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Fluorenylidene-linked triarylamines, potential hole-transporting materials, have been pre-
pared by the palladium-catalyzed Hartwig-Buchwald amination. Their redox and spectral
properties were investigated in solution, applying cyclic voltammetry, UV-VIS and EPR spec-
troscopy, and in situ spectroelectrochemical measurements. N,N,N',N'-Tetraphenylbenzidine
(1), N,N’-di(1-naphthyl)-N,N'-diphenylbenzidine (2), and triphenylamine (3) served as model
substances in the study of the synthesized complex compounds 4 and 5. In structure 4, two
triphenylamine centres are linked with a non-conjugated fluorene bridge; in structure 5, two
tetraarylbenzidine skeletons with two nitrogens are linked with a conjugated biphenyl-
bridge system. In addition, structure 5 contains a non-conjugated fluorene bridge. The pres-
ence of the fluorene moiety in the molecular design has a significant influence on the inves-
tigated properties of the new materials. In the anodic oxidation of the tetraarylbenzidine-
type compounds (1, 2, and 5), two well-defined reversible oxidation peaks were observed.
However, the oxidation of the triphenylamine-type structures (3 and 4) is more complex,
due to fast consecutive reactions. The dimer-like structures (4 and 5) are characterized by
two independent oxidation centres that are simultaneously oxidized at approximately the
same potentials. This was confirmed by quantitative cyclovoltammetric as well as UV-VIS in-
vestigations.

Key words: EPR/UV-VIS spectroelectrochemistry; Cyclic voltammetry; Hole-transporting ma-
terials; Tetraarylbenzidines; Hartwig-Buchwald amination; Triarylamines; Electrochemistry.

Organic hole-transporting materials find applications in organic
light-emitting diodes (OLEDs)!. To be candidates for the use in
hole-transporting layers, organic materials should possess a variety of
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chemical and physical properties, such as good electrochemical stability, a
low ionisation potential, reversible redox behaviour, hole-transport and
hole-injection ability from the anode into the hole-transporting layer
(HTL). In addition, thermal stability, photostability, and good film-forming
properties are required. At present, triphenylamine derivatives are com-
monly used as hole-transporting materials, usually in the form of
tetraarylbenzidines?®*. However, these compounds suffer from low thermal
stability because of their low glass-transition temperatures. Several ap-
proaches were considered to improve the thermal properties of triarylamine
HTL materials, such as synthesis of “starburst” molecules®®, asymmetric
substitution of benzidine derivatives”8, or the use of spiro linkages®?.
Low-molecular-weight triarylamines have also been incorporated into poly-
mers'?.

In this work, we present a new concept for increasing the glass-transition
temperature (T,) of OLED materials. The aim is to couple two hole-
transporting units in a way that thermal and film-forming properties are
improved while the electronic characteristics are not impaired. This can be
achieved by a rigid linker that increases molecular weight and steric de-
mands but does not lead to a conjugated system of the hole-transporting
subunits. As a linker, we chose the sp3-carbon of fluorene. The resulting
diphenylfluorene structure has been shown to increase T, and solubility in
polymers with rigid aromatic structures'®4. Since the fluorene unit and the
two phenyl rings are not conjugated, this linkage should preserve the fa-
vourable electronic characteristics of the low-molecular-weight triaryl-
amines.

Therefore we investigated low-molecular-weight materials, N,N,N’,N'-tetra-
phenylbenzidine (TPB) (1), N,N'-di(1-naphthyl)-N,N’-diphenylbenzidine
(a-NPD) (2), and triphenylamine (TPA) (3) as model substances to estimate
redox and spectral properties of the newly synthesized compounds F-TPA
(4) and F-1aNPD (5) shown in Scheme 1. The hole-transporting and elec-
trochemical properties of compounds 1-3 have already been described, and
they have also been employed in OLEDs315-22,

The synthesis of 4 by the Ullmann coupling and its characteristics as a
hole-transporting layer in OLEDs have been reported by Okutsu et al.?3. In
our work, we used a tetraarylbenzidine derivative as a hole-transporting
unit which leads to an electrochemical potential more suitable for applica-
tions of OLEDs. Compounds 4 and 5 were prepared using the palladium-
catalyzed Hartwig-Buchwald amination of bromoarenes?*-2¢ (Scheme 2).
Morphological instability under operating conditions is assumed to be one
of the most important failure modes of OLEDs, the problem that can be
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overcome by higher T, of materials. The new compound 5 has a T, of 153 °C
which is one of the highest reported for the triarylamines so far used in
OLEDs (refs826-29),

The ionization potential of hole-transporting layers is a crucial factor in
molecular design of hole-transport materials suitable for producing electro-
luminescent (EL) devices of high durability. In particular, the formation of
a small energy barrier at the HTL/anode interface is essential for high dura-
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The aim of this contribution is to determine redox properties of the
newly synthesized compounds 4 and 5, including the charge-injection bar-
rier of the hole-transport materials with respect to indium-tin-oxide (ITO).
The evaluation of their HOMO energies based on cyclovoltammetric mea-
surements, using the ferrocene/ferrocenium internal redox standardC. In
order to find a plausible mechanism of the oxidation of 4 and 5, our
cyclovoltammetric studies were completed with in situ EPR and UV-VIS
spectroelectrochemical investigations.
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SCHEME 2
EXPERIMENTAL

Instrumentation

The cyclic voltammograms were recorded using a platinum wire as working and auxiliary
electrodes. A saturated calomel electrode (SCE) served as reference. The measurements were
carried out with a Princeton Applied Research (PAR 270) universal electrochemical system.
Ferrocene/ferricenium (Fc/Fc*) was used as an internal potential marker.

Laminated gold-p-mesh®!, or laminated conducting ITO coated glass-plate electrodes®?
were employed in spectroelectrochemical experiments. Redox cycling of the investigated
compounds with simultaneous EPR and UV-VIS measurements was carried out in dichloro-
methane solutions containing 0.1 m tetrabutylammoniumhexafluorophosphate (TBAPFg).
The reference electrode consisted of a silver wire coated with silver chloride. EPR spectra
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were recorded on an ESR 200D X-Band spectrometer (Bruker, Germany). UV-VIS spectra (A in
nm) were recorded on a diode array UV-VIS spectrophotometer PC 1000 (Ocean Optics,
Inc.). A HEKA PG 284 (Lambrecht, Germany) potentiostat/galvanostat was used as electro-
chemical equipment for these measurements.

Since no changes in the shape of the EPR spectra were observed during the redox cycling,
the intensity of the EPR signal was also recorded using constant-field conditions. The mag-
netic field was set on the maximal intensity of the EPR line of the investigated radical inter-
mediate and the EPR intensity was measured in a time-based mode.

Materials

9,9-Bis(4-aminophenyl)fluorene, triphenylamine, diphenylamine, 1-bromonaphthalene,
1,1'-bis(diphenylphosphino)ferrocene (DPPF), and sodium tert-butoxide were purchased from
Aldrich; hydrobromic acid, N,N’-diphenylbenzidine, tetrabutylammoniumhexafluoro-
phosphate and dichloromethane from Fluka; N,N,N’,N’'-tetraphenylbenzidine from SynTec
(Wolfen, Germany); tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba);) and palladium ace-
tate from Strem Chemicals. All chemicals were used as received.

Syntheses

All palladium-catalyzed reactions were carried out in dried solvents under nitrogen.

N,N'-Di(1-naphthyl)-N,N'-diphenylbenzidine3® (2)

To a stirred solution of palladium acetate (90 mg, 400 pmol) and 1,1'-bis(diphenyl-
phosphino)ferrocene (222 mg, 400 pmol) in toluene (100 ml) were added N,N'-diphenyl-
benzidine (3.36 g, 10.0 mmol) and 1-bromonaphthalene (6.21 g, 30.0 mmol). After addition
of sodium tert-butoxide (2.31 g, 24.0 mmol), the mixture was refluxed under nitrogen for
3 days. After cooling, 100 ml of brine were added and the mixture was extracted twice with
chloroform. The combined organic phases were washed with brine and dried over anhy-
drous magnesium sulfate. The solvents were removed on a rotary evaporator, and the resi-
due was purified by column chromatography on silica gel using cyclohexane-toluene (4 : 1
v/v) as eluent. Yield 3.17 g (54%). MS, m/z (%): 588 (M*, 100), 294 (M?*, 22), 217 (8). 'H NMR
(CDCly): 7.94 (m, 2 H); 7.87 (m, 2 H); 7.76 (m, 2 H); 7.52-7.25 (m, 12 H); 7.19 (m, 4 H),
7.08-6.87 (m, 10 H). 3C NMR (CDCl,): 148.35, 147.27, 143.47, 135.30, 133.84, 131.27,
129.10, 128.38, 127.23, 127.08, 126.48, 126.39, 126.35, 126.13, 124.29, 121.96, 121.92,
121.73. For C,,H4,N, (588.8) calculated: 89.76% C, 5.48% H, 4.76% N; found: 89.73% C,
5.45% H, 4.69% N.

9,9-Bis(4-bromophenyl)fluorene (7)

9,9-Bis(4-aminophenyl)fluorene (3.49 g, 10.0 mmol) was suspended in 35% aqueous
hydrobromic acid (35 ml) and the suspension was cooled to 0 °C. Ice-cold 2.5 m NaNO, solu-
tion (8 ml) was added dropwise so that the temperature did not rise above 5 °C. The yellow
suspension was added to a solution of CuBr (2.00 g, 14.0 mmol) in 48% aqueous
hydrobromic acid (10 ml) at 0 °C. After stirring for 5 min, the mixture was heated to 100 °C
until the formation of gas ceased. After cooling, the mixture was extracted with chloroform
three times (20 ml each). The combined organic phases were washed with brine and dried
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over anhydrous magnesium sulfate. The solvent was removed on a rotary evaporator. The
residue was purified by column chromatography on silica gel using cyclohexane as eluent.
Yield 3.24 g (68%). MS, m/z (%): 476 (M*, 100), 397 (27), 395 (28), 321 (26), 319 (27), 315
(14), 239 (55), 198.5 (14), 197.5 (15). *H NMR (CDCLy): 7.76 (m, 2 H); 7.45-7.22 (m, 10 H); 7.04
(m, 4 H). 3C NMR (CDCl,): 150.16, 144.53, 140.07, 131.44, 129.78, 127.99, 127.93, 125.85,
120.95, 120.42, 64.61. For C,5H ¢Br, (476.2) calculated: 63.06% C, 3.39% H, 33.56% Br;
found: 63.27% C, 3.37% H, 33.43% Br.

9,9-Bis[4-(diphenylamino)phenyl]fluorene (4)

To a stirred solution of tris(dibenzylideneacetone)dipalladium(0) (37 mg, 40 umol) and
1,1'-bis(diphenylphosphino)ferrocene (44 mg, 80 pmol) in toluene (20 ml) were added
9,9-bis(4-bromophenyl)fluorene 7 (952 mg, 2.0 mmol) and diphenylamine (745 mg, 4.4
mmol). After addition of sodium tert-butoxide (463 mg, 4.8 mmol) the mixture was refluxed
under nitrogen for 24 h. After cooling, 50 ml of brine were added and the mixture was ex-
tracted twice with dichloromethane. The combined organic phases were washed with brine
and dried over anhydrous magnesium sulfate. The solvents were removed on a rotary evapo-
rator, and the residue was purified by column chromatography on silica gel using cyclohex-
ane-toluene (2 : 1 v/v) as eluent. Yield 675 mg (52%). MS, m/z: 652 (M*, 100), 408 (25), 326
(M?*, 32). 'H NMR (CDCl,): 7.74 (m, 2 H); 7.43 (m, 2 H); 7.34 (m, 2 H); 7.27 (m, 2 H); 7.19
(m, 8 H); 7.08-7.01 (m, 12 H); 6.96 (m, 4 H); 6.89 (m, 4 H). 3C NMR (CDCl,): 151.56,
147.68, 146.15, 140.05, 139.73, 129.14, 128.87, 127.57, 127.35, 126.23, 124.32, 123.11,
122.69, 120.09, 64.50. For C,9H54N, (652.8) calculated: 90.15% C, 5.56% H, 4.29% N;
found: 89.59% C, 5.68% H, 4.06% N.

N-(1-Naphthyl)-N,N’'-diphenylbenzidine (10)

To a stirred solution of palladium acetate (45 mg, 200 pmol) and 1,1'-bis(diphenyl-
phosphino)ferrocene (111 mg, 200 pmol) in toluene (150 ml) were added N,N’'-diphenyl-
benzidine (6.06 g, 18.0 mmol) and 1-bromonaphthalene (1.255 g, 6.0 mmol). After addition
of sodium tert-butoxide (692 mg, 7.2 mmol), the mixture was refluxed under nitrogen for 46 h.
After cooling, 300 ml of toluene and 100 ml of brine were added, and excess N,N’-diphenyl-
benzidine was filtered off. The aqueous phase was extracted with toluene (100 ml). The or-
ganic phases were combined, washed with brine and dried over anhydrous magnesium
sulfate. The solvents were removed on a rotary evaporator, and the residue was purified by
column chromatography on silica gel using cyclohexane-toluene (3 : 2 v/v) as eluent. Yield
1.124 g (40%). MS, m/z (%): 462 (M*, 100), 231 (M?*, 22). *H NMR (THF-dg): 7.97 (m, 1 H);
7.90 (m, 1 H); 7.79 (m, 1 H); 7.52-7.30 (m, 9 H); 7.23-6.98 (m, 12 H); 6.89 (m, 1 H); 6.80
(m, 1 H). 3C NMR (THF-dg): 149.77, 148.21, 144.93, 144.80, 144.00, 136.70, 135.73, 133.40,
132.48, 129.98, 129.40, 128.14, 127.98, 127.74, 127.39, 127.28, 127.21, 127.04, 125.26,
123.27, 122.81, 122.56, 120.97, 118.34 (2 C). For C4,H, 4N, (462.6) calculated: 88.28% C,
5.66% H, 6.06% N; found: 88.29% C, 5.62% H, 5.69% N.

9,9-Bis[4-(N-{4'-[N-(1-naphthyl)anilino]lbiphenyl-4-yl}anilino)phenyl]fluorene (5)

To a stirred solution of tris(dibenzylideneacetone)dipalladium(0) (69 mg, 75 umol) and
1,1'-bis(diphenylphosphino)ferrocene (83 mg, 150 pmol) in toluene (40 ml) were added
9,9-bis(4-bromophenyl)fluorene (7; 1.19 g, 2.5 mmol) and N-(1-naphthyl)-N,N'-diphenyl-
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benzidine (10; 2.31 g, 5.0 mmol). After addition of sodium tert-butoxide (577 mg, 6.0 mmol),
the mixture was refluxed under nitrogen for 6 days. After cooling, 50 ml of brine was added,
and the mixture was extracted three times with chloroform. The organic phases were com-
bined, washed with brine and dried over anhydrous magnesium sulfate. The solvents were
removed on a rotary evaporator, and the residue was purified by column chromatogra-
phy on silica gel using cyclohexane-chloroform (1:1 v/v) as eluent. Yield 2.00 g (65%).
MS (MALDI-TOF), m/z (%): 1 239 (M*, 100). *H NMR (CDCl,): 7.94 (m, 2 H); 7.87 (m, 2 H);
7.74 (m, 4 H); 7.49-7.13 (m, 30 H); 7.09-6.87 (m, 28 H). *3C NMR (CDCl,): 151.53, 148.28,
147.56, 147.36, 146.40, 146.03, 143.43, 140.04, 139.81, 135.28, 134.83, 133.69, 131.24,
129.17, 129.10, 128.90, 128.38, 127.59, 127.35, 127.22, 127.14 (2 C); 126.48, 126.39,
126.34, 126.23, 126.13, 124.43, 124.26 (2 C); 123.21, 122.80, 122.00, 121.82, 121.78,
120.09, 64.51. For Cy3HggN, (1 239.6) calculated: 90.11% C, 5.37% H, 4.52% N; found:
89.56% C, 6.07% H, 4.07% N.

RESULTS AND DISCUSSION

A characteristic feature of structures 1, 2, and 5 is the tetraarylbenzidine
skeleton, where two nitrogen centres are linked by a conjugated biphenyl
bridge. In addition, structure 5 contains a non-conjugated fluorene bridge.
The characteristic structure of compounds 3 and 4 is a skeleton centred
around only one nitrogen atom (triphenylamine in 3 and two triphenyl-
amines linked by a non-conjugated fluorene bridge in 4). These attributes
are strongly reflected in the results obtained.

The cyclic voltammograms of the “tetraarylbenzidine” structures 2 and 5
with biphenyl-conjugated bridges are shown in Figs 1a-1 and 1b-1, respec-
tively. In both cases two chemically reversible oxidations were observed.
The extracted data (peak and half-wave potentials, and peak-to-peak separa-
tions) are summarized in Table I.

TABLE |
Peak and half-wave potentials, and peak separations extracted from cyclic voltammograms
of compounds 1-5 (in V vs SCE, scan rate 100 mV s‘l) measured in 0.001 m solutions of sub-
strate and 0.1 m solutions of TBAPFg in CH,CI,

Compound En EZ EZ, En El, EZ, AE;?
1 0.719 0.957 0.858 0.619 0.669 0.908 0.238
2 0.733 1.002 0.896 0.626 0.680 0.949 0.269
3 - 1.0122 0.859 0.642 - - -
4 - 0.9822 0.840 0.640 - - -
5 0.762% 1.0112 0.8982 0.6462 0.704 0.955 0.249

@ Transfer of two electrons.
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The half-wave potentials for the first oxidation of the tetraarylbenzidine
structures (1, 2, and 5) are fairly similar, and centred at approximately 0.69 V
vs SCE. The second oxidation occurs at about 0.93 V. These processes corre-
spond to the formation of corresponding mono- and dications, respec-
tively, as was reported®'® for 1 and 2. However, as compound 5 contains
two tetraarylbenzidine redox centres linked by a non-conjugated fluorene
moiety, we also carried out spectroelectrochemical investigations in order
to clarify the mechanism of the oxidation in this case. Therefore, our
cyclovoltammetric studies were performed along with the EPR and UV-VIS
investigations. The corresponding EPR spectra obtained at the potentials of
the initial oxidation of 2 and 5 are presented in Figs 1a-2 and 1b-2, respec-
tively. From the simulation of the EPR spectra of 1** and 2*°, the following

T T T T T T T T T T
al bl
| | | | | | | | 1 |
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
E vs SCE, V E vs SCE, V
a2 b2
106G 200
|
Fic. 1

Cyclic voltammograms of 2 (a-1) and 5 (b-1) showing oxidation in CH,CI,/0.1 m TBAPF; (Pt
working electrode, scan rate 100 mV s™), along with the EPR spectra of the corresponding
cation-radicals of 2 (a-2) and 5 (b-2) generated in the potential region of the first anodic
peaks
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hyperfine splitting constants were obtained: 2ay(1) = 0.433 mT and 2a,(2) =
0.415 mT. This is in good agreement with the data reported for N,N'-bis-
(3-methyl)-N,N’-diphenylbenzidine®* (TPD). It is noteworthy that the EPR
spectrum of compound 5 does not show any hyperfine splitting (see be-
low).

Compounds 3 and 4 showed a completely different cyclovoltammetric
behaviour. Only one partly reversible oxidation in the potential region of
the second anodic peak (referring to the previous group of compounds) was
observed, together with a small cathodic peak due to a secondary oxidation
product on the reverse scan, as presented in Figs 2a-1 (3) and 2b-1 (4). This
indicates that redox processes are associated with consecutive chemical re-
actions. In accordance with that assumption, the new redox couples are ev-
ident after the first anodic sweep with both compounds 3 and 4 (dashed
lines in Figs 2a-1 and 2b-1) in the potential region from +0.6 to +0.8 V.
Similar voltammograms were previously observed for model compound 3
(ref.16). Corresponding in situ EPR spectroelectrochemical experiment at the
anodic potential around 1 V led to the EPR spectra shown in Figs 2a-2 and
2b-2 for 3 and 4, respectively. The EPR spectrum in Fig. 2a-2 due to oxi-
dized 3 corresponds to a radical centred with two equivalent nitrogens hav-
ing the splitting constant 2ay = 0.479 mT, additionally, well-resolved
hyperfine splitting is evident. Analogously to the situation with 5, oxida-
tion of 4 only results in an unresolved broad EPR signal. The redox poten-
tials of the new couples along with the splitting constants of two
equivalent nitrogens strongly suggest the formation of a tetraphenyl-
benzidine skeleton, analogous to structures 1, 2, and 5.

The cyclovoltammetric and EPR results obtained may be interpreted in
the following way. The isolated triphenylamine skeleton in 3 is oxidized at
high potentials (in the region of the second peak of tetraarylbenzidines)
and forms cation-radicals, which rapidly dimerize under the formation of
tetraphenylbenzidine. Consequently, a mixture of the EPR spectra charac-
teristic of tetraarylbenzidine and triphenylamine cation-radicals is found.
The observation of a well-resolved hyperfine splitting from hydrogen and
nitrogen atoms here can be explained by the simultaneous presence of both
cation-radicals. The EPR spectrum presented in Fig. 2a-2 was successfully
simulated using the splitting parameters of 3** (ay = 1.017 mT, 6a; = 0.226 mT,
6a;] =0.122 mT and 3a, = 0.327 mT) and of 1** (2ay = 0.479 mT), assuming
approximately equal relative EPR intensities and g-values of both species®®.
In addition, in the corresponding in situ UV-VIS spectroelectrochemical ex-
periment, the formation of both mono- and dications derived from 1 as
well as the formation of triphenylamine cation-radical were confirmed, as
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will be discussed below. In agreement with that, the reverse cathodic peak
at 0.64 V in Fig. 2 (a-1, b-1) can be assigned to the reduction of the
monocation of the consecutively formed dimeric form (tetraphenyl-
benzidine). Similarly, the formation of tetraarylbenzidines was also re-
ported!®.18-22 We confirmed this dimerization process by having performed
in situ UV-VIS electrochemical oxidation. Similar redox behaviour of com-
pounds 3 and 4 suggests that a mechanism analogous to the oxidation
route as found for 3 can also be assumed in the case of 4.

Whereas the nature of the cation-radicals of compounds 1, 2, and 3 is ev-
ident from the EPR hyperfine structure, the issue is more complex in the
case of the synthesized compounds 4 and 5, where only a broad line was
found. The fundamental difference between compounds 1-3 and 4, 5 is

! L ! L L L L ! L L

0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
E vs SCE, V E vs SCE, V
a2 b2
10G
106G -

Fic. 2
Cyclic voltammograms of 3 (a-1) and 4 (b-1) showing oxidation in CH,CI,/0.1 m TBAPF; (Pt
working electrode, scan rate 100 mV s, full line: first scan, dashed line: second scan), along
with the EPR spectra of the cation-radicals generated in the potential region around 1 V dur-
ing oxidation of 3 (a-2) and 4 (b-2)
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that the former contain only one redox unit (tetraarylbenzidine in 1 and 2
or triphenylamine in 3) while the latter contain two such units linked by a
non-conjugated bridge (quaternary carbon of the fluorene moiety). We as-
sume that the dimer-like structures behave as two independent oxidation
centres and are very probably simultaneously oxidized at approximately the
same potentials. This is indicated by the closely similar cyclic voltammo-
grams for 2 and 5 with virtually the same positions of the oxidation peaks.
Further evidence for this assumption is that at equivalent molar concentra-
tions, the height of the peaks in the case of 5 is approximately double com-
pared with that of 2, as illustrated in Fig. 3a. Strong evidence for the
simultaneous oxidation of both units in structures 4 and 5 comes from
UV-VIS investigations. The UV-VIS spectrum of 5 exhibits approximately
double the intensity of that of 2 at the same molar concentrations, as illus-
trated in Fig. 3b. Also, the EPR spectra are compatible with this assumption;
as in the case of dimeric structures, the presence of two delocalized spins
leads to collapse of the hyperfine structure accompanied by narrowing of
the line.

All the compounds studied showed during oxidation similar UV-VIS
bands in the region 300-800 nm. A precise attribution of the recorded
UV-VIS spectra to the applied potential was possible from a simultaneous
UV-VIS/cyclovoltammetric experiment.

Figure 4 shows a representative UV-VIS spectrocyclovoltammogram for
compound 1. Before oxidation, all starting compounds 1-5 have absorption

| I | | I
0.4 0.6 0.8 1.0 1.2 300 350 400 450 500
E vs SCE, V A, nm

Fic. 3
Cyclic voltammograms (a) and UV-VIS spectra (b) of 2 (dashed lines) and 5 (full lines) mea-
sured in CH,CI,/0.1 m TBAPFg at the same concentrations (0.001 mol I
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maxima in the region of 300-350 nm, and compound 1, in addition, has a
shoulder around 310 nm. The UV-VIS spectra were recorded simultaneously
with a CV scan at the potentials marked with circles in the cyclic
voltammogram, as illustrated in Fig. 4a. From Fig. 4 it is evident that the
absorption band at 480 nm corresponds to the first oxidation peak of the
monocation. At higher potentials, in the region of the second peak, the
UV-VIS bands at 550-800 nm, which are attributed to the dication, pre-
dominate. Also the original VIS band at 480 nm reappears after dropping
the potential to the region of the first oxidation peak.

More evidence for this assignment, also for the dimer-like structure 5,
was obtained from a simultaneous EPR/UV-VIS electrochemical study using
a laminated ITO working electrode. Figure 5 (representative for compounds
1, 2, and 5) shows the UV-VIS (Figs 5a, 5c¢) and also the upper half part of
the EPR spectra (Fig. 5d) of compound 5, that are simultaneously measured
during the anodic (galvanostatic) oxidation on ITO in the cavity of the EPR
spectrometer. During oxidation, the basic band (300-350 nm) of the parent
compounds vanishes, and a new band arises with an isosbestic point at
392 nm. During further oxidation the monocation band passes through a
maximum and is continuously replaced with a new band in the region
600-800 nm, again with an isosbestic point (at 530 nm). The kinetic curves
extracted from the given UV-VIS spectra are shown in Fig. 5b. This kinetic
behaviour is characteristic of two reversible one-electron oxidation pro-
cesses. With the band increase in the range 550-800 nm, the intensity of

0.0 0.3 0.6 09 12 15 18
E,V

Fic. 4
Cyclic voltammogram (a) and UV-VIS spectra (b) recorded during a cyclovoltammetric scan
at the potentials marked with circles (laminated ITO working electrode, scan rate 10 mV s‘l)
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the EPR line decreased. Therefore we assume that both redox centres of the
two tetraarylbenzidine skeletons in 5 (linked with the non-conjugated
fluorene bridge) are oxidized independently to the dication. An interesting
observation is that after stopping the oxidation in the region of the second
peak (550-800 nm) the intensity of EPR signal increases, indicating an in-
creased concentration of monocation. This suggests a comproportionation
reaction of the dication with the neutral tetraarylbenzidine in solution near
the active electrode surface.

As specified above, the different behaviour in the cyclovoltammetric in-
vestigations of 3 and 4 was also reflected in in situ UV-VIS spectro-
electrochemical experiments. During the oxidation, three new bands were
observed simultaneously while the original band vanished as shown for
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Oxidation

Fic. 5
UV-VIS spectra recorded during the amperometric oxidation of 5 in CH,CI,/0.1 m TBAPFg
on the laminated ITO electrode: a 2D plot; b extracted kinetic curves; ¢ 3D plot, along with
d the simultaneously recorded EPR spectra (only the marked region presented, dashed lines)
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compound 4 in Fig. 6. The absorption maximum at 350 nm is characteristic
of the triphenylamine cation-radical with further two maxima at 550 and
650 nm (ref.?}). The maxima at 485 and 700 nm are characteristic of
tetraarylbenzidine-type compounds. This is in accordance with the anodic
route suggested above for 3, assuming coupling of the initially formed un-
stable cation-radical under formation of its dimeric form and further
oxidation to the mono- and dication. This route, suggested for 3, is also valid
for 4. Whereas here the primary formation of two independent redox cen-
tres in the structure of 4 is assumed, the dimerization in solution could be
an alternative pathway.

The energy of the HOMO levels of the investigated compounds can be
determined from the oxidation half-wave potentials obtained by
cyclovoltammetric measurements in solution. The oxidation half-wave po-
tential for compound 5 has been determined as +0.29 V vs Fc/Fc*. Assuming
that the HOMO energy for the ferrocene/ferricenium standard is —-4.8 eV
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Oxidation

Fic. 6
UV-VIS spectra recorded during the
amperometric oxidation of 4 in CH,CI,/0.1 m
TBAPFg on the laminated ITO electrode: a 2D
plot; b extracted kinetic curves; c 3D plot
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with respect to the zero vacuum level, the HOMO energy for compound 5
has been evaluated to -5.09 eV. The energy barrier for hole injection from
ITO is therefore expected to be 0.29 V (assuming ¢(ITO) = 4.8 eV). The
LUMO energetic position for compound 5 has been estimated to be -1.45 eV,
based on the energy maximum of the solution absorption band. The
HOMO-LUMO gap is then 3.64 eV.

CONCLUSIONS

Fluorenylidene-linked triarylamines have been prepared by the palladium-
catalyzed Hartwig-Buchwald amination. These linked triarylamines, when
compared with the low-molecular-weight analogues conventionally used in
OLEDs, show greatly increased glass-transition temperatures while their de-
sirable electronic characteristics is preserved. EPR investigations generally
confirmed that for all investigated compounds, in the region of the first ox-
idation peak, paramagnetic species are formed which are cation-radicals. In
the model compounds (1, 2, and 3), the hyperfine splittings (quintet
1:2:3:2:1) indicate the formation of species with two equivalent nitro-
gen atoms, that well correspond to tetraarylbenzidine cations. In the newly
prepared compounds 4 and 5, only unresolved broad single lines were ob-
served; however, from the UV-VIS spectroelectrochemical results it can be
concluded that these spectra are individual tetraarylbenzidine cations
linked with non-conjugated fluorene bridges. The UV-VIS bands at about
480 nm and the EPR kinetic curves passed through a maximum in the re-
gion of the first oxidation peak and decreased in the region of the second
peak. This confirms that in the second oxidation step, EPR-silent dicationic
species are formed from all investigated compounds (of both monomeric
and dimeric type). The cyclovoltammetric investigations combined with
EPR and UV-VIS measurements presented here provide evidence that com-
pound 5 could be used as an efficient material for hole transport in OLEDs.
These investigations as well as the synthesis of further fluorene-linked com-
pounds are currently under way.
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