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Abstract

A new family of conjugated polymers containing dibenzo[a,c]phenazine moieties, and hence having moderately high electron affinities, has
been synthesized. Syntheses were achieved using Yamamoto or Suzuki couplings with 2,7-dibromodibenzo[a,c]phenazine derivatives as mono-
mers. Several of the polymers had significant molecular weights and were still soluble in tetrahydrofuran or chloroform. A series of model
compounds were also synthesized to assist in characterizing the polymers. The UV—vis spectra of the various materials gave clear evidence
of the existence of conjugation along the polymer backbones. Fluorescence measurements indicate that emission in the green to orange region,
and possibly beyond, is sensitive to the 11- and 12-substituents on the dibenzophenazine moieties. Finally, cyclic voltammetry demonstrates the
electron-accepting nature of these materials with electron affinities in the range 2.6—3.2 eV.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of T-conjugated polymers is an ever-growing re-
search field. One of the areas for which such materials show
great promise is field effect transistors (FETs). Despite great
advances in the general field of FETs, many problems still re-
main to be addressed. The physical processes underlying FET
technologies are now well understood in the case of silicon
and, more generally, inorganic semiconductors, but there still
needs to be further studies of organic materials. One of the
main differences characterizing organic semiconductors, as
compared to their inorganic counterparts, is their relatively
low level of order. As a consequence, charge mobilities within
organic materials are considerably lower, indeed, typically by
several orders of magnitude, when compared to silicon. In re-
cent years various theories have been developed in an attempt
to rationalize experimental observations and measurements
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[1]. Recently, Bredas and co-workers have stressed the impor-
tance of two different parameters in charge transport within
ordered molecular materials [2]. First, the overlap integral
characterizing the orbital overlap between two adjacent mole-
cules (which influences intermolecular charge delocalisation)
and, second, the reorganisation energy that is lost upon charge
formation and that characterizes the relaxation of the molecule
(hence influencing intramolecular charge delocalisation).
Much of the research effort that has been devoted to poly-
meric semiconductors has involved electron-rich systems pos-
sessing high ionisation potentials, for example, regioregular
poly(3-hexylthiophene) and polyfluorene derivatives. Poly-
thiophenes were found to possess the best characteristics for
charge transport, for example high crystallinity, and to display
the highest hole mobilities reported to date for a polymer
[3]. There are, however, far fewer examples of high electron
affinity conjugated polymers displaying useful electron mobil-
ities, although recent studies suggest that the use of hydroxyl-
group free gate dielectrics could allow the observation of
high FET n-type mobility in many organic semiconductors
[4]. Poly(oxobenzimidazoquinoline) is the only conjugated
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polymer for which electron mobilities as high as 0.1 cm?
V~'s™" have been reported [5]. Recently, Bredas and co-
workers published a theoretical study showing that phena-
zine-based discotic liquid crystalline molecules are expected
to display remarkably small reorganisation energies upon re-
duction [2d,6]. Polymers based on derivatives of these mater-
ials could therefore possess improved electron transport
properties as well as high electron affinities. In this paper
we present the results of an exploratory study on the synthesis,
solubility and photophysical and electrochemical properties of
some novel polydibenzophenazines together with parallel
studies on relevant model compounds.

Some polymers based on phenazine moieties linked via
2,7-linkages have already been reported in the literature, but
they were found to be highly insoluble [7a—c]. Very recently,
Jenekhe and co-workers reported the synthesis and photophysi-
cal properties of some soluble poly(dibenzo[a,c]phenazine-
3,6-diyl)/dioctylfluorene) co-polymers [7d] (see Fig. 1 for
numbering of the dibenzo[a,c]phenazine nucleus) and used
them in blue-light-emitting diodes. Linking through the 3-
and 6-positions is, however, not expected to give polymers
with a Tt-electron system conjugated along the backbone. In
the expectation of obtaining polymers with a more conjugated
backbone, we chose 2,7-dibromodibenzo[a,c]phenazines as the
core building block for a new family of electron-accepting con-
jugated polymers. The rationale behind this choice of approach
is the following (Fig. 1): (i) a fully conjugated phenanthrene
backbone allows intramolecular electron (and more generally
energy) transfers to occur, (ii) the phenazine side chain moie-
ties confer high electron affinities to the polymers, (iii) these
moieties are expected to facilitate intermolecular electron
transfers [2d,6], and (iv) various substituents attached to the
10- to 13-positions of the phenazine moiety may allow fine tun-
ing of the solubility, thermotropic, photophysical and/or elec-
trochemical properties of the materials.

2. Experimental section
2.1. General methods

All chemicals and solvents were purchased from Aldrich,
Lancaster, Fluka, Avocado or Strem. Unless stated otherwise
they were used without further purification. Pd(PPhj),
[8a], 9,9-dioctylfluorene-2-boronic acid pinacol ester [8b],
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Fig. 1. Schematic of the design of polydibenzo[a,c]phenazines and typical
molecular structure of a monomer.

9,9-dioctylfluorene-2,7-diboronic acid bispinacol ester [8b],
5,5'-bis(tri-n-butylstannyl)-2,2'-dithiophene [8c], 2,7-dibro-
mophenanthraquinone (2) [8d], 1,2-dinitro-4,5-bismethoxy-
benzene [8e] and 1,2-dinitro-4,5-bisdodecyloxybenzene [8e]
were synthesized as described in the literature.

Organic solutions were dried over magnesium sulfate. Puri-
fications by flash column chromatography were achieved using
Merck 9385 silica gel 60 (230—400 mesh). Thin layer chroma-
tography (TLC) was carried out using Merck silica gel
(60—254 mesh) coated on PET plates. Melting points were
measured using a Gallenkamp melting point apparatus.

FT-IR spectra were recorded on a Perkin—Elmer spectrom-
eter with an He/Ne 633 nm (<0.4 mW) laser. UV—vis spectra
were recorded using a Unicam UV 300 spectrometer. Fluores-
cence spectroscopy was carried out using a Perkin—FElmer LS
55 spectrometer. Fluorescence quantum yields were measured
using quinine sulfate in aqueous H,SO, for the calibration [9].
Unless cited otherwise NMR spectra were recorded on a Varian
Inova 300 MHz spectrometer for solutions in a mixture of
CDCl; and trifluoroacetic acid (TFA) (95/5 v/v). TFA was nec-
essary to increase the solubility of the compound. Mass spec-
trometry (MS) was carried out using a Micromass Trio 2000
instrument for EI/CI MS, a Micromass Platform instrument
for electrospray MS and a Micromass TOF Spec 2E instru-
ment for MALDI-TOF-MS. Size exclusion chromatography
(SEC) was carried out using a three column system composed
of two Polymer Labs Gel 30 cm 10 um mixed B columns and
one 500 A column, a Knauer 64 pump (flow rate of
1 mL minfl) and a Gilson 132 differential refractometer for
the THF system. For the chloroform system, four Polymer
Labs 3 um mixed E columns, a Gilson 307 pump (flow rate
0.3 mL min_l) and a GBC LC 1240 differential refractometer
for detection were used. Both systems were calibrated with
polystyrene standards. Elemental analyses were performed
by the Microanalysis laboratory of the Department of Chemis-
try, University of Manchester. DSC measurements were car-
ried out using a Seiko DSC 220G instrument (melting points
— Mp — are defined as the trough’s minimum). TGA measure-
ments were carried out using a Seiko TG/DTA 220 instrument.
Cyclic voltammograms (CVs) were recorded using a CH
Instruments Electrochemical Workstation. The working elec-
trode was glassy carbon, the counter electrode was a platinum
wire and the reference electrode was Ag/AgCl (all measure-
ments were carried out under argon atmosphere). In order to
allow comparisons to be made between the different CV mea-
surements, similar experimental conditions were used through-
out this study. For the model compounds, CVs were recorded
for solutions in dichloromethane (DCM), using tetra-n-buty-
lammonium hexafluorophosphate (TBAPF) as the electrolyte.
Unless otherwise stated CVs for polymers were recorded using
thin films cast onto the carbon electrode, with tetraethylammo-
nium hexafluorophosphate in acetonitrile as the electrolyte solu-
tion. Abbreviations used to describe various spectra and data: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br b, broad
band; br p, broad peak; br s, broad singlet; br d, broad doublet; br
m, broad multiplet; ib, intense band; obs, observed; req,
required; sh, shoulder; wsh, weak shoulder.
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2.2. Synthesis of materials

2.2.1. General procedure for the synthesis of
dibenzo[a,c]phenazines 3, 4, 6 and 7.
11-Methyldibenzo[a,c]phenazine (3)

9,10-Phenanthraquinone (1) (1.00 g, 4.81 mmol), toluene
(50 mL) and 3,4-diaminotoluene (0.590 g, 4.81 mmol) were
placed in a round-bottomed flask (I-neck, 100 mL) fitted
with a condenser. The mixture was heated under reflux for
1 h and then allowed to cool to room temperature. Upon cool-
ing, long thin needles crystallized. These were filtered off and
washed with methanol (3 x 50 mL). Recrystallisation from
toluene afforded colourless needles (0.93 g, 64%). Mp 219—
220 °C (220 °C [10a]); IR (KBr, cm™') 3066, 2932, 1623
and 1606; 'H NMR (CDCl;, ppm) 6 9.33 (2H, d, J=
7.3 Hz), 8.50 (2H, d, J=7.8 Hz), 8.16 (1H, d, J=8.7 Hz),
8.04 (1H, s), 7.82—7.59 (5H, m) and 2.65 (3H, s, Me); '°C
NMR (CDClz, ppm) o 22.21, 122.9, 126.1, 126.2, 127.9,
128.0, 129.0, 130.0, 130.2, 130.4, 131.8, 132.0, 132.5,
140.4, 140.8 and 1422 (16 obs, 21 req); MS (EI/CI)
295 gmol !, CyH 4N,H™ requires 295 g mol .

2.2.2. Dibenzo[a,c]phenazine-11-carboxylic acid (4)

Yield 73%; Mp 316—318 °C (320 °C [10b]); IR (KBr, cmfl)
2991 (br b), 2873, 2661, 1697 (ib) and 1605; 'H NMR (ppm)
6 941 (I1H, s), 935 (1H, d, J=8.1Hz), 922 (IH, d,
J=282Hz), 8.86—8.67 (4H, m), 8.12 (2H, m) and 7.96 (2H,
m); C NMR (ppm) 6 124.3, 124.4, 125.0, 125.1, 127.1,
127.3, 130.3, 130.5, 130.9, 133.3, 134.5, 135.1, 135.5, 136.6,
138.2, 139.3, 143.7 and 169.9 (18 obs, 21 req); MS (MALDI)
322 gmol ', C5H;¢0-N,H" requires 323 g mol .

2.2.3. 2,7-Dibromo-11-methyldibenzo[a,c]phenazine (6)

Yield 67%; Mp 299—300 °C; IR (KBr, cm™") 3077, 2944,
2910 and 1622; 'H NMR (ppm) 6 9.04 (2H, s, H-1), 8.39 (1H,
d, J=8.8 Hz), 8.26 (1H, s, H-10), 8.18 (2H, d, /= 8.6 Hz),
8.07 (1H, d, J=8.8 Hz), 7.82 (2H, d, /=8.8 Hz) and 2.84
(3H, s, Me); >°C NMR (ppm) 6 23.0, 124.4, 125.2, 125.4,
125.6, 126.4, 126.8, 128.9, 129.2, 130.1, 131.1, 135.6,
135.9, 136.3, 136.9, 137.8, 138.1 and 149.2 (18 obs, 21 req);
MS (MALDI) triplet 451/453/455 gmol ™!, C,H;»N,Br,H"
requires triplet 451/453/455 g mol~'; microanalysis: calc: C,
55.8%, H, 2.7%, N, 6.2%, Br, 35.3%; found: C, 55.3%, H,
2.7%, N, 6.2%, Br, 35.5%.

2.24. 2,7-Dibromodibenzo[a,c]phenazine-11-carboxylic
acid (7)

Yield 52%; Mp > 350 °C; IR (KBr, cm™ ) 3073 (br b),
2985, 2829, 2655, 2523, 1689 (ib) and 1621; 'H NMR
(ppm) 6 9.53 (1H, d, J=2.0Hz), 9.49 (1H, d, J=1.6 Hz,
H-10), 9.40 (1H, d, /=19 Hz), 892 (1H, dd, J=1.6 and
9.0 Hz, H-4), 8.77 (1H, d, J=9.0 Hz, H-3), 8.60 (1H, d,
J=8.9Hz), 8.55 (1H, d, J=8.9Hz), 825 (1H, dd, /=1.8
and 8.8 Hz) and 8.21 (1H, dd, J=2.0 and 8.8 Hz), B3¢
NMR (ppm) 6 123.9, 124.5, 125.3, 125.7, 125.9, 1264,
126.8, 130.1, 130.2, 131.4, 131.5, 133.7, 134.3, 135.5,
135.7, 138.1, 138.2, 139.3, 139.6, 142.8 and 169.9 (21 obs,

21 req); MS (MALDI) triplet 479/481/483 g mol ', C,,H,(0,-
N,Br,H" requires triplet 479/481/483 g mol™'; microanalysis:
calc: C, 52.3%, H, 2.1%, N, 5.8%, Br, 33.1%; found: C,
52.4%, H, 2.0%, N, 5.8%, Br, 33.4%.

2.2.5. General procedure for the synthesis of alkoxy-
substituted dibenzo[a,c]phenazines 5,8 and 9. 11,12-
Didodecyloxydibenzo[a,c[phenazine (5)

1,2-Didodecyloxy-4,5-dinitrobenzene (2.00 g, 3.72 mmol),
ethanol (50 mL) and palladium (10% on carbon, 0.5 g) were
placed in a flask under hydrogen pressure (50 bar) for 12 h
with vigorous stirring. The dinitro derivative slowly reacted
and the diamino compound that formed was soluble in ethanol.
The catalyst, however, remained in suspension. The mixture was
filtered under nitrogen and dropped into a degassed (argon) so-
lution of 9,10-phenanthraquinone (1) (0.390 g, 1.86 mmol) and
toluene (100 mL) in a round-bottomed flask (1-neck, 250 mL).
The mixture was stirred for 4 h at room temperature and dark-
ened quickly. A brown precipitate formed slowly. It was filtered
off and washed with methanol (3 x 50 mL). Purification using
chromatography (silica, petroleum ether/toluene 90/10) and re-
crystallisation from a toluene/ethanol (1/1) mixture afforded
yellow needles (0.67 g, 56%). Mp (DSC) 150 °C; IR (NaCl,
cm™ ') 2914, 2847 and 1620; '"H NMR (CDCls, ppm) & 9.35
(2H, m), 8.58 (2H, m), 7.74 (4H, m), 7.53 (2H, s, H-10), 4.27
(4H, t, J=6.6 Hz, H-1"), 1.99 (4H, t, J = 6.5 Hz, H-2'), 1.58
(4H, m), 1.50—1.19 (32H, m) and 0.88 (6H, t, /= 6.4 Hz, H-
12/); *C NMR (CDCls, ppm) 6 14.4, 23.0, 26.4, 29.2, 29.6,
29.7, 29.9, 30.0, 30.1, 32.2, 69.6, 106.8, 123.1, 125.8, 128.0,
129.6, 130.5, 131.6, 140.0 and 153.8 (20 obs, 22 req); MS
(MALDI) 650 g mol ', C44HgoO,No,H " requires 650 g mol ™ ';
microanalysis: calc: C, 81.4%, H, 9.3%, N, 4.3%; found: C,
81.2%, H, 9.4%, N, 4.3%.

2.2.6. 2,7-Dibromo-11,12-dimethoxydibenzo[a,c]-
phenazine (8)

Yield 22%; Mp 351—355 °C; IR (KBr, cm™ ") 3086, 2957,
2827 and 1621; "H NMR (ppm) 6 9.18 (2H, d, J = 2.0 Hz, H-
1), 8.34 (2H, d, /=8.8 Hz, H-4), 7.91 (2H, dd, /=2.0 and
8.7 Hz, H-3), 7.80 (2H, s, H-10) and 4.26 (6H, s, Me); "°C
NMR (ppm) 6 57.9, 102.5, 124.3, 1253, 125.7, 128.3,
130.0, 134.1, 135.6, 136.5 and 158.6 (11 obs, 11 req); MS
(MALDI) triplet 495/497/499 g mol ™!, C,,H;4,0,N,Br,H" re-
quires triplet 495/497/499 g mol '; microanalysis: calc: C,
53.0%, H, 2.8%, N, 5.6%, Br, 32.1%; found: C, 52.8%, H,
2.9%, N, 5.6%, Br, 32.2%.

2.2.7. 2,7-Dibromo-11,12-didodecyloxydibenzofa,c]-
phenazine (9)

Yield 19%; Mp 140—143 °C; IR (NaCl, cm 1) 2920, 2850
and 1607; '"H NMR (CDCls, ppm) 6 9.21 (2H, s, H-1), 8.17
(2H, d, /=8.8 Hz, H-4), 7.71 (2H, d, J = 8.6 Hz, H-3), 7.34
(2H, s, H-10), 4.24 (4H, t, J=6.5Hz, H-1), 2.00 (4H, m,
H-2), 1.59 (4H, m, H-3’), 1.52—1.18 (32H, m) and 0.88
(6H, m, H-12'); '*C NMR (CDCls, ppm) 6 14.4, 23.0, 26.4,
29.2, 29.7, 29.8, 30.0, 30.1, 32.2, 69.6, 106.7, 122.6, 124.5,
128.3, 129.3, 132.1, 132.3, 138.5, 140.4 and 154.1 (20 obs,
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22 req); MS (MALDI) triplet 806/808/810 gmolfl,
C,4Hs3O,N,Br,H' requires triplet 806/808/810 gmolfl; mi-
croanalysis: calc: C, 65.5%, H, 7.3%, N, 3.5%, Br, 19.8%;
found: C, 65.2%, H, 7.2%, N, 3.5%, Br, 19.6%.

2.2.8. General procedure for the synthesis of aryl-
substituted dibenzo[a,c]phenazines 10—13. 2,7-Bis(9',9'-
dioctylfluoren-2'-yl)-11-methyldibenzo[a,c]phenazine (10)
2,7-Dibromo-11-methyldibenzo[a,c]phenazine (6) (250 mg,
0.58 mmol), 9,9-dioctylfluorene 2-boronic acid pinacol ester
(755 mg, 1.46 mmol) and palladium[O]tetrakis(triphenylphos-
phine) (34 mg, 29 nmol) were placed in a round-bottomed flask
(3-neck, 50 mL), fitted with a condenser, under nitrogen. Tetra-
hydrofuran (THF) (20 mL, degassed with argon) and tetra-n-bu-
tylammonium hydroxide (1.0 M solution in methanol, 2 mL)
were added via a septum. The mixture was heated to reflux over-
night, cooled and poured onto aqueous hydrochloric acid
(0.1 M, 200 mL). This aqueous phase was extracted with di-
chloromethane (2 x 50 mL), washed with water (3 x 50 mL),
dried, filtered off and the solvent evaporated under vacuum. Pu-
rification using chromatography (silica, petroleum ether/toluene
90/10) and recrystallisation from a toluene/ethanol/ethyl acetate
(4/5/1) mixture afforded yellow needles (409 mg, 66%). Mp
(DSC) 68 °C; IR (NaCl, cm™") 3062, 3037, 2926, 2853 and
1612; '"H NMR (CDCls, ppm) 6 9.71 (2H, m), 8.67 (2H, d,
J=28.5Hz), 8.29 (1H, d, J = 8.7 Hz), 8.18 (1H, s, H-10), 8.12
(2H, dd, J = 2.1 and 8.3 Hz), 7.95—7.83 (6H, m), 7.79 (2H, d,
J=7.1Hz), 7.72 (1H, dd, J=1.7 and 8.7 Hz), 7.44—7.31
(6H, m), 2.71 (3H, s, Me), 2.09 (8H, m, H-1"), 1.31—0.98
(40H, m) and 0.79 (20H, m, H-2” and 8”); '>*C NMR (CDCl;,
ppm) 0 14.4, 22.4, 229, 24.2, 29.6, 30.4, 32.1, 40.7, 55.6,
120.2, 120.4, 122.0, 123.2, 123.8, 124.4, 124.6, 126.7, 127.1,
127.4, 128.4, 129.3, 129.4, 130.8, 130.9, 131.0, 132.7, 139.7,
139.8, 140.7, 141.0, 141.1, 141.2, 141.3, 142.2, 142.5, 142.8,
151.4 and 151.9 (38 obs, 63 req); MS (MALDI) 1072 gmol ',
C7oHo4N,H™ requires 1072 gmolfl; microanalysis: calc: C,
88.5%, H, 8.9%, N, 2.6%; found: C, 88.6%, H, 9.1%, N, 2.6%.

2.2.9. 2,7-Bis(9',9'-dioctylfluoren-2'-yl)dibenzo[a,c]-
phenazine-11-carboxylic acid (11)

Yield 67%; Mp (DSC) 64 °C; IR (NaCl, cm ") 3064 (br b),
3014, 2926, 2853, 2661, 1695 (ib) and 1618; 'H NMR
(CDCl3, ppm) 6 9.46 (1H, s), 9.39 (1H, s), 8.99 (1H, s), 8.49—
8.20 (4H, m), 8.04—7.61 (10H, m), 7.42 (6H, m), 2.15 (8H, m,
H-1"), 1.32—0.98 (40H, m) and 0.96—0.66 (20H, m, H-2" and
8”); 'C NMR (CDCls, ppm) & 14.3, 22.9, 24.3, 29.6, 30.4,
32.1, 40.7, 55.6, 120.3, 120.6, 121.8, 123.3, 123.6, 124.6,
124.9, 126.7, 127.2, 127.5, 129.2, 130.1, 130.8, 131.3, 133.7,
139.3, 141.0, 141.1, 141.2, 141.3, 143.7, 144.3, 151.5, 151.9
and 171.6 (33 obs, 63 req); MS (MALDI) 1102 gmol ',
C70Hop,0-N,H " requires 1102 gmolfl; microanalysis: calc:
C,86.1%,H, 8.4%,N, 2.5%; found: C, 86.1%,H, 8.1%, N, 2.3%.

2.2.10. 2,7-Bis(9',9'-dioctylfluoren-2'-yl)-11,12-
dimethoxydibenzo[a,c]phenazine (12)

Yield 68%; Mp (DSC) 104 °C; IR (NaCl, cm™ ) 3064, 3002,
2926, 2853 and 1612; "H NMR (CDCls, ppm) 6 9.68 (2H, d,

J=19 Hz, H-1), 8.69 (2H, d, J/ = 8.6 Hz, H-4), 8.11 (2H, dd,
J=1.9 and 8.4 Hz, H-3), 7.99—7.75 (8H, m), 7.60 (2H, s, H-
10), 7.45—7.30 (6H, m), 4.15 (6H, s, Me), 2.10 (8H, m, H-1"),
1.27—1.00 (40H, m) and 0.84—0.67 (20H, m, H-2" and 8");
13C NMR (CDCls, ppm) ¢ 14.3, 22.9, 29.5, 30.4, 32.1, 40.7,
55.6, 56.8, 106.3, 120.1, 120.4, 122.0, 123.2, 123.8, 124.0,
126.7, 127.1, 127.4, 128.5, 129.0, 129.3, 130.5, 139.8, 140.4,
141.1, 141.2, 151.4, 151.9 and 153.9 (29 obs, 32 req); MS
(MALDI) 1119 g mol !, CgoHocO,N,H " requires 1118 g mol ';
microanalysis: calc: C, 86.0%, H, 8.7%, N, 2.5%; found: C,
86.0%, H, 8.7%, N, 2.5%.

2.2.11. 2,7-Bis(thien-2'-yl)-11-methyldibenzo[a,c]-
phenazine (13)

Yield 98%; Tyee 325 °C; IR (KBr, cm™') 3064, 2953, 2868
and 1610; 'H NMR (ppm) 6 8.90 (2H, br p), 8.27 (1H, br p),
8.13 (1H, br p), 8.00 (2H, br p), 7.84 (1H, br p), 7.64 (2H, br
p), 7.41 (3H, br m), 7.13 (2H, br d, J =7.8 Hz), 7.00 (1H, br
s) and 2.62 (3H, s, Me); '*C NMR (ppm) ¢ 30.5, 121.7, 122.6,
124.3, 124.5, 125.3, 125.4, 125.8, 126.1, 128.8, 130.1, 130.7,
135.3, 135.5, 136.2, 137.3 and 141.5 (17 obs, 29 req); MS
(MALDI) 459 g mol ™!, CooH;sN»S,H ™ requires 459 g mol .

2.2.12. 2,7-Bis(5'-bromothien-2'-yl)-11-methyldibenzo-
[a,c]phenazine (14)

2,7-Bis(thien-2'-y1)-11-methyldibenzo[a,c]phenazine (13)
(284 mg, 0.62 mmol), chloroform (50 mL) and trifluoroacetic
acid (0.30 mL) were placed in a round-bottomed flask (1-neck,
100 mL). Bromine (208 mg, 1.30 mmol) was added dropwise.
The reaction mixture was left to stir for 12 h at room tempera-
ture. It was then extracted with a sodium thiosulfate aqueous
solution (0.1 M, 2 x 100 mL) and water (3 x 50 mL), dried, fil-
tered and the solvent evaporated off under vacuum. Recrystalli-
sation of the residue from o-xylene afforded yellow crystals
(339 mg, 89%). T4 330°C; IR (KBr, cm™') 3025, 2918,
2857 and 1609; 'H NMR (ppm) 6 8.83 (2H, dd, J = 1.8 and
6.1 Hz), 8.28 (1H, d, J=8.8 Hz, H-12), 8.13 (1H, s, H-10),
8.05—7.90 (3H, m), 7.58 (2H, m), 7.15 (2H, m), 7.05 (2H, m)
and 2.72 (3H, s, Me); '*C NMR (ppm) 6 22.9, 121.9, 122.9,
124.8, 125.2, 125.5, 125.6, 126.3, 129.8, 130.4, 131.5, 131.9,
134.6, 135.1, 137.0, 137.4, 143.1 and 148.7 (18 obs, 29 req);
MS (MALDI) triplet 615/617/619 g mol ', CooH;6N,S,Br,H "
requires triplet 615/617/619 g mol .

2.2.13. General procedure for the synthesis of polymers
15—21 using 2,7-dibromodibenzo[a,c]phenazine and
Suzuki coupling. Poly(11,12-didodecyloxydibenzo-
[a,c]phenazine-2,7-diyl-alt-benzen-1' 4'-diyl) (15)
2,7-Dibromo-11,12-didodecyloxydibenzo[a,c]phenazine (9)
(250 mg, 0.31 mmol), benzene-1,4-diboronic acid bispinacol
ester (102 mg, 0.31 mmol) and palladium[O]tetrakis(triphenyl-
phosphine) (18 mg, 16 umol) were placed in a round-bot-
tomed flask (3-neck, 50 mL), fitted with a condenser, under
nitrogen. THF (10 mL, degassed with argon) and tetra-n-butyl-
ammonium hydroxide (1.0 M solution in methanol, 1 mL)
were added via a septum. The mixture was heated under reflux
overnight and poured onto aqueous hydrochloric acid (0.1 M,
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200 mL) and methanol (200 mL), filtered off and washed with
methanol. The yellow solid remaining was dissolved in a chlo-
roform/TFA 9/1 mixture (30 mL), passed through a Hyflo
plug, precipitated in a methanol/water 2/1 mixture (500 mL),
filtered off and washed with methanol (3 x 50 mL). Purifica-
tion of the yellow powder remaining was carried out by Soxh-
let extraction using methanol for 72 h. Drying under vacuum
for 48 h afforded a yellow solid (222 mg, 99%). DSC: no ther-
mal transition could be observed between 25 °C and 250 °C;
TGA: Ty, 380 °C; IR (KBr, cm_l) 2922, 2851 and 1619;
'"H NMR (ppm) 6 9.15—5.36 (12H, br m), 4.34 (4H, br p,
H-1") and 2.57—0.00 (46H, br m); '*C NMR (ppm) 6 14.0,
22.8, 26.1, 28.8, 29.6, 30.5, 31.2, 32.3, 71.2, 124.0, 127.3,
127.8, 128.2, 129.4, 130.2 and 140.9 (16 obs, 24 req).

2.2.14. Poly(11,12-didodecyloxydibenzo[a,c]phenazine-2,7-
diyl-alt-biphen-4' 4" -diyl) (16)

Yield 55%; DSC: no thermal transition could be observed
between 25 °C and 250 °C; TGA: Ty, 317 °C; IR (NaCl,
cm™ ') 2923, 2853 and 1620; '"H NMR (ppm) 6 8.61—7.38
(16H, br m), 3.81 (4H, br p, H-1") and 2.33—0.48 (46H, br
m); C NMR (ppm) ¢ 14.3, 22.9, 26.1, 26.2, 29.6, 29.9,
32.2, 71.0, 123.8, 127.3, 127.7, 128.0, 129.2, 130.6, 154.9
and 157.6 (16 obs, 26 req); SEC (CHCl;, gmol ') M,
24,700, M, 32,200.

2.2.15. Poly(11-methyldibenzo[a,c]phenazine-2,7-diyl-alt-
9'.9'-dioctylfluorene-2',7'-diyl) (17)

Yield 65%; DSC: no thermal transition could be observed
between —50°C and 240 °C; TGA: Ty, 336.7°C; IR
(NaCl, cm™") 3058, 2924, 2851 and 1625; 'H NMR (ppm)
0 9.56 (1H, br d), 8.86 (1H, br p), 8.60 (1H, br p), 8.45 (3H,
br m), 8.21—7.59 (9H, br m), 2.86 (3H, br p, Me), 2.21 (4H,
br m, H-1"), 1.18 (20H, br m) and 0.99—0.59 (10H, br m,
H-2" and 8”); '*C NMR (ppm) & 13.8, 22.5, 22.7, 24.1,
28.8, 29.4, 30.2, 31.9, 40.6, 55.8, 120.8, 121.2, 121.9, 124.4,
124.9, 126.5, 127.4, 129.0, 129.8, 133.0, 133.7, 138.1,
141.5, 143.3 and 152.7 (25 obs, 42 req); SEC (THF, gmol ")
M, 3800, M, 8200.

2.2.16. Poly(11-carboxy-dibenzo[a,c]phenazine-2,7-diyl-
alt-9' .9’ -dioctylfluorene-2',7'-diyl) (18)

Yield 93%; DSC: no thermal transition could be observed
between —25°C and 250 °C; TGA: T4e., 325.5°C; IR
(NaCl, cm™') 3435 (br b), 3177, 2922, 2852, 2616, 1700
(ib) and 1609; "H NMR (ppm) 6 9.81—9.40 (2H, br m), 8.86
(4H, br m), 8.50 (1H, br p), 8.18—7.54 (8H, br m), 2.26
(4H, br p, H-1"), 1.33—1.01 (20H, br m) and 0.99—0.62
(10H, br m, H-2" and 8"); '*C NMR (ppm) 6 13.8, 22.6,
24.0, 29.3, 30.1, 31.9, 40.5, 56.0, 121.4, 121.7, 125.4, 126.6,
129.0, 133.9, 134.5, 137.8, 141.7, 143.8, 152.7 and 169.9
(20 obs, 42 req); SEC (THF, gmol ') M, 2400, M,, 3500.

2.2.17. Poly(11,12-dimethoxydibenzo[a,c]phenazine-2,7-
diyl-alt-9',9'-dioctylfluorene-2',7'-diyl) (19)

Yield 91%; DSC: no thermal transition could be observed be-
tween 25 °C and 350 °C; TGA: Tye., 406.4 °C; IR (NaCl, cmfl)

3004, 2923, 2850 and 1611; "H NMR (ppm) 6 9.53 (2H, br p),
8.85 (2H, br p), 8.37 (2H, br p), 8.02 (2H, br p), 7.95—7.61
(6H, br m), 4.25 (6H, br p, Me), 2.25 (4H, br p, H-1"), 1.33—
1.00 (20H, br m) and 0.99—0.52 (10H, br m, H-2" and 8");
3C NMR (ppm) ¢ 13.7, 13.9, 22.5, 23.9, 29.2, 31.7, 40.3,
57.4,89.2,95.7, 122.6, 124.4, 131.1, 139.3, 147.4, 152.4 and
157.4 (17 obs, 26 req); SEC (CHCls, g mol™") M, 5500, M.,
10,900.

2.2.18. Polymer (20)

Yield 88%; DSC: no thermal transition could be observed
between —25 °C and 350 °C; TGA: Ty, 415.3 °C; IR (KBr,
cm™ ) 2925, 2857 and 1609; 'H NMR (ppm) 6 9.40—8.94
(2H, br m), 8.60—8.07 (4H, br m), 8.05—7.07 (13H, br m),
2.64 (3H, br p, Me), 2.16 (4H, br p, H-1"), 1.41—-1.07
(20H, br m) and 1.00—0.60 (10H, br m, H-2" and 8"); *C
NMR (ppm) ¢ 13.6, 19.8, 22.4, 23.8, 29.2, 30.0, 31.7, 40.4,
55.4, 119.9, 124.5, 125.1, 126.0, 127.0, 128.5, 130.3, 137.1
and 151.0.

2.2.19. Poly(11,12-didodecyloxydibenzo[a,c]phenazine-2,7-
diyl-alt-2' 2" -dithien-5',5"-diyl) (21)

2,7-Dibromo-11,12-didodecyloxydibenzo[a,c]phenazine
(9) (250 mg, 0.31 mmol) and palladium(O)tetrakis(triphenyl-
phosphine) (18 mg, 16 pmol) were placed in a round-bottomed
flask (3-neck, 50 mL), fitted with a condenser, under nitrogen.
THF (10 mL, degassed with argon) and 5,5'-bis(tri-n-butyl-
stannyl)-2,2’-dithiophene (276 mg, 0.37 mmol) were added
via a septum. The mixture was heated under reflux overnight
and poured into aqueous hydrochloric acid (0.1 M, 200 mL)
and methanol (200 mL), filtered off and washed with methanol.
The orange solid remaining was dissolved in THF (30 mL),
passed through a silica plug, precipitated in water (500 mL), fil-
tered off and washed with methanol (3 x 50 mL). Purification of
the remaining orange powder was carried out by Soxhlet extrac-
tion using methanol for three days. Drying under vacuum for
two days afforded an orange solid (186 mg, 74%). DSC: no ther-
mal transition could be observed between 25 °C and 250 °C;
TGA: Tgee, 340 °C; IR (NaCl, cm™ ") 2922, 2852, 1620 and
1608; 'H NMR (ppm) 6 9.25—6.35 (12H, br m), 4.09 (4H, br
p, H-1"), 1.98 (4H, br p, H-2""), 1.69—1.08 (36H, br m) and
1.02—0.69 (6H, br m, H-12""); '*C NMR (ppm) 6 13.9, 22.7,
25.9,28.5, 28.6, 28.7,29.4, 29.7, 31.9, 70.7, 71.2, 98.6, 120.7,
123.7, 125.4, 127.1, 128.0, 128.7, 130.0, 133.8, 134.2, 136.2,
138.4, 139.3, 156.4 and 158.9 (26 obs, 26 req); SEC (CHCl;,
gmol ") M, 18,800, M,, 26,600.

2.2.20. Synthesis of polymers 22 and 23 by Yamamoto
coupling. Poly(11-methyldibenzo[a,c]phenazine-2,7-
diyl) (22)

2,7-Dibromo-11-methyldibenzo[a,c]phenazine (6) (400 mg,
0.94 mmol), bistriphenylphosphinenickel(II) chloride (65 mg,
0.10 umol, anhydrous), zinc (195 mg, 3.00 mmol) and tetra-
ethylammonium iodide (257 mg, 1.00 mmol) were placed in
a flame-dried flask (2-neck, 50 mL) using a glove box. THF
(10 mL, anhydrous) was added to the mixture via a septum.
The green mixture was then heated to 80 °C: it turned red-
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brown. The mixture was left to stir for 3 h. It solidified. After be-
ing cooled to room temperature, the mixture was treated with
crushed ice and dilute hydrochloric acid. The yellow solid ob-
tained was filtered off, washed with methanol (3 x 50 mL)
and dried in air. The yellow powder remaining was dissolved
in a chloroform/TFA mixture (20/1) (30 mL). This solution
was passed through a Hyflo plug, precipitated in methanol/water
2/1 (500 mL), the solid filtered off and washed with methanol
(3 x 50 mL). Soxhlet extraction with methanol for three days
and drying in vacuum for two days afforded a yellow solid
(206 mg, 75%). DSC: no thermal transition could be observed
between —50 °C and 200 °C; TGA: Ty, 313 °C; IR (KBr,
em™ 1) 3069, 2913 and 1622, "H NMR (ppm) 6 9.38 (1H, m),
8.99—8.70 (1H, m), 8.69—8.47 (3H, m), 8.38 (1H, m), 8.29—
8.04 (2H, m), 7.98—7.46 (1H, m) and 2.86 (3H, m); '*C NMR
(ppm) 0 22.2, 22.5, 122.5, 124.6, 124.9, 125.0, 125.6, 125.7,
125.8, 126.3, 126.4, 129.1, 129.5, 130.9, 132.0, 137.0, 137.7,
138.2 and 150.0 (19 obs, 21 req).

2.2.21. Poly(11,12-didodecyloxydibenzo[a,c]phenazine-2,7-
diyl) (23)

2,7-Dibromo-11,12-didodecyloxy-dibenzo[a,c]phenazine
9) (250 mg, 0.36 mmol), nickel bis(1,5-cyclooctadiene)
(127 mg, 0.46 mmol, anhydrous) and 2,2'-bipyridine (72 mg,
0.46 mmol) were placed in a flame-dried round-bottomed flask
(1-neck, 50 mL), fitted with a septum, in a glove box. Three
cycles of vacuum and nitrogen were carried out before adding
N,N-dimethylformamide (3 mL, anhydrous), toluene (10 mL,
anhydrous) and 1,5-cyclooctadiene (127 mg, 0.46 mmol, an-
hydrous). The resulting mixture was degassed by operating
three cycles of freeze—dry—thaw. The orange mixture was
then heated up to 60 °C: it turned red-brown. The mixture
was left to stir for 48 h by which time a solid had formed.
The reaction mixture was poured into aqueous hydrochloric
acid (0.1 M, 200 mL) and methanol (200 mL), filtered off
and washed with methanol. The yellow solid remaining was
dissolved in THF (30 mL), passed through a silica plug, pre-
cipitated in water (500 mL), filtered off and washed with
methanol (3 x 50 mL). Purification of the yellow powder re-
maining was carried out by Soxhlet extraction using methanol
for 72 h. Drying in vacuum for 48 h afforded a yellow solid
(231 mg, 99%). DSC: no thermal transition could be observed
between 25 °C and 250 °C; TGA: T4, 348 °C; IR (NaCl,
em™ ') 2923, 2853 and 1619; 'H NMR (ppm) ¢ 10.25—6.49
(8H, br m), 5.09 (4H, br p, H-1") and 2.59—0.31 (46H, br
m); *C NMR (ppm) ¢ 14.1, 22.9, 26.1, 28.9, 29.3, 29.7,
30.0, 30.3, 32.2, 71.4, 125.0, 125.2, 1254, 131.2, 131.3,
131.4, 131.5, 131.6, 157.7, 158.0 and 158.2 (21 obs, 22 req);
SEC (CHCls, g mol™ ") M, 36,400, M,, 68,800.

3. Results and discussion

3.1. Synthesis of materials and structural
characterisation

In the present work the required dibenzo[a,c]phenazine
compounds were prepared by condensing phenanthrene-9,10-

quinone (1) or 2,7-dibromophenanthrene-9,10-quinone (2)
with the appropriate 1,2-diaminobenzene derivative. In this
way the simple model dibenzophenazines 3—5 were prepared
from quinone 1 and the dibromodibenzophenazine monomers
6—9 were prepared from quinone 2 (Scheme 1). The conden-
sation reactions proceeded in good yields (50—75%) in the
case of diamines bearing no strong electron-donor substitu-
ents, but in the case of the more electron-rich diamines (alk-
oxy derivatives) the stability of the diamino compound was
so low that, to obtain useful quantities of the phenazines, the
dialkoxydiamines had to be used immediately after prepara-
tion and oxygen had to be carefully excluded from the reaction
mixture. Even then, the yields were only poor to modest. Com-
petition with electron transfer reactions from the highly elec-
tron-rich diamine to the electron-acceptor phenanthraquinone
is likely to be responsible for these low yields.

To assist in characterizing the polymers, the more complex
model compounds 10—13 were prepared by Suzuki couplings
between quinones 6—8 and either 9,9-dioctylfluorene-2-
boronic acid pinacol ester or thiophen-2-boronic acid (Scheme
1). In order to improve the solubility of the starting materials
in the reaction mixture, tetra-n-butylammonium hydroxide
(which is soluble in THF) was used as a base instead of aque-
ous potassium carbonate. These reactions proceeded smoothly
and in good yields (60—98%). Finally, a further dibromo
monomer, compound 14, was prepared by brominating thio-
phene-containing compound 13.

Polymers 15—20 were prepared similarly by Suzuki cou-
plings using appropriate dibromodibenzophenazine derivatives
and diboronic acid esters (Scheme 2). For phenazines with
small substituents, i.e. methyl, carboxylic acid and methoxy
functional groups, 9,9-dioctylfluorene-2,7-diboronic acid dipi-
nacol ester was used as the co-monomer to enhance the solu-
bilities of the final polymers. Despite this, relatively short
polymer chains were obtained, with M,, by SEC analyses,
ranging from 2400 to 5500 (Table 1) for polymers 17—19.
Polymer 20 was too insoluble for SEC analysis. With the dido-
decyloxy-substituted monomer 5, the use of benzene-1,4-
boronic acid dipinacol ester or biphenyl-4,4'-diboronic acid
dipinacol ester as co-monomer afforded polymers 15 and 16,
respectively. The former was only soluble in chloroform/
TFA mixtures but the latter was soluble in chloroform and
THEFE. Polymer 16 had M, of 24,700 (Table 1). A Stille cou-
pling between dibromo compound 9 and 5,5"-bis(tributylstan-
nyl)bithienyl afforded polymer 21 (Scheme 2). This had good
solubility and M,, of 18,800: see Table 1.

Finally polymerisations to afford homopolymers 22 and 23
were carried out using Yamamoto couplings (Scheme 3). Us-
ing dibromo monomer 6 and an NiCl,/Zn catalyst system
only oligomers 22 were produced. These were insoluble in
THF and chloroform but were soluble in chloroform/TFA
(95:5 v/v) mixtures. This precluded SEC analysis. Monomer
9, with two dodecyloxy substituents, was better suited to pro-
ducing soluble polymer but the same polymerisation condi-
tions only afforded oligomers 23 as evidenced by SEC and
MALDI-TOF measurements. This is thought to be due to
the low solubility of both monomer 9 and polymer 23 in
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Scheme 1. Synthesis of the different model compounds.

N,N-dimethylformamide (DMF). In order to solve this prob-
lem, Yamamoto polymerisations of monomer 9 were carried
out in toluene/DMF (10:3 v/v) solutions, using an Ni(COD),
catalyst. Under these reaction conditions high molecular
weight polymer 23 (M,, 36,400) was obtained and in high
yield. Such a high molecular weight is typical of the
Ni(COD), catalyst system and is comparable to what can be
found in the literature for other monomers [11].

The solubility properties in chloroform and THF of most of
the synthetic materials were sufficient to allow structural char-
acterisation to be carried out. Polymers 15, 20 and 22, however,
only dissolved in chloroform/TFA mixtures (95/5 v/v), so it was
not possible to carry out SEC analysis on these polymers.

The FT-IR spectra of all the model compounds and poly-
mers display a band near 1605—1623 cm™', characteristic of
C=N stretching modes, confirming the presence of phenazine
moieties. Additionally, when alkyl or alkoxy substituents are
present there are two bands between 3100cm ' and
2800 cm ™' corresponding to C—H aliphatic stretching modes.
Finally, in the cases of compounds 4, 7 and 11, as well as poly-
mer 18, a very broad band between 3100 cm~! and 2500 cm ™!

and an intense band near 1689—1700 cm ™' are present. These
correspond to the carboxylic acid O—H and C=O0 stretching
modes, respectively.

The "H NMR spectra of model compounds 10—12 clearly
show two sets of protons between 8.5 ppm and 9.8 ppm, which
can be attributed to protons in the 1- and 4-positions. Such
down-field protons are also present in the spectra obtained
for the different polymers, with slight differences depending
on the nature and number of substituents on the dibenzo[a,c]-
phenazine moiety. Full assignment of the rest of the aromatic
protons is more complex, due to the asymmetry of the com-
pounds, and the large number of aromatic protons. However,
various integrations, especially those between aromatic and
aliphatic protons, are consistent with the expected structures.
Interestingly, the 'H NMR spectra of polymers 15, 16, 21
and 23 are very broad and featureless. This phenomenon could
be due to aggregation of the polymer chains, which stiffens the
structures and hinders their tumbling. As noted below, aggre-
gation phenomena in chloroform solutions were further evi-
denced by SEC and, at sufficiently high concentrations, by
gel formation.
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Scheme 2. Synthesis of co-polymers via Suzuki and Stille couplings. (i) 9,9-Dioctylfluorene-2,7-diboronic acid bispinacol ester; (ii) benzene-1,4-diboronic acid
bispinacol ester; (iii) biphenyl-4,4’-diboronic acid bispinacol ester; (iv) bithienyl-5,5'-bis(tributylstannyl).

The '*C NMR spectra of both the model compounds and
the polymers show distinctive features, for example, the
presence of signals at relatively high chemical shifts (between
140 ppm and 155 ppm) due to the quaternary carbons close to
the nitrogen atoms of the dibenzo[a,c]phenazine moiety. The
spectra recorded for compounds 4, 7 and 11, as well as for
polymer 18, display an additional peak near 170 ppm which
can be attributed to the carbon of the carboxylic acid.

SEC results obtained, using polystyrene standards, for the
different polymers are gathered in Table 1. For polymers 16,

Table 1
Results obtained for the polymerisation of various dibenzo[a,c]phenazine-
based monomers

Polymer Catalyst  Yield (%) M," M,* MWD? Solubility in THF

15 Pd(PPh3), 99 NA NA NA Partially soluble
16 Pd(PPh3)4 55 32,200 24,700 1.30 Soluble
17 Pd(PPhy), 65 8200 3800 2.16  Soluble
18 Pd(PPh3), 93 3500 2400 1.04 Soluble
19 Pd(PPhy), 91 10,900 5500 1.98  Soluble
20 Pd(PPh3), 88 NA NA NA Insoluble
21 Pd(PPhy), 74 26,600 18,800 1.41  Soluble
22 NiCl, 75 NA NA NA Insoluble
23 Ni(COD), 99 68,800 36,400 1.89 Soluble

? Determined by SEC analysis, relative to polystyrene standards. NA: not
available.

21 and 23, SEC measurements were recorded in both THF
and chloroform. Interestingly, in the latter solvent, the molec-
ular weights were well beyond the calibration range of the
polystyrene standards (220—1,800,000), while in THF the
molecular weights (M) fall between 18,800 and 36,400.
This indicates that a strong aggregation phenomenon occurs
in chloroform solutions even at the low concentrations used
for the SEC analyses (0.5 mgmL™").

Finally, polymers 15 and 22 were too insoluble in chloro-
form or THF for SEC analysis, so MALDI-TOF-MS were
recorded to assess their molecular weights. Oligomers up to
the hexamer, in the case of 22, and up to the tetramer, in the

R' R
NiCl,, Zn,
PPh;, bpy
DMF, 80 °C N N
Compound 6 or 9 or N/
Ni(COD),, bpy, .
COD, toluene, O\ /Q
DMF, 70 °C n

22 R=Me; R =H
23 R =R'=0C,Hys

Scheme 3. Synthesis of homopolymers via Yamamoto coupling.
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case of 15, were observed with increments of 292 g mol ' and
723 gmol ', respectively, consistent with the expected struc-
ture of the repeat units. The nature of the end-groups could
not be determined in the case of 22, but bromine and hydrogen
atoms are likely candidates. In the case of 15, the oligomers
were found to be hydrogen capped, with terminal phenyl or di-
benzo[a,c]phenazine moieties.

3.2. UV—vis and fluorescence spectroscopies

The spectroscopy of many phenazine derivatives has been
studied and the photophysical processes taking place in these
compounds have been shown to depend greatly on the nature
of their substituents [12]. Phenazine itself possesses a low-
lying n—7t* singlet state, approximately 0.2 eV below its first
m—T7t* singlet state (which is itself 2.8 eV above the ground
state), as well as a w—m* triplet state situated 1.8 eV above
the ground state [12]. This arrangement of energy levels ex-
plains why phenazine is only very weakly fluorescent
(g = 3.107°) yet, due to strong intersystem crossing between
the first n—7* singlet state and the first T—7* triplet state
(¢isc = 0.98), strongly phosphorescent [13]. Dibenzo[a,c]phen-
azine derivatives have received far less attention, but they have
been shown to possess a low-lying t—mt* singlet state, with
the n—m* singlet state situated slightly above (although its
exact position was not determined) [14]. Such a configuration
explains the increased fluorescence of dibenzo[a,c]phenazines,
compared to phenazine.

In the present project, the UV—vis and fluorescence spectra
of the model compounds were studied first. Model compounds
3 and 5 are soluble in various organic solvents. Their UV—vis
and fluorescence spectra were recorded in chloroform (see
Fig. 2). Both compounds display similar spectra with a rela-
tively sharp highest transition at ca. 400 nm. The small red
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Fig. 2. UV—vis and fluorescence spectra of compounds 3 and 5. Absorption
spectra were recorded in chloroform (solid line, 3 and dotted line, 5) and emis-
sion spectra were recorded in chloroform (triangles, 3 and squares, 5) as well

as in the solid state (circles, spin coated film of 5); Aexcitation: 398 nm (3) and
409 nm (5).

shift observed for this transition when going from compound
3 to compound 5 can presumably be attributed to the alkoxy
substituents. This absorption band seems to have a T—m* na-
ture, as evidenced by its small shift when varying the polarity
and dielectric constant of the solvent (see Supporting informa-
tion) and its high extinction coefficient [15]. The fluorescence
spectra of compounds 3 and 5 give further support for the w—
7t* nature of the highest transition. Both compounds fluoresce
in the blue region and have small Stokes’ shifts (6 nm and
11 nm, respectively). Interestingly, the quantum yields calcu-
lated for compounds 3 and 5 are 0.9% and 82%, respectively.
This enhancement of the fluorescence quantum yield for the
dialkoxy derivative is believed to be due to a stabilisation of
the w—t* state, making the gap between this state and the
higher n—t* state larger. In the solid state, the fluorescence
Amax Of compound 5§ is red-shifted by 36 nm, compared to
the solution A.,,«. Such an effect is a good indication that ag-
gregation occurs for such dialkoxy derivatives and provides
further evidence that aggregation phenomena are indeed ob-
served by SEC and '"H NMR for the didodecyloxydiben-
zo[a,c]phenazine-based polymers.

The UV—vis and fluorescence spectroscopies of the model
compounds 10—12, containing two dioctylfluorene moieties,
were studied next. These are significantly different from their
2,7-unsubstituted parents: see Fig. 3. The t—7* transition that
is present near 400—415 nm in the UV—vis spectra of com-
pounds 3 and 5 is still present in those of derivatives 10—12.
However, an additional broad band near 340 nm, presumably
due to the conjugated backbone of the molecule, is observed.
Also, a broad and relatively weak band is observed for models
10 and 11 above 410 nm. This band could be due to an intra-
molecular charge transfer (CT) phenomenon between the di-
octylfluorene and the dibenzo[a,c]phenazine moieties, similarly
to what was recently reported by Jenekhe and co-workers for

Relative Absorption and Emission

T T T T 1
400 600 800
Al nm

Fig. 3. UV—vis (10, solid line; 12, dotted line; 11, open squares) and emission
(10, circles; 12, filled squares; 11, triangles) spectra of 2,7-bis(dioctylfluore-
ne)dibenzo[a,c]phenazine derivatives, spin coated on quartz slides; Aexcitation:
400 nm.
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poly(dibenzo[a,c]phenazine-3,6-diyl-co-9’,9’-dioctylfluorene-
2/, 7'-diyl) [7d]. The fact that this highest transition is very sen-
sitive to the nature of the substituents at the 11- and 12-
positions is further evidence of the CT character of this
band. Thus, for compound 11, the dibenzo[a,c]phenazine moi-
ety is more electron-deficient and the band is more red-shifted;
for compound 10, the dibenzo[a,c]phenazine is slightly more
electron-rich, therefore the red shift of the band is slightly
smaller and overlaps with the t—mt*; for compound 12, the di-
benzo[a,c]phenazine is even more electron-rich and the CT
band is hidden by the w—7t* transition. The fluorescence spec-
tra of compounds 10—12 follow a similar trend: the more red-
shifted the CT band in the UV—vis spectra, the higher the A«
of emission. Moreover, the Stokes’ shifts observed for com-
pounds 10—12 are of the order of 100 nm (in the blue-green
region), which is typical in the case of CT transitions.
Attention was then turned to the UV—vis and fluorescence
spectra of the polymers. If polymers of the present types were
to be used in electronic devices, they would almost certainly
be present as thin films. Accordingly their spectra in this state
are of particular interest. Of the polymers discussed in the
present project the soluble ones with relatively high molecular
weights, i.e. polymers 16, 21 and 23 are of greatest interest.
Polymers 16, 21 and 23 were sufficiently soluble in THF
and chloroform that they can be cast easily as uniform trans-
parent films. In addition, it was possible to cast homogenous
films of polymer 15 from chloroform/TFA 95/5 mixtures.
TFA was fully removed from the film by extensive drying in
vacuum, as was evidenced by colour change. Fig. 4a shows
the UV—vis spectra obtained for thin films of polymers 15,
16, 21 and 23. As with the bis(dioctylfluorene)-containing
model compounds 10—12, a band appears near 350 nm for
polymers 15 and 16 and is red-shifted to 370 nm for polymer
23. It is even more red-shifted for polymer 21, although the
breadth of the band overlaps with other transitions and so
does not allow precise determination of its position. Such
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a trend in the evolution of this peak is probably due to the
gradual decrease of the overall twist in the polymer backbone
in the order of polymer 16 > 15 > 23 > 21, which causes an
increase of the conjugation length. All four UV—vis spectra
display a band near 410 nm that is reminiscent of the highest
transition observed for compound 5. This band is the highest
transition for polymers 15, 16 and 23, although a small tail
at higher wavelength could indicate the presence of weak
CT transitions, similarly observed for the dioctylfluorene-con-
taining model compounds. Polymer 21 also clearly displays
additional bands between 410 nm and 550 nm which may be
attributed to CT phenomena.

The fluorescence spectra obtained for thin films of poly-
mers 15, 16, 21 and 23 are shown in Fig. 4b. The emission
spans the blue-green to red region with A, falling between
490 nm, for polymer 15, and 590 nm for polymer 21. The
higher A, observed for this latter polymer can easily be ra-
tionalized as arising from the higher onset of UV—vis absorp-
tion. The situation for other polymers is more difficult to fully
understand. Two phenomena are presumably taking place: CT
phenomena, similar to those observed for bis(dioctylfluorene)-
containing model compounds, and aggregation phenomena,
similar to those observed for compound 5. Aggregation seems
to be more pronounced in the case of polymer 23, for which
a large shift in emission A, is observed when drop casting,
as opposed to spin coating, is used to deposit the polymer
onto glass slides.

Because of the low solubility of polymers 22 and 17 and the
poor quality of the films that they formed, their UV—vis spec-
tra were recorded in chloroform/TFA (95:5 v/v) solutions (see
Supporting information). The increase of the conjugation
length along the polymer backbone when going from com-
pound 3 to polymer 22 to polymer 17 translates as a red shift
of a transition from 320 nm to 380 nm (3 and 17, respectively).
A broad absorption peak present at longer wavelength (with
the onset of absorption ranging from 500 nm to 700 nm) which

(b)

1.0 4
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Fig. 4. UV—vis and fluorescence spectra of various dibenz[a,c]phenazine-based polymer films. (a) Absorption spectra of spin coated films of polymers 15 (dotted
line), 16 (triangles) 21 (open squares) and 23 (solid line); (b) emission spectra of spin coated films of polymers 15 (dotted line), 16 (solid line), 21 (open squares)
and 23 (open triangle), and drop cast films of polymers 21 (filled squares) and 23 (filled triangles); Acxcitation: 400 nm.
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Fig. 5. Cyclic voltammograms of compounds 3 (a) and 12 (b) in TBAPF (0.1 mol L") solutions in degassed anhydrous DCM (3 mmol L~!, scan rate: 0.1 Vs™1),

vs Ag/AgCl.

is absent in the spectrum of 3 recorded in pure chloroform is
presumably due to protonation of the dibenzo[a,c]phenazine
moieties. Under these conditions, no fluorescence was ob-
served for any of these materials. Indeed the N—H bonds
formed by protonation of the dibenzo[a,c]phenazine moieties
provides a pathway for non-radiative decays and fluorescence
is quenched [15].

3.3. Cyclic voltammetry

The cyclic voltammograms obtained for model compounds
3 and 5 both display a single reversible reduction peak with
a half-wave potential of —1.40V and —1.47V (vs Ag/
AgCl), respectively. Fig. 5a shows a typical voltammogram.
Phenazine itself displays two reduction potentials in acidic
conditions (HCIO, or HCI solutions) [7c,16], corresponding
to two successive one-electron transfers. The presence of
only one reduction potential in the voltammograms of 3 and
5 could be interpreted as the occurrence of one single two-
electron transfer or could be due to a much more negative po-
tential for the second reduction step. No conclusive evidence is
available for deciding between these two scenarios. However,
the more negative half-wave potential observed for compound
5 can easily be rationalized, according to the Hammet theory,
since the alkoxy substituents have a more negative o, constant
than the methyl group.

The cyclic voltammograms obtained for bis(dioctylfluor-
ene)-containing compounds 10—12 have significantly different
shapes compared to those obtained for 2,7-substituted diben-
zola,c]phenazines: see Fig. 5b. Similar asymmetric shapes
for the reduction peak were reported for phenazine-based
polymers (in cases where electrochemical measurements
were recorded using neutral aqueous or acetonitrile solutions)
and were not associated with irreversibility [7a,c]. Upon
reduction, processes such as charge transfer and structural re-
orientation are likely to take place within this family of

compounds and could account for the asymmetry of the reduc-
tion peak. Again, the position of the reduction peak is easier to
rationalize and seems to be set by the nature of the substituents

Table 2
Electrochemical results obtained for dibenzo[a,c]phenazine derivatives 3, 5
and 10—12

Model  1/2(Ey, + Ep)*  AE" 172(Ep + EPC)b AE® E(ox) — E(red)
(mV) (mV) (mV) (mV) (mV)

3 —1400 140 None None NA

5 —1470 140 None None NA

10 —1410 480 1450 190 2860

11 —1350 300 1490 130 2840

12 —1450 480 1390 110 2840

Results obtained in degassed anhydrous DCM solutions (electrolyte: TBAPF,
0.1 mol L™"; scan rate: 0.1 Vs™), vs Ag/AgClL.

* Reduction.

® Oxidation.

Table 3
Electrochemical results obtained for the different polymer films

Polymer 1/2(E,, +E,) AE (mV)  Electron 1/2(Epa + Ep)*  AE®

(mV) affinity® (eV) (mV) (mV)
15 -2310 Trreversible 2.7 NA NA
16 —2360 Trreversible 2.6 —1420 140
17 —1420 300 3.1 NA NA
18 —1720 270 2.8 NA NA
19 —1450 200 3.1 NA NA
20 —2200 Trreversible 2.7 NA NA
21 —2210 Irreversible 2.7 —1340 140
22 —1400 150 32 NA NA
23 —1660 1340 2.8 —1200 b

Films coated on glassy carbon electrodes using degassed acetonitrile (electro-
lyte: TBAPFg, 0.1 mol L’l; scan rate: 0.1 V s’l), vs Ag/AgCl.

 Results obtained for 3 mmol L™ degassed anhydrous THF polymer solu-
tions, with TBAPF¢ (0.1 mol LY electrolyte (scanrate: 0.1 V s7H,vs Ag/AgCl.

® The resolution of the peak is insufficient to determine the exact position of
the peak.

¢ Electron affinities were calculated from the onset potentials for reduction
E,n(red), using the equation: EA =4.4 + E,(red) [18].
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Fig. 6. Cyclic voltammograms of polymers 17 (a) and 22 (b) films on glassy carbon electrode in TEAPFg (0.1 mol L") solution in degassed acetonitrile (scan rate:

0.1Vs™h), vs Ag/AgCl.

in the 11- and 12-positions: electron-donor substituents shift
the half-wave potential to more negative values, while elec-
tron-acceptor substituents shift it to more positive ones (Table
2). Finally, a reversible oxidation process can be observed on
the cyclic voltammograms of derivatives 10—12. This process
takes place near 1.4 V and its exact position also seems to be
determined by the nature of the substituents in the 11- and 12-
positions. This means that the electrochemical gap between
HOMO and LUMO are almost identical for derivatives 10—
12, but the positions of both levels can be tuned by changing
the nature of the substituents in the 11- and 12-positions. This
effect could have important implications for fine tuning the
properties of the materials for device optimisation.

The electrochemical results obtained for the different poly-
mer films are gathered in Table 3. Examples of cyclic voltam-
mograms are displayed in Fig. 6. The results obtained for
polymers 17—19 and 22 follow a similar trend to that of model
compounds 10—12, except for polymer 18 which displays
a half-wave potential cathodically shifted. The asymmetry of
the peaks observed is likely to be due to various phenomena,
such as solvation of the reduced polymer chains, modification
of the diffusion patterns, aggregation and ‘“‘break in” effects
[17]. In the case of didodecyloxydibenzo[a,c]phenazine-based
polymers 15, 16, 20, 21 and 23, highly asymmetric peaks were
observed, to the extent that no reoxidation was detected for co-
polymers 15, 16 and 21. In THF solutions, however, quasi-
reversible peaks are observed near —1.4 V, which is similar
to that observed for the different model compounds. This
could indicate that reduction processes do not take place or
are hindered in the solid state. Full investigation of this phe-
nomenon still remains to be carried out. Finally, the electron
affinities of the different polymers were calculated from the
onset potentials for reduction, following a method reported
in the literature [18], and were found to fall between 2.6 eV
and 3.2 eV.

4. Conclusions

The synthesis of a novel family of electron-accepting con-
jugated polymers based on dibenzo[a,c]phenazine has been
developed. The structures of the different materials were con-
firmed using NMR and IR spectroscopies and, in some cases,
mass spectrometry. Many polymers had poor solubilities but
polymers 16, 21 and 23, containing two dodecyl groups in
the 11- and 12-positions of the dibenzophenazine units, are
quite soluble in chloroform and THF. These polymers were
obtained with molecular weights (M) in the range 18,800—
36,400. The photophysical as well as electrochemical proper-
ties of the different model compounds and the polymers were
found to be quite sensitive to the substituents in the 11- and
12-positions of the dibenzophenazine units. The materials
emit light in the green to orange region. Moreover, the didode-
cyloxydibenzo[a,c]phenazine derivatives display aggregation
properties. This is an interesting feature where electron trans-
port is concerned. The properties of the soluble polymers
suggest that others of a similar type could find applications
in microelectronics and are, therefore, worthy of further study.
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