescence quantum
yield of the annihilator. However, determining each of these
quantum yields individually for an upconverting system is not
feasible. Instead it is common to apply the method of relative
actinometry which is frequently used for normal fluorescence
quantum yield determination (eqn (4)).

A, Fo I,
o (4)

Puc =
where 4; is the absorbance at the excitation wavelength, F; is the
integrated emission, I; is the excitation intensity, n; is the
refractive index and the subscripts r and x denote the reference
and sample respectively. We employed zinc octaethylporphyrin
as the standard with a quantum yield of 6.77%.°" It is important to
point out that the maximum quantum yield for an upconversion
system is 50% as it requires two low-energy photons to produce
one high-energy photon.

Characteristics of the upconverted emission show a quad-
ratic dependence on the excitation intensity at low intensities,
which shifts to a linear dependence at higher intensities as the
annihilator triplet concentration no longer limits the annihila-
tion process.®> Consequently the upconversion quantum yield
will increase with the excitation intensity until the linear regime
is reached. The intensity where the dependence shifts from
quadratic to linear is referred to as the threshold intensity Iy,
and is an important parameter as it can be compared to the
light intensity provided from the sun at the specific wavelength.
For an efficient and practical system Iy, should be equal or lower
than the intensity of the sun.

As described in eqn (3), @yc scales with the fluorescence
quantum yield of the annihilator, an efficient system thus
requires an annihilator with a fluorescence quantum yield close
to unity. Therefore only the three derivatives with the highest
quantum yields, namely 3, 4 and 5, were chosen for the upconver-
sion study. As mentioned previously compounds 6 and 10 with
intermediate fluorescence quantum yields also displayed upcon-
verted emission.

The excitation power density dependence on the upconverted
emission is presented in Fig. 7. All three annihilators perform

This journal is © The Royal Society of Chemistry 2015
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PtOEP, 15 uM and 0.5 mM annihilator. Right: Upconverted emission quantum yield (@) as a function of excitation power density of the same solutions.

1(@), 3 (M. 4 (A)and5 (4).

similar to 1 where 3 and 4 perform within error the same as 1 with
Iy, =18 mW em ™2, whereas 5 has a slightly higher Iy, = 40 mW cm ™.
In Fig. 7 Py is seen to level out at higher excitation intensities as
expected. Consistent with the observed annihilation rate constants,
3 and 4 exhibit yields similar to 1, but slightly higher; 7.9% and
8.7%, respectively, compared to 7.7% for DPA (1). Again 5 performs
slightly worse with a @yc of 6.9%, this minor decrease of @y could
be explained by the higher molar absorptivity and a more red-shifted
absorption onset of 5 which would result in an increased reabsorp-
tion at high concentrations used for the UC samples, but could also
be a consequence of the shorter triplet lifetime and the less efficient
triplet-triplet annihilation process. Overall 3, 4 and 5 are efficient
annihilators for TTA-UC employing PtOEP as a sensitizer.

4 Conclusion

Eight 9,10-substituted anthracenes containing either electron
donating, electron withdrawing or both types of groups have
been synthesized and their photophysical properties have been
studied and compared to the two previously known 9,10-
substituted anthracenes DPA and DMA (1 and 2 respectively).
The type of substitution at the 9,10-position was shown to have
only a minor influence on the absorption spectrum, where phenyl-
substituents were slightly more blue-shifted compared to thio-
phene and sp>-C substituents. However the fluorescence quantum
yield decreased considerably for thiophene containing derivatives,
most probably a result of a larger non-radiative decay rate. Thus
for applications requiring blue emissive chromophores phenyl-
substituted 9,10-anthracenes are more suitable. DFT calculations
are in well agreement with experimental measurements indicating
a minimal change of the energy levels upon substitution.

The three most fluorescent compounds 3, 4 and 5 were
successfully used as annihilators for triplet-triplet annihilation
upconversion with PtOEP as the sensitizer and quantum yields
slightly exceeding that of DPA were observed. The main challenge
for TTA upconversion is to achieve highly efficient systems in the

This journal is © The Royal Society of Chemistry 2015

solid state and some attempts to achieve this have been reported.
Mainly two methods have been employed in designing such
materials, capturing annihilators and sensitizers in a polymeric
or gel matrix,**”*7° or developing supra-molecular or polymeric
structures containing annihilators and/or sensitizers.***'

Aiding the future design of efficient blue-emitting materials
based on 9,10-substituted anthracene we demonstrate that the
well-known chromophore 1 may be modified in the para-positions
with both electron withdrawing and donating substituents with-
out changing the absorption and emission properties. However
9,10-substituents that introduce new non-radiative relaxation
pathways should be avoided. The design parameters discussed
here would be helpful in future synthesis of 9,10-substituted
anthracenes as modifying 1 in this way can be practical and in
some cases necessary for materials design. For example, one can
envision improving the affinity of 1 for the matrix or the sensitizer
by introducing suitable side groups without affecting the useful
properties inherent to chromophore 1 and recently two examples
of this were reported by Kimizuka and co-workers.>*>°
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