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ABSTRACT: Two unique fluorene monomers (PTE and MTE) and polyfluorene-based homopolymers (PPTE
and PMTE) containing covalently linked aromatic ether (AE) moieties were synthesized via microwave Ni(0)-
mediated Yamamoto coupling reactions. The monomers and polymers demonstrated thermal stabilities, as
determined by TGA, much higher than status quo poly(9,9'-dioctylfluorene) (PFO) (i.e., greater than 100 °C),
and most importantly, the spectral emission remained stable after annealing in ambient and inert atmospheres.
PPTE and PMTE were annealed in an N, atmosphere at 200 °C for 72 h and at 150 °C in ambient atmosphere
for 1 h showing no evidence of green emission, in stark contrast to PFO. The results show that PFs with AE
moieties present in the 9-position exhibit stable blue emission.

Introduction

Blue-emitting polyfluorene (PF) polymers are being pursued
as active materials in polymer light-emitting diodes," lasers,*™®
and sensors.”'? To meet the requirements of practical device
application, high-molecular-weight blue-emitting poly(p-phe-
nylene) (PPP) materials including, ladder-type PPPs,"® poly-
fluorenes (PF),"* polyindenofluorenes (PIFs),'” and polytetrahy-
drophenanthrene (PTHP)'® have being widely investigated.
Alkyl-substituted PFs, such as poly(9,9’-dioctylfluorene) (PFO),
are among the most promising candidates for optoelectronic
applications.'” Still, the inherent spectral instability of alkyl-
substituted PFs (i.e., green emission upon exposure to thermal
stressing) remains a significant challenge limiting full realization
of their potential.

It is now well-established that the primary source of the
undesirable green emission is fluorenone defects formed during
and/or after polymer synthesis.'® Attempts to prevent defect
formation have included derivatization at the 9-position with
trifluoromethyl,"? silole,?” siloxane,? silsesquioxane, polyphe-
nylene,” and dendritic benzyl ether®* moieties. These studies
clearly show that controlling the molecular structure of PF at
the 9-position affords a viable solution toward improving
material performance. In addition to functionalizing the 9-posi-
tion, the preparation of carbazole backbone-functionalized PF
polymers has also been shown to decrease this green emission.”

PAEs are well-known engineering thermoplastics possessing
excellent thermal, chemical, radiation, and oxidative stabil-
ity.?*?” In this regard, it is reasonable that their incorporation
into PF-based materials will lead to increased spectral stability.
Jiang et al. prepared a series of poly(aryl ether) (PAE) polymers
bearing pendent alkyl-substituted oligofluorenes.”®° As a result
of incorporating aromatic ethers (AEs) into the polymer
backbone, they prepared hybrid materials exhibiting increased
spectral stability when annealed in vacuum. Annealing studies
in ambient conditions were not reported for these systems;
hence, their oxidative stability remains unknown.

* Corresponding author. E-mail: jveinot@ualberta.ca.

" Department of Chemistry, University of Alberta.

* Department of Electrical and Computer Engineering, University of
Alberta.

¥ NRC-National Institute for Nanotechnology.

10.1021/ma8022348 CCC: $40.75

To date, grafting AE functionalities to the 9-position of
fluorene has not been investigated as a mode for increasing
thermal, oxidative, and spectral stabilization of PFs. It is
reasonable that this absence from the literature is a direct
consequence of challenges associated with preparing wholly AE
bonds. A search of the literature reveals a limited number of
general methodologies for preparing this moiety.

Two classical methods for preparing AEs are the copper-
mediated Ullmann ether synthesis**! and electron-withdrawing
group (EWG) facilitated nucleophilic aromatic substitution
(SNAr) protocols.?®*? These approaches are generally ineffective
in preparing high-purity materials for organic electronics (e.g.,
PLEDs) because elevated temperatures, copper salts, and EWGs
are required for the reaction to go to completion and difficult
to remove from the product. In addition, it is difficult to prepare
materials in a controlled stepwise fashion, thereby limiting
control over subtle changes in molecular structure. Fine
structural control is well-known to dramatically impact material
properties; therefore, a synthetic method that can accomplish
this would be ideal.

SNAr protocols utilizing transition-metal-mediated activation
of aromatic rings have recently gained popularity as methods
for preparing AE bonds. In particular, iron-based methodologies
utilizing cyclopentadienyliron (CpFe™) as activating groups, first
discovered by Nesmeyanov et al.** have been employed in the
preparation of AE bonds in a controlled stepwise fashion.**—’
Syntheses are typically performed at room temperature, and the
CpFe™ moiety, acting as a temporary auxiliary agent, is readily
removed, leaving behind wholly AE-containing material. This
approach allows for mild, stepwise access to AE bonds. In this
report, we show the above methodology may be utilized in
preparing AE-containing fluorene monomers that, upon polym-
erization utilizing microwave-initiated Yamamoto coupling,*®
generates blue-emitting AE-functionalized PFs. Thermogravi-
metric analysis (TGA) and thermal oxidative degradation studies
in ambient confirm that the incorporation of AE units at the
9-position substantially improves the thermal, oxidative, and
color stability of these new materials when compared to status
quo alkyl-functionalized PFs (i.e., PFO). The inclusion of AE
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Scheme 1. Synthesis of
2,7-Dibromo-9,9’'-di(4-hydroxyphenyl)-9H-fluorene Target
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“ (a) CrOs, ethyl acetate, stir for 24 h; (b) phenol, methanesulfonic
acid, 3-mercaptopropionic acid, 70 °C for 20 h.

structural units provides a straightforward approach toward
eliminating adverse effects of thermal degradation of PF
materials.

Experimental Section

General Information. All reagents and solvents were purchased
from commercial sources and used without further purification
unless specified. Potassium carbonate was purchased from Mallinck-
rodt; concentrated HCI was purchased from EMD; dimethylfor-
mamide (DMF), acetic anhydride, toluene, >99% phenol, 98%
ferrocene, 99% aluminum chloride, 99.99% ammonium hexafluo-
rophosphate, 99.9% chromium(VI) oxide, 99+% 1,4-dichloroben-
zene, 98% 1,3-dichlorobenzene, anhydrous 99% 1,5-cyclooctadiene
(cod), >99% 2,2'-bipyridyl (bpy) dried on a Schlenk line for 16 h,
and 97% 5-bromo-m-xylene were purchased from Aldrich; diethyl
ether, methanol, acetone, ethyl acetate, hexane, and 2,7-dibromof-
luorene (1) were purchased from Alfa Aesar; 98% Ni(cod), and
99.7% aluminum powder were purchased from Strem; 2,7-dibro-
mofluorene-9-one*® (2), 2,7-dibromo-9,9'-bis(4-hydroxyphenyl)-
9H-fluorene™ (3), 1%-1,4-dichlorobenzene—13-cyclopentadienyliron
hexafluorophosphate*? (4a), and 7°-1,3-dichlorobenzene—1’-cyclo-
pentadienyliron hexafluorophosphate*? (4b) were prepared accord-
ing to literature procedures. Sb was not isolated. Microwave
syntheses were carried out with a Biotage Initiator system. "H NMR
and 3C NMR spectra were recorded with a Varian Inova 400 (400
and 100 MHz, respectively) and Varian 500 (500 and 125 MHz,
respectively) spectrometers. Elemental analysis was performed with
a Carlo Erba CHNS-O EA1108 elemental analyzer. Photolumines-
cence (PL) spectra were obtained with a Varian Cary Eclipse
fluorescence spectrophotometer. UV —vis spectra were obtained with
an Agilent 8453 UV —vis spectrophotometer. Low-resolution mass
spectrometry was performed with an Applied Biosystems Voyager
Elite matrix-assisted laser desorption time-of-flight (MALDI-TOF)
system, and high-resolution mass spectrometry was performed with
a Bruker 9.4T Fourier transform ion cyclotron resonance (FTICR)
system and an Applied Biosystems Mariner orthogonal acceleration
time-of-flight (ao-TOF) system. Thermogravimetric analysis (TGA)
was performed on a Perkin-Elmer Pyris 1 system at a heating rate
of 10 °C/min. Differential scanning calorimetry (DSC) was
performed with a TA Instruments Q1000 system at various heating
and cooling rates. GPC analysis was performed on an Agilent 1100
series system equipped with a Waters Styragel HR 4E column.
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PLED Fabrication/Electroluminescence Testing. Indium—tin
oxide (ITO)-coated glass substrates (8—12 Q/sq, Delta Tech.) were
sonicated in IPA, dried at 120 °C, and exposed to an O, plasma
for 1 min. Hole injection PEDOT/PSS (Aldrich) was applied from
a 2.8% w/v aqueous solution and heated at 60 °C for 10 min in a
class 10 cleanroom. Active layers were prepared from 0.5% w/v
toluene solutions and heated at 70 °C for 15 min in an N»-filled
glovebox. Electrical contacts were fabricated by sequentially
depositing ca. 5 nm of Ca and ca. 150 nm of Al. PLED elec-
troluminescence spectra were obtained in air using a Varian Cary
Eclipse fluorescence spectrophotometer. IV curves were collected
using a computer-controlled Keithley 2400 source.

Monomer and Polymer Synthesis. Synthesis of PIBC (5a). 2,7-
Dibromo-9,9'-bis(4-hydroxyphenyl)-9H-fluorene (4.98 g, 9.72 mmol),
7°-1,4-dichlorobenzene—n’-cyclopentadienyliron hexafluorophos-
phate (8.03 g, 19.44 mmol), and potassium carbonate (2.69 g, 19.44
mmol) along with 100 mL of DMF were combined in a 250 mL
round-bottom flask. The dark brown solution was covered with
aluminum foil and stirred under an argon atmosphere at 50 °C for
24 h. The resulting purple solution was poured into 1200 mL of a
10% HCl(aq) solution, yielding a yellow precipitate. Ammonium
hexafluorophosphate (3.17 g, 19.44 mmol) was dissolved in distilled
water and added to the yellow precipitate to ensure complete
precipitation. The yellow precipitate was collected over a Buchner
funnel and washed with copious amounts of distilled water. When
completely dry, the powder was washed a further three times with
a total of 200 mL of diethyl ether, giving a pale yellow powder
(10.12 g, 83%). 'H NMR (400 MHz, d¢-DMSO): 6 8.00 (d, J =
8.0 Hz, 2 H); 7.68 (m, J = 8.0 Hz, 4 H); 7.28 (m, / = 8.8 Hz, 8
H); 6.79 (d, / = 6.4 Hz, 4 H); 6.43 (d, J = 6.4 Hz, 4 H); 5.25 (s,
10 H). 3C NMR (100 MHz, ds-DMSO): 6 152.21, 152.07, 141.78,
137.72, 131.49, 131.44, 129.84, 128.65, 123.10, 121.51, 120.54,
103.59, 86.74, 79.31, 76.51, 64.23. HRMS Calculated for
C47H3,0,Br,Fe, [M? = M-2PF]: 967.883 39. Found: 967.882 02.
Elemental Analysis for C47H3,0,Cl,Br,Fe,P,F},: C, 44.76; H, 2.56.
Found: C, 45.67; H, 2.95.

Synthesis of PFBC (6a). 2,7-Dibromo-9,9'-bis(4-hydroxyphe-
nyl)fluorene (2.00 g, 3.94 mmol), 7°1,4-dichlorobenzene—1>-
cyclopentadienyliron hexafluorophosphate (3.30 g, 7.99 mmol), and
potassium carbonate (1.6 g, 11.6 mmol) along with 80 mL of DMF
were combined in a 500 mL round-bottom flask. The green/brown
solution was covered with aluminum foil and stirred under an argon
atmosphere at room temperature for 24 h. Potassium carbonate (1.6
g, 11.6 mmol) and phenol (0.80 g, 8.5 mmol) along with an
additional 40 mL of DMF was added to the solution and allowed
to stir for an additional 72 h. The resultant brown solution was
poured into 800 mL of a 10% HCl(aq) solution, forming a yellow
precipitate. The yellow solid was collected over a Buchner funnel
and washed with copious amounts of distilled water. When
completely dry, the solid was washed with ~600 mL of diethyl
ether, giving a yellow powder (5.35 g, 99%). '"H NMR (500 MHz,
de-DMSO): 6 7.99 (d, J = 8.1 Hz, 2 H); 7.68—7.48 (m, 8 H);
7.40—7.14 (m, 14 H); 6.28 (m, 8 H); 5.20 (s, 10 H). 3C NMR
(125 MHz, de-DMSO): 6 153.30, 152.85, 151.11, 141.39, 137.69,
131.41, 130.67, 130.13, 129.74, 129.45, 128.61, 126.19, 123.11,
121.47, 120.36, 120.23, 77.86, 75.47, 74.96, 64.17. Elemental
Analysis for CsoHpOsBroFe,PoFp: C, 51.49; H, 3.08. Found: C,
50.20; H, 3.18.

Synthesis of MFBC (6b). 2,7-Dibromo-9,9'-bis(4-hydroxyphenyl)-
9H-fluorene (1.03 g, 2.03 mmol), 7°-1,3-dichlorobenzene—1°-
cyclopentadienyliron hexafluorophosphate (1.65 g, 4.00 mmol), and
potassium carbonate (0.80 g, 5.79 mmol) along with 40 mL of DMF
were combined in a 100 mL round-bottom flask. The dark brown
solution was covered with aluminum foil and stirred under an argon
atmosphere at room temperature for 24 h. Potassium carbonate (0.8
g, 5.79 mmol) and phenol (0.4 g, 4.24 mmol) along with an
additional 20 mL of DMF were added to the brown/black solution
and allowed to stir for an additional 72 h. The resulting dark orange
solution was poured into 400 mL of a 10% HCl(aq) solution,
producing an orange/beige precipitate. After stirring for a few
minutes, the precipitate was collected over a Buchner funnel and
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Scheme 2. Synthesis of PTE and MTE Monomers via CpFe' Activation (7a or 7b)*
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“ (c) K»COs, dissolve 3 and 4a or 4b in DMF, stir at room temperature for 24 h, isolation of Sa and Sb is not necessary prior to proceeding to
the next synthetic step; (d) K»COs, phenol, more DMF, stir at room temperature for 72 h; (e) dissolve 6a and 6b in DMF and CH;CN, dimethylglyoxime

and heat for 12 min at 200 °C in a microwave reactor.

Table 1. Melting Temperature (7},), Glass Transition
Temperature (7), (Purity, and Decomposition Temperature (7)
under both N, and Air of MTE and PTE Monomers

monomer Ty (°C)*  purity” Ty (°C) N Ty (°C) air? T (°C)
MTE 175 95.3 418 415 53
PTE 166 96.5 443 445 78

¢ Tm was determined with DSC at a heating rate of 0.5 °C/min with
1—3 mg of sample. ” Calorimetric purity determinations were made using
1—3 mg samples heated at 0.5 °C/min with a DSC. The DSC purity
determination software constructs a van’t Hoff plot for the calculation of
purity. © Onset decomposition temperatures (10% mass loss) were deter-
mined with a TGA in an N atmosphere. ¢ Onset decomposition temperatures
(10% mass loss) were determined with a TGA in an air atmosphere. ¢ T
was determined by heating at 10 °C/min from 35 to 250 °C followed by
cooling to —50 °C and heating again at 10 °C/min to 250 °C.

washed with copious amounts of distilled water. When completely
dry, the powder was washed a further three times with a total of
200 mL of diethyl ether, giving a fine off-white powder (2.68 g,
99%). 'H NMR (500 MHz, ds-DMSO): ¢ 8.01 (d, J = 8.0 Hz, 2
H); 7.95 (s, 2 H); 7.72—7.50 (m, 8 H); 7.40—7.25 (m, 12 H); 6.41
(s, 2H); 6.34 (t, J=6.1 Hz, 2 H); 6.20 (d, / = 5.4 Hz, 2 H); 6.11
(d, J= 5.6 Hz, 2 H); 5.20 (s, 10 H). '3C NMR (125 MHz, d¢-
DMSO): J 153.06, 152.69, 152.22, 141.61, 137.80, 132.22, 131.56,
131.53, 130.77, 129.83, 128.69, 126.43, 123.23, 121.59, 120.68,
120.44, 84.36, 77.69, 74.14, 73.72, 68.01, 64.27. HRMS Calculated
for C59H4204BI‘2F62 [Mer = M—ZPF()]I 1084.013 76. Found:
1084.013 00. Elemental Analysis for CsoHs04BrFe,PoFyp: C,
51.49; H, 3.08. Found: C, 49.75; H, 3.30.

Synthesis of PTE (7a). 2,7-Dibromo-9,9'-bis[4-(1°-1,4-diphenoxy-
nP-cyclopentadienyliron hexafluorophosphate)benzene] (PFBC) (1.00
g, 0.73 mmol) was added to each of five 20 mL microwave vials

100 \
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DOF Nitrogen
’\; ——MTE Air
E« 60 - MTE Nitrogen
E‘) ——PTE Air
0 ==PTE Nitrogen
2 40
20
0 , - —
25 125 225 325 425 525 625
Temperature (°C)

Figure 1. TGA curves of DOF, MTE, and PTE monomers in an air
and N, atmosphere at a heating rate of 10 °C/min.

followed by 10 mL of DMF, 10 mL of acetonitrile, 0.92 g of
dimethylglyoxime, and a stir bar, yielding a brown solution. The
vial was capped and placed in a microwave reactor for 12 min at
200 °C. The resulting opaque black solutions were poured into 600
mL of a 10% HCl(aq) solution and stirred for 5 h before being
filtered over a Buchner funnel, yielding a brown filtrate and black
residue. The black residue was dried before being suspended in 75
mL of toluene and filtered through Celite. The Celite was washed
with an additional 75 mL of toluene, giving a pale yellow filtrate
that after evaporation yielded a yellow solid. The solid was
dissolved in a minimal amount of dichloromethane and added
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Scheme 3. Synthesis of PPTE and PMTE via Nickel-Catalyzed Yamamoto Coupling Protocol (8a or 8b)*

Br O‘O Br L
()

o} o}

J0D

7aR= P'O@ =PTE
7bR= m-O—@ =MTE

A ™
HyC OQ CH;,
J D

R

8aR= p-O@ = PPTE
8bR=m- 0@ =PMTE

¢ (f) Combine 7a or 7b, DMF/toluene ~ 1:2, Ni(cod),, 2,2'-bipyridyl, 1,5-cyclooctadiene, 5-bromo-m-xylene in a microwave vial and heat for

10 min at 230 °C.

Table 2. Weight-Average Molecular Weight (M), Polydispersity Index (PDI), Glass Transition Temperature (7;), Decomposition
Temperature T4, UV—vis Absorption Maxima (Aapsmax), and Photoluminescence Maxima (Aprmax) 0of Polymers

labs,max (nm)d

j«abs,max (nm)(‘ APL,max (nm)d lPL,mnx (nm)(’

polymer My PDI? T, (°C)* Ty (°CO)° solution film solution film
PMTE 12 000 1.8 98 515 (515)% 376 390 420 430
PPTE 36 000 39 184 534 (528)% 374 387 420 440
PFO/ 52 000 2.2 ~50 420 387 390 416 434

“ My, and PDI values were determined using GPC in THF with polystyrene standards. ” T, (°C) values were determined with DSC at a heating rate of
10 °C/min after heating in vacuum at 100 °C for 24 h. © Onset decomposition temperatures (10% mass loss) were determined with TGA in N,. ¢ Solution
spectra were measured in toluene with a concentration of 0.001% w/v for Aabsmax and 0.00001% w/v for ApLmax. ¢ Films were drop-coated from toluene
solution (1% w/v), and the first vibronic transition is displayed.” PFO was purchased from American Dye Source. ¢ These values correspond to the second

weight loss seen in Figure 3 from the first TGA run.

dropwise to 500 mL of 90% ethanol, resulting in a white precipitate.
The combined white solids were filtered over a Buchner funnel
and washed twice with a total of 1000 mL of 100% ethanol (1.06
g, 34%). '"H NMR (500 MHz, CDCls): 6 7.59 (d, J = 9.0 Hz, 2
H); 7.49 (m, J = 1.5 Hz, 4 H); 7.33 (m, J/ = 7.5, 1.0 Hz, 4 H);
7.10 (m, J = 9.0, 2.0 Hz, 6 H); 6.99 (m, J = 2.0 Hz, 12 H); 6.87
(m, J =9.0,2.5 Hz, 4 H). *C NMR (125 MHz, CDCl3): 6 157.71,
157.29, 153.26, 153.08, 152.06, 138.60, 137.96, 131.06, 129.78,
129.31, 123.12, 121.95, 121.70, 121.02, 120.49, 118.39, 117.78,
64.54. HRMS Calculated for C4H3,Br,O4: 842.066 18. Found:
842.066 19. Elemental Analysis for C49H3,Br,04: C, 69.68; H, 3.82.
Found: C, 69.15; H, 3.82.

Synthesis of MTE (7b). 2,7-Dibromo-9,9-bis[4-(3°-1,3-diphenoxy-
nP-cyclopentadienyliron hexafluorophosphate)benzene] (MFBC)
(1.00 g, 0.73 mmol) was added to a 30 mL microwave vial followed
by 10 mL of DMF, 10 mL of acetonitrile, 0.92 g of dimethylgly-
oxime, and a stir bar, yielding an orange/red solution. The vial was
capped and placed in a microwave reactor for 12 min at 200 °C.
The resulting opaque black solution was poured into 120 mL of a
10% HCl(aq) solution and stirred for 5 h before being filtered over
a Buchner funnel, yielding a red/brown filtrate and black residue.
The black residue was dried before being suspended in 15 mL of
toluene and filtered through Celite. The Celite was washed with
an additional 15 mL of toluene, giving a light orange filtrate that
after evaporation yielded a light orange solid. The solid was
dissolved in a minimal amount of dichloromethane and added
dropwise to 100 mL of 90% ethanol, resulting in a white precipitate.
10 mL of distilled water was then added to the 100 mL of 90%
ethanol to help coagulate any remaining material. The combined
white solids were filtered over a Buchner funnel and washed twice
with a total of 200 mL of 100% ethanol (0.40 g, 60%). 'H NMR
(400 MHz, CDCl3): 6 7.59 (dd, J = 7.6, 0.8.Hz, 2H); 7.49 (dd, J
=7.6,2Hz, 2 H); 7.48 (s, 2 H); 7.33 (t, J = 7.6 Hz, 4 H); 7.25 (t,
J=28.0Hz, 2 H); 7.10 (d, J = 8.8 Hz, 4 H); 7.10 (t, J = 7.6 Hz,
2 H);7.02 (d, J = 7.6 Hz, 4H); 6.90 (d, / = 8.4 Hz, 4 H); 6.73 (m,
J=17.8 Hz, 4 H); 6.68 (t, J = 2.4 Hz, 2 H). 3C NMR (100 MHz,
CDCl3): 6 158.63, 157.97, 156.50, 156.05, 152.99, 139.13, 137.86,
131.01, 130.36, 129.74, 129.27, 129.21, 123.62, 121.89, 121.63,
119.20, 118.65, 118.57, 113.55, 113.44, 109.58, 64.58. HRMS

Calculated for C4H3,Br,04: 842.066 18. Found: 842.066 19. El-
emental Analysis for C49H3,Br,04: C, 69.68; H, 3.82. Found: C,
69.41; H, 3.86.

Synthesis of PPTE (8a). PTE (0.200 g, 0.237 mmol) was placed
in a Biotage 10—20 mL microwave vial along with byp (0.098 g,
0.632 mmol), Ni(cod), (0.168 g, 0.611 mmol), and 1,5-cycloocta-
diene (0.08 mL, 0.7 mmol) inside an argon-filled glovebox forming
a purple paste. The mixture was diluted with 9 mL of DMF and 14
mL of toluene, followed by 5-bromo-m-xylene (1.6 uL, 0.0118
mmol) as an end-capping agent, resulting in a red solution. The
vial was capped and irradiated in a Biotage Initiator microwave
system for 10 min at an internal temperature of 230 °C. The purple/
black contents of the vial were poured into 150 mL of methanol,
and the polymer was allowed to agglomerate overnight. The blue/
gray slurry was transferred to the thimble of a Soxhlet extractor
and washed with 300 mL of acetone for 24 h followed by an
extraction with 300 mL of toluene for 24 h. The toluene was
removed with a rotary evaporator, yielding a green flakey solid
(0.160 g, 98%). The solid was subsequently dried in a vacuum oven
at ~100 °C for 24 h. 'H NMR and *C NMR spectra were acquired
after filtering a toluene-ds solution through a 0.2 um Millipore
Millex-GN filter. 'H NMR (500 MHz, toluene-dg): 6 7.9—7.8 (m,
2H) 7.7—=7.5 (m, 6 H); 7.4=7.1 (m, 7 H); 6.9—6.4 (m, 33 H). 3C
NMR (125 MHz, toluene-dg): 0 158.27, 157.65, 157.50, 153.46,
153.39, 153.27, 152.94, 152.66, 152.49, 141.61, 140.61, 140.46,
140.05, 139.51, 129.96, 129.82, 129.28, 129.16, 128.47, 128.23,
125.61, 123.17, 121.34, 121.20, 120.74, 118.68, 117.98, 65.22.
MALDI-TOF mass spectrometry polymer repeat unit (CyoHz3,04):
Calculated: 684.776. Found: ~685 amu. Elemental Analysis
calculated for C49H3,04 polymer repeat unit: C, 85.94; H, 4.71.
Found: C, 80.64; H, 5.37. Also found 0.42% nitrogen.

Synthesis of PMTE (8b). MTE (0.150 g, 0.178 mmol) was placed
in a Biotage 10—20 mL microwave vial along with bpy (0.074 g,
0.474 mmol), Ni(COD), (0.126 g, 0.458 mmol), and 1,5-cyclooc-
tadiene (0.06 mL, 0.5 mmol) inside an argon-filled glovebox
forming a purple paste. The mixture was diluted in 6.8 mL of DMF
and 10.5 mL of toluene, followed by 5-bromo-m-xylene (1.2 uL,
0.00885 mmol) as an end-capping agent, forming a brown solution.
The vial was capped and irradiated in a Biotage Initiator microwave
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Figure 2. DSC traces of PPTE (red) and PMTE (blue) at a heating

rate of 10 °C/min. The samples were dried for 24 h at ca. 100 °C in a
vacuum oven prior to analysis.
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Figure 3. TGA traces of PFO (green), PMTE (red), and PPTE (blue)
in a N, atmosphere at a heating rate of 10 °C/min after being dried for
24 h in vacuum at ca. 100 °C. The traces correspond to a single TGA
heating run.
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Figure 4. TGA traces of PFO (green), PMTE (red), and PPTE (blue)
in a N, atmosphere at a heating rate of 10 °C/min. The traces correspond
to material that has been pretreated by heating the sample in a TGA
crucible from 25 to 320 °C, cooling it back down to 25 °C, and heating
the sample again to 700 °C.

system for 10 min at an internal temperature of 230 °C. The purple/
green contents of the vial were poured over a 1:1:1 solution of
acetone:methanol:HCl(conc), forming a cloudy white solution and
brown oil. The polymer was extracted with 4 x 100 mL portions
of toluene, resulting in an orange organic layer that was subse-
quently dried over magnesium sulfate. Following gravity filtration
the toluene was removed by rotary evaporator, yielding a brown
flakey solid (0.111 g, 89%). The solid was subsequently dried in a
vacuum oven at ~100 °C for 24 h. 'TH NMR and '*C NMR spectra
were acquired after filtering a CDClj; solution through a 0.2 um

Aromatic Ether-Functionalized Polyfluorene 595

==PPTE Absorption
==PMTE Absorption
==PPTE Emission
~=PMTE Emission

Absorbance/Intensity (a.u.)

300 350 400 450 500 550 600
Wavelength (nm)

Figure 5. UV—vis and PL spectra (Aex = 350 nm) of a 0.001% w/v
and a 0.00001% w/v toluene solution of PPTE (blue) and PMTE (red).
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Figure 6. PL spectra (1ex = 350 nm) of a drop-coated PPTE film
annealed at 200 °C for indicated times in an Nj-filled glovebox.
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Figure 7. PL spectra (lex = 350 nm) of a drop-coated PPTE film
annealed at 150 °C for indicated times under ambient conditions.

Millipore Millex-GN filter. 'H NMR (400 MHz, CDCl;): 6
7.92—7.70 (m, 2H) 7.68—7.45 (m, 4 H); 7.44—7.26 (m, 4 H);
7.24—17.03 (m, 8 H); 7.02—6.94 (m, 4 H); 6.92—6.80 (m, 4 H);
6.76—6.56 (m, 6 H). 3C NMR (100 MHz, CDCls): 0 158.68,
158.43, 158.17, 156.55, 155.86, 155.70, 141.00, 130.30, 129.75,
129.73, 129.45, 129.36, 129.24, 126.94, 126.05, 124.60, 123.57,
119.20, 119.18, 118.58, 113.45, 113.32, 113.26, 113.22, 109.55,
109.45, 64.6. MALDI-TOF mass spectrometry polymer repeat
unit (C49H3,04): Calculated: 684.776. Found: ~685 amu.
Elemental Analysis calculated for C49H3,04 polymer repeat unit:
C, 85.94; H, 4.71. Found: C, 75.09; H, 5.80. Also found 2.03%
nitrogen.
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Figure 8. Electroluminescence spectrum and current—voltage (/I—V)
(inset) characteristics of a PLED fabricated with PMTE as the emitting
layer.

Results and Discussion

Synthesis of PTE and MTE Monomers. Intermediate com-
pound 2,7-dibromofluoren-9-one* (2) and target precursor
compound 2,7-dibromo-9,9'-di(4-hydroxyphenyl)-9H-fluorene™*
(3), as shown in Scheme 1, were prepared according to literature
procedures and characterized with 'H and '3C NMR spectros-
copy and electron-impact (EI) mass spectrometry. The crystal
structure of 3 was reported previously.*!

3 was subsequently reacted with 4a or 4b,** as outlined in
Scheme 2, to generate p-intermediate-bimetallic-complex (PIBC)
Sa or m-intermediate-bimetallic-complex (MIBC) 5b. Isolation
of PIBC or MIBC was not necessary; both were further reacted
with additional phenol to produce p-final-bimetallic-complex
(PFBC) 6a or m-final-bimetallic-complex (MFBC) 6b, respec-
tively. The CpFe™ moieties on the bimetallic complexes PFBC
and MFBC were removed via microwave irradiation to generate
p-tetra-ether (PTE) 7a and m-tetra-ether (MTE) 7b, respectively.
Compounds 5—7a,b were characterized with '"H and '*C NMR
spectroscopy, high-resolution mass spectrometry (HRMS), and
elemental analysis (EA) (Figures SI-1 to SI-10 of the Supporting
Information).

Thermal and Oxidative Stability of PTE and MTE
Monomers. TGA of PTE, MTE, and purified 2,7-dibromodio-
ctylfluorene (DOF), in N; and air, provided insight into the
thermal and oxidative stability of AE-functionalized monomers
as well as direct comparison with DOF. Table 1 summarizes
and Figure 1 shows the onset of decomposition (10% weight
loss) of MTE and PTE in N, and air occurs at substantially
higher temperatures (ca. 150 °C) than for DOF. We attribute
this increased stability to the stabilizing influence of the AE
moieties. We also note the onset of decomposition of PTE and
MTE is approximately the same in both N, and air, in stark
contrast to DOF. This may indicate the lack of a readily
accessible decomposition pathway for AE-containing PTE and
MTE.

Thermal Phase Behavior of PTE and MTE Monomers.
Differential scanning calorimetry (DSC) provides insight into
the phase behavior of PTE and MTE monomers. Table 1
summarizes the melting temperatures (7},), purity, and glass
transition temperatures (7,) of PTE and MTE as determined by
DSC. PTE and MTE exhibit well-defined melting temperatures
(Tw) of 166 and 181 °C, respectively, when heated from 35 to
250 °C on the first heating cycle (Figures SI-11 and SI-12 of
the Supporting Information). Upon cooling (10 °C/min) and
reheating (10 °C/min) the sample, the well-defined melting
temperatures are replaced by PTE and MTE glass transition
temperatures of 78 and 53 °C, respectively. The appearance of
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PTE and MTE glass transitions indicates that the cooling rate
employed (10 °C/min) during the DSC run was faster than
nucleation and subsequent crystal growth. Similar behavior has
been noted for glass-forming, high-T, bulky spiro compounds
in which the crystallization kinetics are slowed.** Importantly,
the higher T,’s exhibited by PTE and MTE are expected to
translate into AE-based polymers with higher 7,’s than PFO**
and increased emission stability.

Synthesis of PPTE and PMTE Polymers. The role of mic-
rowave technology in organic synthesis is expanding greatly
and is now beginning to be utilized in organic polymer
syntheses. One of the primary advantages of this synthetic
technique is significantly decreased reaction times that make
high throughput material synthesis viable. Highlighting this
point, the first report of a PF-type polymer synthesis using
microwave irradiation appeared in 2002.*> Carter outlined the
successful polymerization of alkyl-substituted PF materials in
10 min—a dramatic advancement over the traditional 3—4 days
required for conventional thermal heating. We employed a
microwave-based approach for the polymerization of our AE-
functionalized PTE and MTE monomers and successfully
prepared poly-p-tetra-ether (PPTE) 8a and poly-m-tetra-ether
(PMTE) 8b, as shown in Scheme 3. PPTE and PMTE were
characterized with 'H and '3C NMR spectroscopy (Figures SI-
13 to SI-16), gel permeation chromatography (GPC) (Figures
SI-17 and SI-18), MALDI-TOF mass spectrometry (Figures SI-
19 and SI-20), and elemental analysis (EA).

Thermal Phase Behavior of PPTE and PMTE Polymers.
The glass transition temperature (7)) of PPTE and PMTE was
evaluated with DSC at a heating rate of 10 °C/min, as
summarized in Table 2 and shown in Figure 2. The glass
transition temperature of PPTE (184 °C) is substantially higher
than PMTE (98 °C), which we attribute to PPTEs higher
molecular weight and more symmetric side chains.

Thermal Stability Characterization of PPTE and PMTE
Polymers. TGA investigations of PPTE, PMTE, and com-
mercially available PFO, in an N, atmosphere, were conducted
to gain direct comparison of their thermal stability. Figure 3
and Table 2 show PPTE and PMTE lose approximately 10%
and 20% of their weight prior to plateauing at ca. 320 °C. These
polymers subsequently undergo another weight loss, which we
attribute to decomposition of the polymer, at 528 and 515 °C,
respectively.

If PPTE and PMTE are first heated to 320 °C, cooled to 25
°C, and reheated to 700 °C, similar decomposition temperatures
(534 and 515 °C) are observed (see Figure 4).

While the weight loss up to 320 °C could be attributed to
the liberation of volatile impurities (e.g., solvent) remaining
following synthesis and work-up, placing PPTE and PMTE in
a vacuum oven at ca. 100 °C for 24 h did not address this issue.
Elemental analysis of PPTE and PMTE revealed carbon content
to be ca. 5% and 10% below theoretically predicted values, and
nitrogen contamination of ca. 0.5 and 2.0%, respectively, was
noted. Ongoing investigations in our laboratory are focused on
gaining a better understanding of the structure of these polymers
(i.e., end-group analysis) using high-resolution MALDI-FTICR.

PPTE and PMTE, shown in Figure 4, exhibit significantly
higher thermal decomposition temperatures than PFO, indicating
AE moieties substantially improve the thermal and oxidative
stability of PFs. The improvement in thermal stability of our
AE-containing polymers (PPTE and PMTE) over PFO is smaller
(ca. 100 °C) than the difference in stability between the AE-
containing monomers and DOF (ca. 150 °C), indicating that
monomer stability does not necessarily quantitatively correlate
with polymer stability.
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Photoluminescence Stability of PPTE and PMTE Poly-
mers. Figure 5 and Table 2 show solution UV—vis and
photoluminescence (PL) spectra of PPTE and PMTE. These
spectra are consistent with polymer formation and similar to
those obtained for alkyl-substituted PF materials (e.g., PFO).

Films of PPTE, PMTE, and PFO drop-coated and/or spin-
coated from 1% w/v toluene solutions onto quartz substrates
were evaluated for thermal and morphological stability upon
thermal annealing in an N, atmosphere. In an effort to ensure
removal of excess toluene, films were dried in ambient prior to
drying in vacuo (ca. 30 mTorr) for 24 h. Upon annealing a PFO
film at 200 °C, in an inert N, atmosphere, the PL spectrum
continuously evolved over 80 h, resulting in three changes to
the spectrum: (1) the contributions to the spectrum from each
of the vibronic components change, (2) a shift in the relative
positions of these transitions, and (3) the intensity of the PL, in
the green spectral region (ca. 550 nm), increases.*® These
changes are well established and have been attributed to polymer
chain reordering and excimer formation.*’ In contrast to
commercial PFO, PPTE and PMTE display spectral stability
when annealed under identical conditions, as shown in Figure
6 and Figure SI-21 (Supporting Information).

Thermal annealing of PPTE, PMTE, and PFO in air show
very different effects on the PL spectra. PFO shows a dramatic
increase in green emission (ca. 550 nm) after annealing in air
for 60 min at 150 °C, and the resulting green emission visibly
dominates film color after only 20 min of thermal stressing.*®
In contrast, the PL spectra of PPTE and PMTE exhibit negligible
change under identical conditions which severely degrade PFO
response, as shown in Figure 7 and Figure SI-22 (Supporting
Information). We attribute the increased stability to the stabiliz-
ing influence of the AE moieties at the 9-position in PPTE and
PMTE.

Electroluminescence and Current—Voltage (I—V) Char-
acteristics of PMTE Polymer. Proof-of-concept polymer light-
emitting diodes (PLEDs) with PMTE as the emitting layer were
fabricated with the following sandwich structure: ITO/PEDOT-
PSS/PMTE/Ca/Al. The electroluminescence spectrum repro-
duces the photoluminescence spectrum and under ambient
conditions did not shift during device testing (ca. 30 min). PMTE
exhibited turn-on voltages of ca. 4.5 V and exhibited blue
electroluminescence as shown in Figure 8. Ongoing investiga-
tions will focus on further device stressing in a variety of
environments and temperature regimes.

Conclusions

The direct incorporation of AE functionality into PF materials
at the 9-position has allowed for the preparation of thermally
stable materials with excellent oxidative stability. We are
currently exploring CpFe™ chemistry in efforts to prepare
additional AE-containing PF materials possessing subtle struc-
tural features in an effort to investigate more fully the solution
and solid state properties of these polymers. Initial electrolu-
minescence results support further exploration of this material
system for PLED applications.
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