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ABSTRACT: A series of 3,7-bis(9,9-di-n-hexylfluoren-2-yl)-N-aryl-
phenothiazine-S,S-dioxide trimers and (9,9-di-n-octylfluorene-
2,7-diyl-co-N-arylphenothiazine-S,S-dioxide) co-polymers, with
varying ratios of phenothiazine-S,S-dioxide units, have been
prepared in good yields by palladium-catalyzed cross-coupling
reactions. The materials are deep blue emitters and show no
solvatochromism or evidence for an intramolecular charge-
transfer state. The photoluminescence quantum yields of the
trimers are ®p. 15-30% in solution and 14-25% in films. The
polymers demonstrated very high values in solution (®p_ 74—
84%) and ®p_ values in films of 28-47%. The estimated HOMO

energy levels are between —5.64 and —5.62 eV for the poly-
mers with 15% incorporation of the phenothiazine-S,S-dioxide
units. An analogous N-arylphenothiazine co-polymer shows
significantly red shifted absorption and emission. Solution
electrochemical data and density functional theory calculations
are also presented. © 2011 Wiley Periodicals, Inc. J Polym Sci
Part A: Polym Chem 49: 1129-1137, 2011

KEYWORDS: conjugated polymers; fluorescence; fluorene; lumi-
nescence; oligomers; phenothiazine

INTRODUCTION Following intense worldwide academic and
industrial investigations over the last 20 years, organic/poly-
mer light-emitting diode (O/PLED) displays are making their
way into the marketplace.! However, the majority of com-
mercial OLED displays are fabricated by vacuum processing
techniques which limit the size of the display that can be
manufactured at commercially acceptable yields and costs.
Solution processing techniques offer a much more scalable
method for fabricating displays and lighting panels.? Hence,
there is continued interest in soluble-processable conjugated
polymers. Polyfluorenes (PFs) are among the most widely
studied light-emitting polymers due to their facile chemical
modifications, high quantum yields and large band gap
which allows for the insertion of co-monomers or dopants to
tune the emitted color over the full gamut of the visible
spectrum.®> However, PFs suffer from several problems: there
is a large barrier to hole injection into PFs from the common
hole injection layer (HIL) poly(ethylenedioxythiophene)
PEDOT: poly(styrenesulfonate) PSS, and PF devices are prone
to degradation over time leading to a broad green emission
band and reduced efficiency. This emission has been attrib-
uted to the formation of aggregates and defects in the chain
or at the end groups.* Thus, the use of PFs to achieve high-
efficiency blue OLEDs with acceptable lifetimes has not yet
been accomplished.

We® and other groups® have shown that the incorporation of
electron deficient dibenzothiophene-S,S-dioxide-3,7-diyl (S)
units into a PF backbone can stabilize the blue emission
against the onset of green emission. This occurs via forma-
tion of an intramolecular charge-transfer (ICT) state in the
p(F-S),, co-polymers which acts as a competing trap to any
fluorenone units in the polymer chain. However, the emission
from p(F-S), co-polymers is slightly red-shifted compared
with PE It is, therefore, intriguing to further investigate the
properties of sulfone-containing polyfluorenes.” In the pres-
ent work we incorporate N-arylphenothiazine-S,S-dioxide
(Sn) units into fluorene trimers and polymers. The Sy units
reduce the conjugation in the backbone compared to the S
analog, as shown in Figure 1. Additionally, the folded
structure of the Sy ring system should hinder aggregation
and interchain excimer formation which lead to red-shifted
emission.

Phenothiazines have been studied as electron donor units
and hole-transport materials.® Oxidation of phenothiazine to
the SO or SO, derivatives will impart electron accepting
properties to the system. Poly(p-phenylene vinylene)-based
co-polymers containing phenothiazine-S-oxide and pheno-
thiazine-S,S-dioxide moieties were reported with low
molecular weights.” BASF reported small molecules based on
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FIGURE 1 Reducing the backbone conjugation in Sy compared
with S.

phenothiazine-S,S-dioxides, for example, the bis-sulfone 1 as
a hole- and exciton-blocking layer (Fig. 2).2° To our knowl-
edge, Shim and coworkers'® are the only group to report the
insertion of N-alkylphenothiazine-S,S-dioxides into PF
derivatives.

The aims of the present work were: (i) To exploit N-aryl sub-
stituents on the phenothiazine-S,S-dioxide moiety to provide
additional versatility by varying the electronic properties of
the aryl group. (ii) To prepare F-Sy oligomers and study
their photophysical and solution electrochemical properties.
(iii) To prepare (F-Sy), co-polymers incorporating N-arylphe-
nothiazine-S,S-dioxide units. An analogous N-arylphenothia-
zine co-polymer is also reported to probe the effect of the
sulfone unit. Oligomers incorporating both F and Sy units
have not been reported previously: oligomers provide a good
model for the properties of analogous polymers.'? The
results are supported by density functional theory (DFT)
calculations.

EXPERIMENTAL

General experimental details and characterization data for
compounds 7a-f, 8a-f, 9a-f, 11b-f, 14a-d, and 15 are in
the Supporting Information. Compounds 12, 13a, and 13b
were synthesized by the literature procedures and were
purified by recrystallization from ethanol then hexane (12)
or acetonitrile then hexane (13a, 13b).

For the photophysical measurements, the trimers and poly-
mers were dissolved in toluene or chlorobenzene. Films
were spin-coated at 2500 rpm for 1 min from 10 mg/mL
(polymers) or 20 mg/mL (trimers) toluene solutions. Steady
state absorption and luminescence emission spectra of the
solutions and films were recorded using a UV/VIS spectro-
photometer (UV-VIS 3600 from Shimadzu) and a commercial
spectrofluorimeter (Fluoromax from Jobin Yvon), respec-
tively. Triplet spectra of spin-coated films were recorded
using a home-made system consisting of an excitation
source, a pulsed YAG laser emitting at 355 nm, a spectro-
graph, collection optics and a gated iCCD camera. Samples
were excited at a 45° angle to the substrate plane. For low
temperature triplet spectral measurements (from 14 to 30 K)
spin-coated films were placed in a cryostat and spectra
were recorded tens of milliseconds after excitation to gate
the fluorescence emission. Quantum efficiencies in toluene
solutions were determined using quinine sulfate in 1M
H,S0, solution as a standard, which was cross-calibrated
with 9,10-diphenylanthracene in cyclohexane.® The solution
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optical density was kept below 0.1. Quantum yields of films
were measured using an integrated sphere; more details
about the system setup can be found in literature.* System
accuracy was checked by measuring sublimed 100 nm
tris(8-quinolionolato)aluminium(Ill) (AlQz) and N,N'-di(x-
naphthyl)-N,N'-diphenyl-benzidine (¢-NPD) films; those quan-
tum yields have already been reported.®> Comparable values
were obtained.

Representative synthetic procedures are reported below.

3,7-Bis(9,9-di-n-hexylfluoren-2-yl)-N-(4-n-butylphenyl)-
phenothiazine-S,S-dioxide (11a)
3,7-Dibromo-N-(n-butylphenyl)phenothiazine-S,S-dioxide (9a)
(205 mg, 0.4 mmol), 9,9-di-n-hexylfluoren-2-yl boronic acid
(10) (320 mg, 0.85 mol), toluene (8 mL), 1,4-dioxane (32
mL), and a solution of potassium phosphate (750 mg in 5
mL water) were combined in a flask and degassed with ar-
gon for 0.5 h before bis(triphenylphosphine)palladium
dichloride (20 mg, 6 mol %) was added and the mixture was
stirred at 90 °C for 16 h. After cooling, the layers were sepa-
rated and the aqueous layer was extracted with toluene and
the combined organic extracts were washed with brine,
dried, filtered and concentrated to yield a white solid which
was purified by column chromatography on silica gel eluting
with a gradient from 2:1 to 1:1 v/v petroleum ether 40-
60:dichloromethane. The product 11a was isolated as a
white solid after recrystallization from ethanol (216 mg,
55%). M.p. 254.3-254.8 °C; '"H NMR (400 MHz, CDCl;): § =
8.48 ppm (d, ] = 2.2 Hz, 2H), 7.79-7.65 (m, 6H), 7.61-7.46
(m, 6H), 7.38-7.25 (m, 9H), 6.74 (d, ] = 9.0 Hz, 2H), 2.85-
2.74 (m, 2H), 1.99 (dd, /] = 9.7 Hz, ] = 6.9 Hz, 8H), 1.74 (t,
J = 7.8 Hz, 2H), 1.46 (dd, ] = 15.0 Hz, ] = 7.4 Hz, 2H), 1.16-
0.91 (m, 29H), 0.78-0.51 (m, 22H); "3C NMR (101 MHz,
CDCl3): 6 = 151.95 ppm, 151.25, 145.19, 141.11, 140.76,
139.80, 137.82, 136.67, 136.01, 131.81, 131.50, 130.23,
127.42, 127.03, 125.76, 123.12, 12293, 121.44, 121.28,
120.36, 120.03, 118.15, 55.50, 40.68, 35.69, 33.75, 31.71,
29.92, 24.01, 22.79, 22.69, 14.19; MALDI: m/z 1028 (M*);
Anal. Calcd. for C;,HgsNO,S: C 84.08; H 8.33; N 1.36; Found:
C 83.94; H 8.34; N 1.53.

General Procedure for the Preparation

of F-Sy co-polymers 14a-d

The respective dibromophenothiazine-S,S-dioxide derivative
(9a-f), 2,7-dibromo-9,9-di-n-octylfluorene (12)*® and 9,9-di-
n-octylfluorene-2,7-bis boronic ester (13a or 13b)'7 were
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FIGURE 2 Bis-sulfone derivative 1.
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SCHEME 1 The synthesis of the arylamine
pendant group. 2 3 4 5

dissolved in dry toluene (16 mL) and degassed for 0.5 h.
Bis(tri-o-tolylphosphine)palladium dichloride (6 mg) and tri-
o-tolylphosphine (11 mg) were added and degassing was
continued for 10 min. A degassed solution of tetraethylam-
monium hydroxide (20 wt % in water, 4 mL) was added,
and the mixture was vigorously stirred at 115 °C in the dark
for 18-20 h. Bromobenzene (0.1 mL) was added, and the
mixture was stirred at 115 °C for a further 1 h before benze-
neboronic acid (100 mg) was added and the mixture stirred
at 115 °C for a further 1 h. After cooling, the viscous mixture
was slowly poured into vigorously stirred methanol (300
mL). The crude polymer fibers were isolated by filtration
and washed with methanol, water and more methanol. After
drying the polymer was dissolved in toluene (20 mL) and
stirred with an aqueous solution of sodium diethyldithiocar-
bamate at 65 °C overnight. The layers were separated and
the organic layer was washed with dilute HCl solution, so-
dium acetate solution and water before being filtered
through celite (545 grade). The polymer solution was con-
centrated until it became viscous, transferred to a dropping
funnel and dropped slowly into vigorously stirred methanol
(300 mL). The polymer fibers were filtered and washed with
methanol, acetone and more methanol before being oven
dried (70 °C) overnight.

X-Ray Crystallography

Crystals of 8a and 9a suitable for X-ray analysis were grown
from ethanol. X-ray diffraction experiments (Table S1) were
carried out on a Siemens 3-circle diffractometer with a
SMART 1000 CCD area detector, using graphite-monochro-
mated Mo-K, radiation (2 = 0.71073 A) and a Cryostream
(Oxford Cryosystems) open-flow N, cryostat. Data were cor-
rected for absorption by Gaussian integration based on crys-
tal face-indexing.'® The structures were solved by direct
methods and refined by full-matrix least squares against F*
of all reflections, using SHELXTL 6.14 software.'® Full crys-
tallographic data, excluding structure factors, have been de-
posited at the Cambridge Crystallographic Data Centre: 8a
(795031), 9a (795032).

RESULTS AND DISCUSSION

Synthesis

The synthesis of the arylamine pendant group 5 is shown in
Scheme 1 and was completed in two high-yielding palla-
dium-catalyzed C-N cross-coupling steps from aniline 2 and
1-bromo-4-n-butylbenzene 3.

1-Bromo-4-ethylhexyloxybenzene was prepared by the alkyl-
ation of 4-bromophenol in the presence of carbonate.?’
Scheme 2 displays the route to the functionalized phenothi-
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azine-S,S-dioxides. Following a palladium-catalyzed C-N
cross-coupling, bromination of the N-arylphenothiazines with
N-bromosuccinimide occurred exclusively at the 3 and 7
positions, with the exception of compound 7d, where a mix-
ture of 3,7-dibromo and 2,8-dibromo regioisomers (1:1 ratio)
were observed and separately isolated. This is due to the
extra electron-withdrawing nature of the two trifluoromethyl
groups in this compound. Finally, the dibromophenothiazines
8a-f were oxidized with either hydrogen peroxide or
mCPBA. The N-phenyl substituents were chosen to include
alkyl (9a and 9b), electron withdrawing (9c¢ and 9d) and
electron donating (9e and 9f) groups.

Single crystal X-ray diffraction studies gave insights into the
conformations of 8a and 9a (Fig. 3, Table 1). Similar molecu-
lar conformations were observed for both structures. The
phenothiazine ring system is folded along the S..N vector;
planar rings i and ii form a dihedral angle (0) of 155.6° (8a)
and 160.8° (9a) while ring iii is inclined to the bisectral
plane of this angle by 11° and 2°, respectively. The nitrogen
atom is sp® hybridized, n-conjugated with rings i and ii but
not iil, as reflected also in C-N distances. A similar confor-
mation was observed in unsubstituted phenothiazine (0 =
158.5°),>! N-phenylphenothiazine (0 = 162.6 and 150.7°),%2
N-(4-vinylphenyl)phenothiazine (f = 154.5 and 148.1°)%3
and N-(4-bromophenyl)-phenothiazine (0 = 1449 and

Pdydbas/HP'Bu;BF,
NaO'Bu, toluene

0

NBS
DCM

0

g

@J@L s Q"D
E-MCPBA.DCM&- 5 Br

@ émﬁﬁ @

7-CyHg
CIHB

a b c d e f

ca”s

SCHEME 2 The three step synthesis of the phenothiazine-S,S-
dioxide derivatives 9 and the structures of the different aryl
units a—f.
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FIGURE 3 X-ray molecular structures of 8a (left) and 9a at 120
K. Thermal ellipsoids are drawn at the 50% probability level.

150.8°).2* Although substantial differences of 6 between
symmetrically independent molecules in the last three struc-
tures indicate its “softness” towards crystal packing effects,
phenothiazine folding mainly depends on the bond geometry
at the S and N atoms.?®> Thus, an electron-withdrawing sub-
stituent in ring iii causes the latter to turn perpendicularly
to the bisectral plane of 6 and thus engage into n-conjuga-
tion with the nitrogen atom at the expense of weaker endo-
cyclic C-N bonding. Consequently, the 6 angle narrows to
136.0° or 136.9° in N-(4-cyanophenyl)-phenothiazine?’ and
to 124.5° or 120.8° in N-(4-nitrophenyl)phenothiazine.?®

Compound 9a is only the second phenothiazine-S,S-dioxide
characterized crystallographically, after the cationic N-(2-
dimethylammonium-propyl) derivative (dioxopromethazi-
nium), studied as terephthalate and picrate salts,>’ with 0
ranging from 139° to 148°.

Bis-3,7-(9,9-di-n-hexylfluoren-2-yl)phenothiazine-S,S-dioxide
F-S\-F trimers 11a-f, analogous to the trimers we reported
previously with dibenzothiophene-S,S-dioxide (S) units,>®
were prepared by Suzuki-Miyaura cross-coupling with 9,9-
di-n-hexylfluoren-2-yl boronic acid 10 as illustrated in
Scheme 3.

For the polymer synthesis monomers were repeatedly
recrystallized until their purity was >99% as established by
high performance liquid chromatography (HPLC) before
undergoing Suzuki polycondensation with 12 and 13a or
13b in toluene with tetraethylammonium hydroxide as an

TABLE 1 Selected Bond Distances (A) and Angles (°)

Compound 8a 9a

S-C(9) 1.7592(15) 1.7408(16)
S-C(11) 1.7602(16) 1.7350(15)
N-C(10) 1.416(2) 1.400(2)
N-C(12) 1.415(2) 1.401(2)
N-C(13) 1.444(2) 1.453(2)
mean C-N-C 118.6(1) 119.5(1)
C(9)-S-C(11) 99.84(7) 100.93(7)
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emulsifying base, followed by end-capping with phenyl
groups, as shown in Scheme 4. This was followed by dissolv-
ing the precipitated polymer fibers in toluene and stirring
with a palladium scavenging diethyl dithiocarbamic acid so-
lution before washing with acid, base and water. Subse-
quently, the polymers were re-precipitated into methanol
and isolated as pale fibers.

The F-Sy polymers 14a-d displayed weight-average molecu-
lar weights between 80 and 210 kDa as measured by gel
permeation chromatography (GPC) and were soluble in com-
mon organic solvents such as THF, chloroform, and toluene.
The Sy unit was incorporated into the polyfluorene backbone
in up to 15% ratio; a higher percentage of the Sy unit
resulted in insoluble, low molecular weight co-polymers. The
data are shown in Table 2.

For comparison, the phenothiazine co-polymer 15 (with a
sulfide unit replacing the sulfone unit; Fig. 4) was obtained
via the same Suzuki polycondensation route using monomers
8e, 12, and 13b.

Optical Properties

The photophysical properties of the trimers and co-polymers
were investigated and spectral data, photoluminescence
quantum yields (PLQYs) and triplet energies are summarized
in Table 3. The A, of emission for trimers 11a-f in both
toluene and chloroform is observed at approximately 390
nm, except for 11d with two trifluoromethyl groups for
which ..« is 408 and 387 nm in toluene and chloroform,
respectively.

In Figure 5, the absorption and emission spectra in solution
of compound 11e and 3,7-bis(9,9-di-n-hexylfluorene-2-yl)di-
benzothiophene-S,S-dioxide, F-S-F°'? are displayed. By incor-
porating the Sy unit into the trimer, instead of the S unit, no
solvatochromism or ICT state is observed. This demonstrates
that the formation of the ICT state in FSF is not the result of
the presence of the sulfone group alone. This observation
provides valuable information for the design of co-polymers

which display ICT.
ﬁ;\r
N
00, - Qo
Br S Br
d o CgHiz CeHia

10
saf l PA(PPha),Ch,

K3POy, toluene, dioxane
or K;COj5, dioxane

SeTaseslecy

CgHis CgHia Hiz CgHi3
1af

SCHEME 3 The synthesis of F-Sy-F trimers (Substituents a—f
are defined in Scheme 2).
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SCHEME 4 The synthesis of F-Sy poly-
mers 14a-d.

To further understand the impact of the S,S-dioxide group,
Figure 6 shows the comparison of the absorption and emis-
sion spectra of co-polymers 14d and 15. The absorbance
spectra for both compounds are very similar with .., 387
nm and 385 nm in toluene, and at A, 386 nm and 384 nm
in chloroform for 14d and 15, respectively, which is consist-
ent with the data for pure poly(9,9-di-n-octylfluorene)
(PF8).2® The two co-polymers show no distinct solvato-
chromism. However, there is a clear bathochromic shift of
approximately 65 nm in the emission spectra from Ay, 414
and 416 nm in toluene and chloroform for polymer 14d
(which are comparable with data for pure PF8)?° to Amax
478 and 482 nm in toluene and chloroform for polymer 15,
implying a smaller highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
gap for the sulfide 15 compared with the sulfone 14d. This
red shift can be attributed to an increase of conjugation
resulting from the sulfur lone pairs in 15, and the change
from the electron-withdrawing sulfone in 14d to the elec-
tron-donating sulfide in 15. A conformational effect is
unlikely to contribute significantly to this red shift; as dis-
cussed above, the building blocks 8a and 9a possess similar
folding of the phenothiazine and phenothiazine-S,S-dioxide
units in their crystal structures (Fig. 3).

Similar behavior is observed in the film absorption and
emission spectra of 14d and 15, Figure 7. The absorbance is
again similar at A, 384 and 385 nm, respectively. However,
a shoulder at 290 nm can be seen in the spectrum of poly-
mer 15 which is due to the n-7* transition and this is not

TABLE 2 Data for the Co-Polymers

Polymer Feed Ratio® F:Sy M, M.,

14a 95:5 47,000 150,000
14b 85:15 57,000 207,000
14c 85:15 45,000 165,000
14d 85:15 33,000 81,000
15 85:15 33,000 82,000

2 '"H NMR analysis confirmed that the incorporation rate of the Sy units
is in very good agreement with the monomer feed ratios.

SYNTHESIS AND CHARACTERIZATION OF OLIGOMERS, KAMTEKAR ET AL.
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CgHiz CgHlyz Cgl{z CgHyr

13a OR> = 1,3-propane diol
13b OR> = pinacol ester

; Wsm

{i) Pd[P{o-tolz)LCl,, P{o-tol);,
Et4NOH, toluene

{i) PhBr

{in) PhB{OH),

seen in the spectrum of 14d. The introduction of the sulfone
group removes the free electrons on the sulfur atom. The
emission A, values at 425 nm for 14d and 483 nm for 15
again demonstrate a significant bathochromic shift of 58 nm.

PLQYs were measured both in toluene solutions and films
for all the trimers and polymers studied. The trimers 11a-f
showed quantum yields between 15-30% in solution and
between 14-25% in film. Polymers 14a-d demonstrated
very high PLQYs in solution (®p;, 74-84%) and respectable
PLQYs in films (®p, 28-47%). The quantum yields for 15
were 37% in solution and 29% in film. The lower PLQY val-
ues for 15 may be due to the sulfide units acting as traps
via energy migration from the polyfluorene segments.

In addition, triplet energies were determined. The trimers
exhibited triplet levels of Et 2.48 eV (onset of phosphores-
cence), while for co-polymers 14a-d E; = 2.23 eV, and for
15 Et = 2.19 eV were observed. These values are similar to
those of PF8 implying that the triplet excited state is pre-
dominantly localized on the fluorene segments.

Solution Electrochemical Properties

To obtain the energy levels of the HOMO and LUMO, the
electrochemical redox properties were investigated by cyclic
voltammetry (CV). All measurements were calibrated using
ferrocene (Fc) as a standard. The CVs of the F-Sy-F trimers
typically showed three sequential quasi-reversible oxidation
waves in dry dichloromethane electrolyte solution. Each
wave is ascribed to a one-electron process. For 11a-e the

-
SYesvicaella

CgHi7  CgHyy
15

FIGURE 4 Structure of co-polymer 15.
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TABLE 3 Photophysical Data for Oligomers and Polymers

Trimer/Polymer

11a

11b

11c

11d

11e

11f

14a

14b

14c

14d

15

Normalised intensity [au]

1.0

0.8+

06

Solvent/Film

PhMe
CHCl,
Film
PhMe
CHCl,
Film
PhMe
CHCl;
Film
PhMe
CHCl;
Film
PhMe
CHCl,
Film
PhMe
CHCl,
Film
PhMe
CHCl,
Film
PhMe
CHCl5
Film
PhMe
CHCl;
Film
PhMe
CHCl,
Film
PhMe
CHCl,
Film

abs
A dnm

353
353
355
353 (317)
353 (317)
355 (319)
352
351
352
341
335
344
353 (317)
353 (317)
355 (319)
353 (321)
353 (321)
355 (322)
387
389
387
386
386
384
386
387
384
386
387
384
384
385
385

——11e abs in PhMe
—— 11e em in PhMe
e 11@ abs in CHCL,

........... 11e em in CHCI,
- - -FSF abs in PhMe

- - -FSF em in PhMe
) —-— FSF abs in CHC,
0.4, ---- FSF em in CHCL,
0.2- .
\.
0.0- B
300 350 400 450 500 550

Wavelength [nm]

FIGURE 5 Absorption and emission spectra of FSF and 11e.
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PL
Amax/NM

387 (407)
388 (408)
399 (414)
389 (407)
391 (410)
399 (414)
385 (405)
387 (405)
397

408

387 (404)
406

390 (407)
391 (409)
399 (414)
389 (411)
392 (409)
404 (416)
414 (439)
416 (440)
426 (444)
414 (438)
416 (440)
428 (447)
414 (438)
416 (440)
426 (446)
414 (439)
416 (440)
425 (445)
478

482

483

1.0

08+

0.6

04

Nomalised intesity [au]

02

00

PLQY, ®p,

0.37 = 0.05

0.25 = 0.05
0.40 = 0.03

0.17 = 0.05
0.36 = 0.04

0.24 = 0.05
0.15 = 0.03

0.14 = 0.05
0.39 = 0.03

0.22 = 0.05
0.30 = 0.05

0.21 = 0.05
0.82 = 0.04

0.46 = 0.05
0.74 = 0.04

0.28 = 0.05
0.84 = 0.04

0.36 = 0.05
0.82 + 0.10

0.47 = 0.05
0.37 = 0.04

0.29 = 0.05

P

et Emmnmuy

P S

Triplet Energy in Films/eV

Peak 2.40; onset 2.48
Peak 2.38; onset 2.47
Peak 2.43; onset 2.50
Peak 2.40; onset 2.48
Peak 2.39; onset 2.47
Peak 2.39; onset 2.48
Peak 2.15; onset 2.23
Peak 2.16; onset 2.23
Peak 2.16; onset 2.23
Peak 2.16; onset 2.25

Peak 2.09; onset 2.19

——14d abs in PhMe
f~ - ---14d em in PhMe
g1 ——14d abs in CHCI,
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FIGURE 6 Absorption and emission spectra of 14d and 15 in
toluene and chloroform.
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FIGURE 7 Absorption and emission spectra of 14d and 15
films.

E,x values for these three waves are approximately 0.9-1.0,
1.2-1.3, and 1.4-1.5 V, depending on the N-aryl substituent.
The CV of 11e is shown in Figure 8. For 11f, the oxidation
waves are shifted to significantly lower potentials (E,x 0.55,
0.86 V) due to the strongly electron-donating triarylamine
substituent on nitrogen stabilizing the cationic species. For
all the trimers, the reductive waves are irreversible and
poorly defined. The onset oxidation potentials are closely
related to the HOMO levels and were calculated using the
value for ferrocene of —4.8 eV with respect to the vacuum
level which is defined as zero.*® According to the correlation:
HOMO = —(Eo™¢ — Ep. + 4.8) (eV), where EX® is the
onset potential of oxidation, the HOMO level was calculated.
The LUMO levels were determined according to: LUMO =
HOMO — Eg°", where Eg° is the optically measured
HOMO-LUMO gap. The results are summarized in Table 4.

For the trimers, the HOMO levels ranged from —5.75 to
—5.24 eV and the LUMO levels from —2.51 to —2.03 eV,
respectively. These values correlate well with the different N-
aryl substituents: trimer 11d, with the strongly electron-

15 -
§' 10 -
c
o
5 354
O
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084 102
00 05 10 15 20
Potential [V]

FIGURE 8 Oxidative cyclic voltammogram of trimer 11e in
CH,CI, versus ferrocene; electrolyte n-BusNPFg (0.1 M); scan
rate 100 mV s~ ",
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TABLE 4 Optical and Solution Electrochemical Data of the
Trimers and Polymers

Eg°® (eV)  EQisetvs. Ep. (V) HOMO (eV) LUMO (eV)
11a 3.24 0.79 =155 —2.35
11b 3.23 0.80 —b5.60 —2.37
11c  3.25 0.83 —b5.63 —2.38
11d 3.24 0.95 —b.75 —2.51
11e 3.23 0.78 —b5.58 —2.35
11f  3.21 0.44 -5.24 —2.03
14a 3.00 0.88 —5.96 —2.68
14b  3.01 0.82 —b.62 —2.61
14¢  3.01 0.84 —5.64 =25
14d 3.00 0.84 —5.64 —2.64
15 2.94 0.88 —5.56 —2.62

withdrawing 3,5-bis(trifluoromethyl)phenyl group, demon-
strated the lowest HOMO and LUMO levels, whereas the
trimer 11f, with the strongly electron-donating triarylamine
group, showed the highest HOMO and LUMO levels. The
influence of the pendant group disperses in the polymers.
For polymer 14a with only 5% incorporation of the Sy group
the lowest HOMO and LUMO energy levels were found at
—5.96 and —2.68 eV, respectively. For polymers 14b-d the
energy levels were located at —5.64 to —5.62 eV for the
HOMO and —2.64 to —2.61 eV for the LUMO. Compound 15
displayed the HOMO at —5.56 eV and the LUMO at —2.62 eV.
The optically measured HOMO-LUMO gaps were found to be
approximately 3.2 eV for oligomers 11a-f, 3.0 eV for the
phenothiazine-S,S-dioxide polymers 14a-d and 2.94 eV for
the phenothiazine polymer 15. Thus, (F-Sy), co-polymers
possess a higher HOMO than polyfluorene homo-polymers
(5.8 €V).*! The higher HOMO level of the (F-Sy), co-polymers
offers the advantage of a smaller energy barrier with respect
to indium tin oxide (ITO)/PEDOT (5.0-5.2 eV) which is a
standard HIL in OLEDs, a factor which should improve hole
injection and lower driving voltages.*?

HOMO .§, i
£ 3
X & “rfl 5 e )
P Lk f)ga' ,;;e’.s),a e.fJ’:';;;,
LUMO ; ;
et x»
S ~9:‘, J"""J B
2.8, ¢ 'Y S ’

FIGURE 9 HOMO and LUMO energy distribution maps for sul-
fone 11¢€’ (left) and its sulfide analog (i.e., with a central pheno-
thiazine unit) (right).
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HOMO and LUMO distribution maps for the sulfone oligomer
11e’ (the structures were simplified by replacing the hexyl
and octyl chains with methyl groups to reduce the calcula-
tion time) and its sulfide analog were calculated at the
B3LYP/6-31G* level and are shown in Figure 9. For the sul-
fide trimer, substantial localization of the HOMO on the sul-
fur atom of the phenothiazine unit is observed, whereas the
LUMO is delocalized over the whole trimer. In contrast, for
sulfone trimer 11¢’ the HOMO is delocalized over more of
the trimer, while the LUMO is less delocalized than is the
case with the sulfide.

CONCLUSIONS

A series of new fluorene trimers and polymers incorporating
N-arylphenothiazine-S,S-dioxide units have been prepared in
good yields following a facile multi-step route involving pal-
ladium-catalyzed cross-coupling methodology. The materials
are deep blue emitters which show no solvatochromism or
ICT state. Comparing the solution and film emission spectra
of polymer 14d with the sulfide analog 15, a distinct batho-
chromic shift was observed for 15, which can be attributed
to the increase of conjugation through the phenothiazine sys-
tem (15) due to the presence of lone pairs of electrons on
sulfur, compared to the sulfone unit (14d). PLQYs are 15-
30% in solution and between 14-25% in film for trimers
11a-f. Polymers 14a-d demonstrated very high PLQYs in so-
lution (®p;, 74-84%) and good PLQYs in film (®p;, 28-47%).
Triplet energies were E 2.48 eV for trimers and 2.23 eV and
2.19 eV for co-polymers 14a-d and 15, respectively. For the
trimers, the pendant N-aryl group influences the HOMO lev-
els, which range from —5.75 to —5.24 eV (based on solution
electrochemical data). The LUMO levels were observed
accordingly at —2.51 to —2.03 eV. This influence of the pend-
ant group is absent in the co-polymers with 15% incorpora-
tion of phenothiazine-S,S-dioxide units. The optical band
gaps were 3.2 eV for the oligomers and 3.0 eV for the
phenothiazine-S,S-dioxide polymers 14a-d. Hence, (F-Sy),
co-polymers possess a higher HOMO than polyfluorene
homo-polymers. The HOMO and LUMO distribution maps for
trimer 11e’ and its sulfide (phenothiazine) derivative were
calculated at the B3LYP/6-31G* level and show that the
HOMO for the sulfide trimer is more localized on the sulfur
atom of the phenothiazine unit, whereas the HOMO of trimer
11e is more delocalized over the whole n-system. These
results establish that N-arylphenothiazine-S,S-dioxide and
N-arylphenothiazine units are versatile units for incorpora-
tion into fluorene-based polymers which may be applicable
in PLED applications.
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ject and by EPSRC. We thank Dr. G. Williams (Zumtobel LED
Division) for supporting this work.
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