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Fluorenone-Containing Polyfluorenes and Oligofluorenes: Photophysics, Origin of the
Green Emission and Efficient Green Electroluminescence
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A series of four new statistical copolymers of 9,9-dihexylfluorene and 9-fluorenone with well-defined structures
and a new fluorenefluorenone-fluorene trimer model compound were synthesized and used to investigate
the photophysics, origin of the green emission, and electroluminescence of this class of light-emitting materials.
We show that the new oligofluorene trimer with a central fluorenone moiety is an excellent model of the
green-emitting chromophore in polyfluorenes. From systematic studies of the steady-state photoluminescence
(PL) and PL decay dynamics of solutions of the fluorenone-containing copolymers and oligomer and thin
films of the copolymers, we show that the controversial 535-nm green emission band originates from the
fluorenone defects in single-chain polyfluorenes and not from intermolecular aggregates or excimers. The
green emission, centered at 535 nm, was observed in dilute toluene solutions of all fluorenone-containing
copolymers and oligomer; it was long-lived with a single-exponential PL lifetime®ihs, compared to a
lifetime of 240-400 ps for the blue emission. The PL decay dynamics of the 535-nm emission from thin
films of all copolymers was also well-described by a single-exponential lifetime—@& Bs. The observed
increased intensity of the green emission with increased intermolecular interactions in solution or solid state
can be explained by the increased excitation energy transfer from fluorene segments to the fluorenone moieties.
Bright green electroluminescence (EL) centered at 535 nm was achieved from single-layer copolymer light-
emitting diodes (LEDs), ITO/PEDOT/copolymer/Al, with luminances of 168840 cd/n that varied with
fluorenone content. The EL data suggest that the flueréimerenone copolymers are very promising materials

for green LEDs.

Introduction Various approaches, including addition of bulky side grotis,

Electroluminescent devices based on organic and polymerbulky end groupss copolymerizatior®! dendronizatiort? and
semiconductors are promising for applications in displays and blending"¢ were thus explored for minimizing intermolec-
lighting1~3 Among the many classes of electroluminescent ular interactions and, hence, for stabilizing the blue emission
polymers under current investigation, the polyfluorenes have Of the polyfluorenes. These approaches have succeeded to
emerged as attractive blue light-emitting materials with high varying degrees. However, a new hypothesis was recently made,
photoluminescence quantum yields in the solid St&@nd high claiming that emission from isolated fluorenone defects on
hole mobility* However, a major problem that is involved with ~ polyfluorene chains, rather than intermolecular aggregates or
the use of poly(9,9-dialkylfluorene)s as blue-emitting materials excimers, is responsible for the green emission band. It was
in light-emitting diodes (LEDSs) is the undesirable lower-energy proposed that these fluorenone defects could be formed either
emission band centered at 53840 nm that appears under during polymerization or later by thermal or photo-oxida-
device operation, turning the pure blue emission to a blue-greention of polyfluorene films3¢¢ The main evidence for this
color3ab Although many approaches to stabilize the pure blue hypothesis was the observation of the green emission band in
emission from the polyfluorenes have been explored, the origin very dilute solutions of the fluorene oligomers and poly-
of the additional green emission band has been controversialmer$? and fluorenone-containing copolymégsthe lack of
and remains not fully understodd. any significant concentration dependence of the green emis-

So far, different models have been proposed to explain the sion band in solutions of fluorenone-containing copolymers,
origin of the green emission; however, none has yet conclusively and the pronounced vibronic structure of the green emission
resolved the exact nature of the emission. Initial assignment of pand from thin films of fluorenonefluorene copolymers at
the green emission band of the polyfluorenes to aggregatelow temperature& Recent results from time-gated electrolu-
emission was based on prior observations on related ladderminescence (EL) spectroscopy of polyfluorene LEDs have
poly(p-phenylene)$? It was, however, later assigned to emis-  shown that the contribution of the green emission band, rela-
sion from intermolecular excimers presumably formed by the tive to the blue, increased as the delay time increased, and
more planar fluorenone moieties produced by photo-/elec- this phenomenon has been attributed to the delayed recom-
tro-oxidation at the 9-fluorene sites of the polymer chaihs. pination of charge carriers on the on-chain low-energy fluo-

T Part of the special issue “Alvin L. Kwiram Festschrift”. r.enone defects, which act.as deep. electron t%q)m addi-
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CHART 1 involved in the green emission band, we have also synthesized
CeH1a— CoHia 2,7-bis(2-9',9-dihexylfluorenyl)-9-fluorenone (BFF), which is

a trimer oligofluorene with one central fluorenone ring whose
structure is shown in Chart 1, and investigated the solution
photophysics. In our view, this compound is a better representa-
tion of the lowest-energy chromophore in the fluorenone co-
polymers than 9-fluorenone molecule. Interestingly, this par-
ticular model compound and other related fluorenone-containing
oligofluorenes have previously been theoretically investigated
but not experimentally.The photophysics was investigated by
optical absorption, steady-state photoluminescence (PL), time-
resolved PL decay dynamics, and PL quantum yield measure-
ments. Bright green EL was obtained from all the copolymers,

Cotia, CoHis O O CeH1a Cothis which demonstrates that, although the fluorenone defects in the
0.0 . 0.0 BFF polyfluorenes completely destroy the normal blue emission, they
can instead be used as efficient green electroluminescent

(0]

materials in LEDs.

originates from the fluorenone moieties due to very efficient Regyits and Discussion
energy transfer and strong localization of the excitons on the
low-energy fluorenone units. Synthesis and Characterization of CopolymersThe poly-

The notion that keto defects, in the form of fluorenone (9,9-dihexylfluorenezo-fluorenone)s with fluorenone fractions
moieties, are formed in polyfluorene thin films by photo-/electro- 0f <50 mol % were synthesized by Suzuki coupling polymer-
oxidation has overwhelming experimental evidence in the ization (Scheme 1). The molar ratio of fluorenone moiety in
literatureSoc However, the fact that 9-fluorenone moieties are the copolymers was controlled by adjusting the molar ratio
more planar than 9,9-dialkylfluorene units is one reason between 9,9-dihexyl-2,7-dibromofluorene and 2,7-dibromof-
fluorenone-containing polyfluorenes may be more prone to luorenone while maintaining a 1/1 molar ratio between the
aggregation and excimer formation than the defect-free poly- dibromides and the bis(trimethylene boronate). The copolymers
fluorene chains. This complicates the situation, because it isWere purified twice by precipitation from THF solution into
very likely then that the origin of the green emission could be methanol/HCI (100/1, v/v). The colors of the copolymers were
the isolated fluorenone moieties and/or the aggregates/excimerdight yellow for 1-FO, yellow for 3-FO, 5-FO and 10-FO, and
of fluorenone moieties on the polymer chains. Prior studies of orange for 50-FO. All the fluorerefluorenone copolymers were
copolymers of 9,9-dialkylfluorene and 9-fluorenone have thus soluble in organic solvents such as chloroform, toluene, and
led to opposite conclusions regarding the origin of the green tetrahydrofuran (THF), except 50-FO, which was insoluble in
emission band.Dilute solution and solid-state photophysical these solvents. The copolymers have number-average molecular
investigation of random copolymers of 9-fluorenone and 9,9- weights (gel permeation chromatography (GPC), polystyrene
dinonylfluorene that contain 1, 5, 10, and 20 wt % of fluorenone calibration) ofM, = 21 700-36 400, as shown in Table 1. The
claimed that the origin of the green emission band was excimersnumber-average degree of polymerization wag BB5—110.
and/or aggregates based on short fluorenone segments in the The synthesis of the model compound BFF, by Suzuki
copolymer chaing® On the other hand, recent studies on coupling, is also shown in Scheme 1. Figure 1 shows the Fourier
statistical copolymers of 9-fluorenone and'Sj&arnesylfluo- transform infrared (FT-IR) spectra of the model compound BFF,
rene propose that the green emission originates from on-chainalong with the 5-FO and 10-FO copolymers. Two main
emissive keto defects, because the green emission band wagibrational bands located at 1718 and 1448 ¢rare charac-
observed even in very dilute solutions of the fluorenone- teristic of the G=O stretch in the fluorenone moiety and the
containing copolymers and showed no concentration dependenceromatic G=C, respectively® The peak at 1606 cm is related
in solution, unlike an aggregate or excimer emis$fto&o far, to the fluorenone moiety and assigned to a stretching mode of
no clear verdict has been made on the exact nature of thean asymmetrically substituted benzéh&@he relative intensity
controversial green emission band in polyfluorenes. However, of the keto vibration band at 1718 chincreased as the
it is vital to understand the exact origin of the green emission, fluorenone amount in the copolymers increased. The structures
because this would dictate the future methodologies, both of the copolymers and the model compound BFF were also
synthetic and device fabrication-related, of stabilizing the blue confirmed by*H NMR spectra. ThéH NMR spectra of 10-FO
emission and paving the way for commercial realization of blue and BFF and their assignment, shown in Figure 2, are consistent
and full-color polymer LEDs. with the proposed structures. A small peak at 8.03 ppm due to

In this paper, we report studies of the photophysics, the origin the aromatic proton adjacent to the keto group in fluorenone
of the green emission, and EL of a series of new fluorenone- was observed in the spectra of 5-FO and 10-FO; however,
containing poly(9,9-dihexylfluorene)s (PHFs). Unlike previously this peak was not observed in the spectra of 3-FO and 1-FO,
investigated fluorenefluorenone copolymers that were made because of the low concentration of fluorenone moiety. Unlike
by Yamamoto coupling reactions of dibromides, the present the copolymers, BFF shows multiple peaks at7724 ppm,
statistical copolymers were synthesized by Suzuki coupling which are assigned to the aromatic protons of the terminal
polymerization, which ensured achievement of the well-defined fluorene.
molecular structures shown in Chart 1. Thus, each 9-fluorenone The thermal properties of the copolymers were evaluated by
moiety was isolated within the PHF chains. A series of four thermogravimetric analysis (TGA) and differential scanning
copolymers that contain 1, 3, 5, and 10 mol % fluorenone, calorimetry (DSC) under a nitrogen atmosphere. TGA revealed
denoted 1-FO, 3-FO, 5-FO, and 10-FO (Chart 1), respectively, that all the copolymers are thermally stable up to 38q<1%
was investigated. To understand further the chromophore weight loss). The weight loss at 60 decreased as the
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TABLE 1: Molecular Weights and Thermal Properties of
Fluorene—Fluorenone Copolymers

fluorenone

fraction Mq2
sample (%, mol/mol) (x 10*) Mw/M2 DP? T4(°C) Tq4(°C)
1-FO 1 2.76 2.68 83 105 380
3-FO 3 2.17 2.26 65 106 380
5-FO 5 3.64 3.39 110 108 380
10-FO 10 3.35 3.33 101 118 380

aMeasured by gel permeation chromatography (GPC), using PSt
standards? Degree of polymerization; DP= My/MW pye.
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Figure 1. FT-IR spectra of 5-FO and 10-FO copolymers and model
compound BFF.

KOH, DMSO/@. (jii) BuLi, THF, —78 °C, (CHO)sB. (iv) 2 M HCI.
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Figure 2. 'H NMR spectra of model compound BFF and copolymer
10-FO.

at ~160—240 °C, and a melting point at 296300 °C .2 The
existence of rigid, planar, fluorenone moieties in the polyfluo-
renes thus affects thermal properties, as seen with the relatively
higher glass transitions and the absence of clear melting
transitions in the copolymers that contain higher fractions of
fluorenone.

Steady-State Photophysics in SolutionOne of the objec-
tives of the photophysical investigation of the fluorenone
copolymers is to determine whether the undesirable green

fluorenone fraction increased, suggesting that the weight lossemission in polyfluorenes is from aggregates, excimers, or
is caused by decomposition of the hexyl side groups. As shown fluorenone sites on single chains. Figure 4a shows the optical

in Figure 3, three of the copolymers showed glass transitions
at 105-108 °C, whereas 10-FO had a slightly higher glass

transition at 118C. Besides, 1-FO showed a melting transition

at 240°C, which was not observed in the other copolymers.

The PHF homopolymer is known to have a glass transition
temperature ofy ~ 94 °C, a liquid crystalline phase transition

absorption spectra of dilute (1®M) toluene solutions of the
PHF homopolymer and the four fluorenone copolymers. The
absorption maxima of all four copolymers are located at 382
nm and that of PHF is located at 388 nm. This band is associated
with the 7—a* transition of the polyfluorene backbone. An
increase in the fluorenone content leads to a slight increase in
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Figure 3. Second heating DSC curves of fluoreffeiorenone
copolymers with a heating rate of 2&/min in nitrogen.
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Figure 4. (a) Optical absorption spectra of TOM solutions of PHF

and fluorenone copolymers in toluene. Inset shows the absorption
spectra of 10* M solutions of the same copolymers. (b) Normalized
PL emission spectra of 10 M solutions of the polymers in toluene
under 380-nm excitation.

the absorption at 450 nm. However, because of the low concen-

tration of fluorenone, this absorption band at 450 nm is not well-
resolved at 10° M. It is clearer in the absorption spectra of
1074 M solutions, as shown in the inset of Figure 4a. A distinct
growth in the 450-nm band is observed as the fluorenone frac-
tion increases from 1-FO to 10-FO. This low oscillator strength
band is associated with the-s* transition of fluorenoné?

Kulkarni et al.

The photoluminescence (PL) emission spectra of the polymers
in toluene solutions (I® M), normalized relative to the blue
peak, are shown in Figure 4b. The PL spectrum of PHF exhibits
two well-resolved peaks at 416 and 440 nm, with the00
transition at 416 nm being the dominant ¢fAdén addition to
these two peaks, the emission spectra of the copolymers have
a third band at 535 nm. This additional band grows in intensity
with increasing fluorenone content from 1-FO to 10-FO and is
fixed at 535 nm in all four copolymers. In the case of 10-FO,
this 535-nm green band is almost 80% as intense as the blue
band at 416 nm. This 535-nm emission band matches exactly
with the previously reported troublesome green EL band in blue-
emitting polyfluorene$2PThe fact that this emission is seen in
such dilute copolymer solutions suggests that it does not
originate from intermolecular aggregates or excimers. It is
clearly related to the fluorenone moieties in isolated chains,
because the relative intensity of the green emission band
increases as the fluorenone content in the copolymer increases.

Both aggregate and excimer emissions in solution display a
strong concentration dependence, because they are interchain
phenomena. We thus investigated the PL emission of all
polymers in toluene solution at three different concentrations
of 1077, 1076, and 10* M. The concentration-dependent PL
emission spectra of PHF, 3-FO, and 10-FO, normalized relative
to the blue peak, are shown in Figure 5. The PHF spectra shown
in Figure 5a have no green emission band at any concentration.
The only difference in the PL spectra of PHF is that the spectrum
of the 104 M solution is red-shifted by 6 nm, compared to the
more dilute solutions. However, the PL spectra of 3-FO (Figure
5b) show a steady growth in the 535-nm band as the solution
concentration increases. The effect is most dramatic for 10-
FO, as shown in Figure 5c, where the 535-nm green band is
more intense than the blue emission band at a concentration of
10~* M. A similar concentration dependence of the 535-nm band
was also observed for solutions of 1-FO and 5-FO (spectra not
shown). These results suggest that as the degree of intermo-
lecular interactions in solution increases with concentration from
1077 M to 107 M, the green emission from the fluorenone
defects is enhanced. We note that Romaner et al. did not observe
such a concentration dependence of the green emission band in
toluene solutions of polyfluorenes that contained fluorenone
defects’® However, the range of solution concentrations they
studied ¢1078-10"7 M) was much smaller than the present
study. Nonetheless, it is not possible to conclude whether the
green emission band is from an excimer solely from these PL
spectra. It is well-known that excimer formation drastically
reduces the PL quantum yieldy), because of the greater
number of nonradiative decay pathways for depopulation of the
excited statdé? For the present copolymer solutions, we observed
a steady decrease ¢ with increasing solution concentration.

In addition, they: decreases as the amount of fluorenone in the
copolymer increases. The estimated fluorescence quantum yields
of the polymers in 10° M solutions wereps = 1, 0.98, 0.77,
0.47, and 0.29 for PHF, 1-FO, 3-FO, 5-FO, and 10-FO,
respectively. This observation is consistent with the theoretical
claims that fluorescence quantum efficiencies of fluorenone-
containing materials are usually lIof%.The observed strong
concentration dependence of the green emission band in solution
suggests that increased interchain interactions among the
fluorenone-containing polyfluorene chains enhance the emission
from the fluorenone defects.

The absorption and PL emission spectra of“ldl solutions

of BFF in moderately polar toluene and highly polar acetonitrile
are shown in Figure 6a. The absorption spectra are identical in
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Figure 5. Normalized PL emission spectra of polymer solutions in A ) . )
toluene at different concentrations under 380-nm excitation: (a) PHF, and 10 M toluene solutions. We identify two or three sharp
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Figure 6. (a) Absorption and PL emission spectra of 1M solution

of BFF in toluene and acetonitrile. The excitation wavelength was 450
nm. (b) Normalized PL emission spectra of BFF in toluene at different
concentrations under 350-nm excitation.

copolymers, as expected. However, the transition at 450 nm is
observed in the absorption spectra of BFF and the fluorenone
copolymers, implying that it is independent of chain length. This
observation is consistent with theoretical results, showing that
the energy of the S(n—x*) state in all fluorenone-containing
oligofluorenes is fixed2 The PL emission spectra of BFF on
selective excitation at 450 nm show a broad emission band with
maxima at 535 nm in toluene, which is exactly the same as the
emission spectra of the fluorenone copolymers in toluene
previously shown in Figure 4b. However, the PL emission
maximum of BFF in acetonitrile is red-shifted by 35 nm, to
570 nm, indicating a strong polar character of the excited-state
species due to the presence of the carbonyl bridge in the
fluorenone moiety.

Similar to the concentration-dependent PL spectra of the
fluorenone copolymers in solution, we investigated the PL
emission of BFF in solution at three different concentrations to
probe the effects of intermolecular interactions. The PL emission
spectra of BFF for 350-nm excitation, normalized relative to
the blue peak at 393 nm, are shown in Figure 6b fors1004,

vibronic peaks below 440 nm, which are reminiscent of typical
small molecule monomer emission specéffalhe green emis-

both solvents, with two peaks at 352 and 311 nm, in addition sion band at 535 nm steadily grows as the solution concentration
to a broad band at 450 nm. Comparing these experimentalincreases, finally becoming 1.5 times greater than the intensity
spectra to previous theoretical results, the transition at 352 nmof the blue band at 393 nm in the M solution. This indicates
probably corresponds to the singlet statg &hd the peak at
450 nm corresponds to the $h—x*) state because it has a
very low oscillator strengthe(~ 250 M~ cm™1).72 Compared
to the absorption spectra of the fluoreneffieorene copolymers
in solution (Figure 4a), the absorption maxima of BFF at 352 generally low (19% for 10° M toluene solution), as expected
nm is blue-shifted from the 382 nm value observed in the for small aromatic ketone’$¢ These results confirm that the

that there is a clear role of intermolecular interactions in the
evolution of the green band in BFF, similar to the emission of
fluorenone copolymer solutions. In addition, the PL quantum
yields decrease as the BFF concentration increases and are
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trimer model compound BFF is an excellent model of the
chromophore that causes the green emission in the fluorenone
copolymers. The discussion so far has dealt with solution
photophysics from which we have ruled out the possibility that
the green emission band originates from aggregates. To decide
whether the emission is from a single-chain or interchain species,
we now discuss the photophysics in the solid state where the
degree of interchain interactions is at its maximum.

Steady-State Photophysics in Solid StateThe optical
absorption spectra of thin films of PHF and the fluorenone
copolymers are shown in Figure 7a. The absorption maxima of
all the polymers are located at 3821 nm, almost identical to
that in dilute solution (Figure 4a), and correspond to the singlet
w—s* transition of the polyfluorene backbone. With an increase TGS nagg.,
in fluorenpne content fr.om 1-FO to 10-FO, there is a slight 250 300 350 400 450 500 550 600
increase in the absorption feature~a450 nm. This is to be Wavelength [nm]
compared to the growth in the 450-nm absorption band of the 1.2
copolymers in 10* M toluene (see inset of Figure 4a). This [ (b)
absorption band is associated with the fluorenone moiety and i
is weak because of the low concentration of fluorenones in the
copolymers and the low oscillator strength of the first two singlet
transitions of fluorenoné&

The PL emission spectra of the polymer thin films, normalized
relative to the dominant green emission band, are shown in
Figure 7b for 380-nm excitation. The PHF spectrum shows pure
blue emission with two vibronic peaks at 428 and 449 nm and
is slightly red-shifted compared to its dilute solution PL
spectrum. On the other hand, all fluorenone copolymer thin films
emit green light, with dominant emission bands centered at
534—-546 nm. The blue emission is substantially quenched and  ;
is steadily decreased as the fluorenone content in the copolymers 0 H===c -
increased. With just 1 mol % of fluorenone (1-FO), the blue 400 450 500 550 600 650 700 750
band is already quenched, such that it is only 20% of the Wavelength [nm]
intensity of the green band, whereas the blue emission is barely 7 o ]
discernible in the emission spectrum of 10-FO thin film. Besides, fo\
the PL maxima of the green emission band progressively red- 60 |- AN ]
shifts from 534 nm to 539 nm to 542 nm to 546 nm for 1-FO,
3-FO, 5-FO, and 10-FO thin films, respectively. It was shown
that, compared to pure oligofluorenes, the energy ofither*
transition is lower in the oligofluorenes that contain fluorenone
units’21t was thus proposed that the green emission band from
that transition would shift to longer wavelengths as the number .
of fluorenone units on the polyfluorene chains increddesich 20 | ! NN ]
explains the red-shift in the emission maxima that is observed
experimentally here. These thin-film emission spectra are quite 10 |
similar to the previously discussed dilute solution emission
spectra of fluorenone-containing polyfluorenes. As the degree
of intermolecular interactions increases in going from dilute
solution to thin film, the green emission becomes dominant,
relative to the blue. Such dominant green emission has beenFigure 7. (a) Normalized absorption spectra of thin films of PHF and
reported for fluorenone-containing polyfluoreffeand poly- fluorenone copolymers. (b) PL emission spectra of thin polymer films,

. . normalized relative to their respective dominant peak. (c) PL emission
(fluorenyleneethynylene)s and explained as being due to spectra of fluorenone copolymer thin films, normalized relative to the

efficient energy transfer to the lower-energy fluorenone sites. pjye emission at 424 nm, as indicated by the arrow. The excitation
Figure 7c shows the PL emission spectra of the fluorenone wavelength was 380 nm.

copolymer thin films, normalized relative to the blue peak at

424 nm. The ratio of green:blue emission is 5:1, 18:1, 35:1, it would be predominantly one-dimensional in dilute solutions.

and 70:1, for 1-FO, 3-FO, 5-FO, and 10-FO, respectively. It is Thus, the green emission is less intense than the blue emission

interesting that the intensity of the green emission scales almostin all dilute fluorenone copolymer solutions, as previously shown

linearly with the amount of fluorenone incorporated in the in Figure 4b, whereas in all copolymer thin films, the green

copolymers. As the number of lower-energy fluorenone traps emission is the dominant one.

on the polyfluorene backbone increases, the probability of Time-Resolved Photoluminescence Decay DynamicAll

exciton localization and radiative recombination on those traps the results from steady-state PL emission spectra discussed so

increases. The exciton diffusion to the fluorenone traps would far suggest that the green emission from the fluorenone sites in

be a three-dimensional process in copolymer thin films, whereasthe copolymers is not an aggregate emission and that intermo-
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TABLE 2: Fluorescence Decay Parameters and
Fluorescence Quantum Yields of the Polymers and Model
Compound in 106 M Toluene Solutions
Z compound Aexc(NMP  Aem(NMP 7 (NS  x2  DW! ¢ (%)
c
b PHF 381 416 0.357 1.008 1.733 100
£ PHF 381 535 4819 0.962 2.435
(1)
- 1-FO 381 416 0.372 1.253 1.753 98
= 1-FO 381 535 5.186 1.092 2.227
§ 3-FO 381 416 0.353 1.058 1.758 77
£ 3-FO 381 535 510 1.153 1.738
5-FO 381 416 0.373 1.054 1.947 47
5-FO 381 535 5.22 0.832 2.176
- 10-FO 381 416 0.239 1.101 2.051 29
25 30 35 40 45 50 10-FO 381 535 5.017 0.956 2.114
. Time [ns] BFF 358 390 1101 0970 2082 ,q
‘ e BFF 358 535 5981 1.002 1.868
(e}
2| o o ] a Excitation wavelength? Monitored emission wavelengthFluo-
6 oo Af %, ° o rescence lifetime extracted from the single-exponential fiBurbin—
1E s 000 0T 3%, o O & oo Watson parameter for the fits.
2 TP BT 0% Reo oo o 0%
_§ E%o@@cc% RO ° % o 88> 0%0 0%9"0 TABLE 3: Fluorescence Decay Parameters of the Polymer
@ i e 000 Lo $0 5 o omPe0 O g0 Thin Films
° o 0 %o 0 o o
|« 1 _Oo %0;00§o@%0 "OO"O;O 000 8.0 %"0 Og: compound  Aexc (NMP  Aem(nmP 7 (ns¥ a Dwd
06 T T o2 8% B T ¢ ol PHF 381 428 0405 2423 0.890
2| ° ] 1-FO 381 424 0.362 0.887 2.213
° o 1-FO 381 534 6.751 1.124  1.855
-3 ' ' ‘ ' 3-FO 381 424 0.677 0.922 2.041
25 30 35 40 45 50
Time [ns] 3-FO 381 539 6.305 1.104 1.942
5-FO 381 424 0.423 1.082 1.812
Figure 8. (a) Fluorescence decay curves of the blue and green emission  5-FO 381 542 5.497 1.21 2.278
peaks of 5-FO in 1€ M toluene solution with 381-nm excitation. Open 10-FO 381 546 4718 1072 1091

symbols represent the actual data and the solid lines are single-
exponential fits to the data. (b) Plot of weighted residuals for the fit a Excitation wavelength® Monitored emission wavelengthFluo-
corresponding to the 535-nm decay curve. rescence lifetime extracted from the single-exponential iBurbin—
Watson parameter for the fits.
lecular interactions significantly enhance it. To further shed light
on the nature of the emission from fluorenone-containing compound BFF in acetonitrile was also red-shifted to 570 nm,
polymers, we have investigated the fluorescence decays of thecompared to 535 nm in toluene (Figure 6a), indicative of a
PL emission bands in solutions and thin films of the copolymers strongly polar emissive excited state, associated with the
and the model compound BFF. Single exponential fits to the carbonyl bridge of the fluorenone ring. In toluene solution, the
decays would indicate only one emitting monomeric species, lifetime of the blue emission of BFF was 1.1 ns, whereas the
whereas multiexponential decays would imply complex kinetics lifetime of the 535-nm green band was 6 ns (Table 2). However,
of monomeric species and excimer or aggregated compléxes. in acetonitrile, the lifetime of the green emission of BFF was
In dilute solution (10% M), the decay of the blue emission at  shortened to 3 ns (not shown in Table 2), whereas the lifetime
416 nm was found to be single exponential with typically short of the blue band was similar to that in toluene. The PL quantum
lifetimes of <400 ps for all the polymers, suggesting that the Yyield of BFF in acetonitrile was approximately half of the 19%
emission comes from singlet intrachain excitons, as previously observed in toluene. From the PL decay dynamics of all
found for polyfluorene homopolymefP<On the other hand, the  copolymers and the model compound in dilute solution, we thus
green emission at 535 nm for all fluorenone copolymers had a conclude that the green emission band in the fluorenone
much longer lifetime of~5 ns and was also best described by copolymers originates from the fluorenone units contained on
a single exponential. Representative decay curves of 5-FO insingle polymer chains.
toluene (10% M), with the corresponding exponential fits, are The PL decay dynamics in thin films of these fluorenone-
shown in Figure 8a, along with the plot of weighted residuals containing polymers are especially relevant, because the prob-
for the fit (Figure 8b). A summary of the time-resolved PL decay ability of excimer formation, if any, is highest in the solid state,
parameters in dilute solution is presented in Table 2. compared to dilute solution. Surprisingly, a very similar trend
The observed long lifetimes of the green emission band in in lifetimes was also observed for the thin-film emission of the
the copolymers are similar to those previously reported for the materials, as summarized in Table 3. The blue emission at 424
9-fluorenone molecul& However, there is debate in the nm was short-lived, with a lifetime o&700 ps, and single
fluorenone photophysics literature regarding the nature of the exponential, whereas the green emission had a much longer
PL emission, because the photophysics of fluorenone is lifetime. The lifetime of the green emission band was 6.75, 6.30,
extremely sensitive to the polarity of the solvent, because of 5.50, and 4.72 ns for 1-FO, 3-FO, 5-FO, and 10-FO, respec-
the carbonyl bridgé? The PL emission of 9-fluorenone varies tively. More importantly, the decay of the green emission was
from 490 nm in nonpolar toluene to 520 nm in polar acetonitrile, a single exponential in all fluorenone copolymers, implying the
with relatively long single-exponential lifetimes of 3.0 and 18.7 presence of only one type of emitting species, which would
ns, respectively?PcWe note that the PL emission of the model not be expected for typical excimer emission in thin filfis.
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The similarity of the lifetimes of the copolymer emission in the polymer chains can adopt different conformations and
solution and thin film to those of BFF suggests that BFF is a possess certain rotational freeddtlin dilute solutions
good representation of the actual chromophore responsible for(10-’—1076 M), one can envisage isolated chains with very
the green emission in the copolymers. Furthermore, the single-limited collisions between them, and thus the energy migration
exponential PL decay of the 535-nm emission and the similarity would be one-dimensional by means of “loop” transfer or “non-
of the PL lifetimes of fluorenone copolymers to BFF suggest nearest neighbor” transférto the keto defects, with very little
that the green emission originates from on-chain monomeric contribution from interchain energy transfer. In more concen-
fluorenone defects, rather than intermolecular excimers of trated solutions (10* M), the number of chain collisions would
fluorenone. increase and interchain energy transfer would contribute to the

We note that there have been debatable reports on excimeiexcitons localized on fluorenone defects. Hence, we see a steady
emission from the 9-fluorenone molecule itself in concentrated increase in the green emission at 535 nm with increase in
solutionst2efEmission from 9-fluorenone excimers, presumably solution concentration for all copolymers (Figure 5) and the
formed by a triplet-triplet annihilation process, was propo3ét. oligomer BFF (Figure 6b). This is similar to the common
However, the reported “monomer” lifetimes of 10.36 and 9.66 “antenna effect” in energy migration studies in polymérsith
ns in benzene and acetonitrile, respectively, and “excimer” @ small number of low-energy traps on the chains. In the case
lifetimes of 4.90 and 8.83 ns, respectively, do not agree with of the oligomer BFF in solution, one may argue whether
the widely accepted fluorescence lifetimes (3:00.2 ns in intermolecular interactions would be as strong as those in the
toluene and 18.2 0.7 ns in acetonitrile) of 9-fluorenorid?:c long-chain polymers. However, given the smaller size of the
The hypothesis for intermolecular excimer origin of the green oligomer, it would have a much higher diffusion coefficient in
emission band in fluorenone-containing polyfluorenes was basedsolution than the polymer, leading to increased molecular
on the prior reports of excimer emission in 9-fluorenone solu- collisions among BFF molecules and making collisional energy
tions® In addition to prior evidence against excimer formation transfer more dominant. In addition, the lifetime of the singlet
in 9-fluorenone solutions, our results rule out excimers as the exciton on the fluorene unit (390-nm emission) in BFF at 1.1
origin of the 535-nm emission band in BFF, which is the more ns is much longer, compared to the corresponding lifetimes of
relevant model compound for fluorenone-containing polyfluo- <400 ps in the polymers (Table 2). Thus, within the lifetime
renes. Regarding the controversy over the origin of the additional of the exciton, the probability of excitation transfer from one
green band in blue-emitting polyfluorersecent reports claim  BFF molecule to the fluorenone unit on another molecule during
that it is a single-chain defect emission from the fluorenone their frequent collisions is much higher. Hence, as the solution
moieties and not an aggregate or excimer emis&ichiHow- concentration of BFF increases, we see a progressive increase
ever, to the best of our knowledge, systematic analysis of the in the green emission band at 535 nm (see Figure 6b).
PL decay dynamics of model fluorenone-incorporated copoly-  In the solid state, interchain interactions are at their greatest
mers and a suitable model compound has been lacking so farwhereas the rotational freedom of polymer chains is greatly
Therefore, the present detailed fluorescence lifetime data providereduced. Thus, now the energy funneling occurs in all three
crucial evidence in support of the single-chain fluorenone defect dimension$? and the exciton diffusion to the fluorenone sites
emission hypothesis and against the intermolecular excimeris enhanced by the increased interchain interactions. Thus, the
model of the green emission band. dominant emission in thin films of the fluorenone copolymers

Effects of Intermolecular Interactions on the Green is green instead of blue, unlike in solution where both the blue
Emission. Based on all the results discussed so far, we have and green emission are observed (Figure 7b). We note that,
concluded that the controversial green emission band in poly- although the 535-nm green emission band in the PL and EL
fluorenes is not due to aggregates or excimers, but is an emissiorspectra of polyfluorenes is significantly enhanced by the strong
from fluorenone moieties on single polymer chains. The intermolecular interactions in thin films, this should not be
effective chromophore that causes the 535-nm emission bandinterpreted as evidence of intermolecular aggregate or excimer
is a trimer oligofluorene with a middle fluorenone ring, i.e., emission. The enhancement can be fully understood in terms
BFF. The combination of our observations of the green emission of the more efficient excitation energy transfer from fluorene
band in dilute solutions of the fluorenone-containing copolymers segments to fluorenone moieties in the solid state.
and oligomer, the single-exponential description of the PL decay ~ Given that several prior approaches to stabilize the blue
dynamics of solutions and thin films, and the similarity of the emission from polyfluorenes were premised on eliminating
fluorescence lifetimes of the copolymers to that of the trimer aggregate or excimer emission by reducing intermolecular
oligofluorene (BFF) and 9-fluorenone provide definite evidence interactions, our present results and conclusions about the green
for the hypothesis that the green emission originates from emission band raise questions about the underlying mechanisms
fluorenone defects on single chains of polyfluorenes. of those approaches. Dendronizafiband addition of bulky

We now discuss the reasons why efficient green emission is side group®° have been shown to successfully stabilize the
obtained from the copolymers that contain such small fractions blue emission of polyfluorenes by effectively reducing interchain
of fluorenone moieties. Previous theoretical studies of fluo- interactions. We have also previously shown that stable blue
renone-containing oligofluorenes proposed efficient Forster LEDs can be obtained from binary blends of poly(9,9-dio-
energy transfer to the fluorenone defects and strong exciton ctylfluorene) with either polystyrene or poly(vinyldiphenylquin-
confinement on the fluorenone moieties, because of their lower- oline) (PVQ)>* Although dendronization and blending can result
lying energy levels, compared to fluorene segmértficient in a reduction in excitation energy transfer éwistinggreen-
funneling of excitation energy from the high-energy fluorene emitting fluorenone sites, they would not completely eliminate
segments to the low-energy fluorenone defects results fromthe green emission band, which is present even in dilute
energy migration by hopping of excitations along a single solutions of our fluorenone-containing polyfluorenes. To the
polymer chain until they are trapped on the fluorenone defects extent that dendronization, the addition of bulky side groups,
on that chain or transferred onto neighboring chains by Forster- blending, or any other method has successfully eliminated the
type interchain energy transfer process. In the solution state,green emission band while stabilizing the blue emission in
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Figure 9. Normalized EL spectra of single-layer LEDs of the type ITO/PEDOT/polymer/Al: (a) PHF, (b) 1-FO, (c) 3-FO, (d) 5-FO, and (e)
10-FO.

polyfluorenes, it must be via the prevention of the photo-/electro- oxide (ITO) anode, coated with a film of poly(3,4-ethylene-
oxidation that produces the fluorenone defects. The detailed dioxythiophene) doped with poly(styrenesulfonate) (PEDOT),
mechanism of how fluorenone defects are formed in polyfluo- and aluminum cathode. The EL spectra, normalized relative to
rene chains is not currently understood. Calcium-catalyzed the blue emission band, of such single-layer of PHF homopoly-
electro-oxidation, which creates fluorenone defects in polyfluo- mer and the fluorenone copolymers are shown in Figure 9. The
rene devices with a calcium cathode, was recently propsed. pure blue emission of PHF is shown in Figure 9a, where the
However, the broad green emission and, hence, fluorenonespectra are normalized relative to the 427-nm peak. At the lower
defects are known in devices with aluminum catho@éstc voltages (4.5 and 5.5 V), the EL spectra of PHF diodes show
ElectroluminescenceThe electroluminescence (EL) proper- two clear peaks at 427 and 448 nm, similar to the thin-film PL
ties of the fluorenone copolymers were investigated using single- emission spectra. The clear vibronic peak at 448 nm becomes
layer light-emitting diodes (LEDs) comprised of indium-tin a weak shoulder at higher voltages. The EL spectra of all the
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fluorenone copolymers show a very distinct evolution with
increasing applied voltage. The EL spectra of 1-FO shown in
Figure 9b have two main bands: one at 424 nm and the other
at 532 nm. There is a clear indication of an increase in the green
peak at~532 nm with increasing bias voltage or electric field.
At the 6.0 V turn-on voltage, the intensity of the green peak
(532 nm) and blue peak (424 nm) are equal. At 13.0 V, the
green peak is-5 times as intense as the blue peak and closely
matches the thin-film PL emission (Figure 7c¢). A similar trend
is observed in the EL spectra of the other copolymers, as shown
in parts c-e of Figure 9. In the thin-film PL emission of 3-FO, o,
the green peak at 535 nm 4818 times more intense than the 0¢ «««<«««««<«««&2242/24’22&2’2’222’21/1<<~“‘
blue peak (Figure 7c). Figure 9c shows that, at lower voltages, o 05 1 15 2 25 3
. - . Electric Field [ 10° Viem]
the green peak is not very intense, whereas at the higher
voltages, the green peak become36 times more intense than
the blue peak at 423 nm. The 5-FO thin-film PL spectrum has 3000 |
a green emission band that is 35 times more intense than the
blue emission band (Figure 7c), whereas the EL spectra of 5-FO
at higher voltages have a much more dominant contribution from
the green band. In the EL spectra of 10-FO, the blue emission
is almost completely quenched, whereas the green peak grows
with applied bias. Note that all the spectra shown in Figure 9
for each polymer are for the same active pixel; however, exactly
similar results were obtained for freshly turned-on pixels at each
applied voltage.

The spectral evolution in the EL spectra of the fluorenone
copolymers (Figure 9) is quite interesting. In all copolymers, Voltage [V]
we observed a progressive increase in the green emission bandgigure 10. (a) Current densityelectric field characteristics of polymer
relative to the blue band, as the strength of the electric fields LEDs. (b) Luminancevoltage characteristics of the devices in Figure
increased. The formation of additional keto defects in the 10a the inset shows a schematic of the device.
quor_enone—quorene copolymers is a pc_)ssible scenario m OUr TABLE 4: Device Characteristics of ITO/PEDOT/Polymer/
studies, because all our device fabrication and characterizationa| Light-Emitting Diodes (LEDs)

PHF
1FO
3FO
5FO
300 | 10FO

a

o

o
T

N
o
=]
N L e

Current Density [mAIcmz]

PHF
1FO

° by
° A
s 3F0 o f
A 5FO a
© 10FO Y
A

Luminance [cdlmz]
)
1=}
(=]
1=

20I

steps were performed in air and our devices were not sealed to current density_brightness
protect them from ambient moisture and/or oxygen. However, ovmer voltage (V)  (mA/cr) (cdim®)  EQE (%}
in the case of 1-FO (Figure 9b), the intensity of the green
. . . . PHF 8.4 500 280 0.07
emission band is only 5 times higher than that of the blue 1o 12.0 500 2680 0.16
emission band, even at the maximum operating voltage of 13.0 3-FO 16.3 500 3340 0.19
V. This is exactly what was observed in the thin-film PL ~ 5-FO 17.0 500 1600 0.10
10-FO 13.0 500 2360 0.15

emission. Therefore, the observed increase in the green emission
with bias voltage cannot be related to the generation of 2External quantum efficiency, calculated at the given drive voltage,
additional keto defects in the 1-FO copolymer during device current density, and corresponding brightness.

operation. A likely explanation is the variation in charge pigher tum-on electric field in the copolymer diodes, compared
recombination kinetics with applied voltage. Apparently, with ,"pHE giodes, is to be expected, because fluorenone moieties
increasing voltage, more charge recombination occurs on theqre known to act as electron traps on the polyfluorene chains,
fluorenone traps responsible for the green emission, compared,; g thus charge recombination will be delayed, compared to
to the fluorene segments that emit blue light. It was proposed nat observed with PHFE. The current passing through the
recently that the charge recombination kinetics for the blue conolymer devices is much lower than that through the PHF
emission from the fluorene segments and green emission ffoMgeyice for the same electric field, suggesting that there is better
the keto defects is dependent on the electric fiéld.the case  charge recombination efficiency in the copolymers. In addition,
of 3-FO, 5-FO, and 10-FO, the green emission in their EL iS the decrease in current density from 1-FO to 10-FO suggests
more intense than in their PL, at the higher applied voltages pigher charge trapping with increasing fluorenone content in
(Figure 9). The green emission band from the fluorenone the copolymers. Figure 10b shows the variation in brightness
moieties is known to be stronger in EL than in PL, because of 4t the LEDs as a function of applied voltage. The PHF
charge carrier trapping on the keto defects, in addition to the homopolymer LED has a brightness of 280 cé/and an
exciton energy transfer to the defebtsAs the fluorenone  external quantum efficiency of 0.07% at 8.4 V with a current
content in the copolymers increases, there would be increasedyensity of 500 mA/crd The brightness of all the copolymer
charge trapping on such fluorenone defects, leading to pro-| Eps is much higher than that of the PHF diode. The brightness
nounced green emission in EL. This explains the intense greenyas 2680, 3340, 1600, and 2360 cd/far the 1-FO, 3-FO,
emission band at the higher voltages in diodes made from 3-FO,5.FO, and 10-FO diodes, respectively. The corresponding

5-FO, and 10-FO. external quantum efficiencies were 0.16%19% and, thus,
The current densityelectric field and luminancevoltage also varied with fluorenone content. The EL device character-

characteristics of the LEDs are shown in Figure 10. The turn- istics are summarized in Table 4.

on electric field for PHF diode is-1.3 MV/cm, whereas that The variation in luminance and external quantum efficiency

for the copolymers is slightly higher, atl.6—1.8 MV/cm. The of the single-layer LEDs with fluorenone content in the
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10* : . 1 in conjunction with the PL decay dynamics of all fluorenone-
containing copolymers and oligomer allow us to conclude that
the controversial 535-nm green emission of the polyfluorenes
originates from the fluorenone defects in single-chain polymers,
definitively ruling out interchain aggregate or excimer emission.
The observed strong effect of intermolecular interactions on the
intensity of the green emission was explained as being due to
increased energy transfer efficiency in populating the fluorenone
traps. Our results also suggest that some of the current methods
of stabilizing the blue emission of polyfluorenes, such as
dendronization and blending, likely impede the oxidation process
that forms the fluorenone defects. Bright green electrolumines-
0 2 4 6 8 10 cence (EL) was achieved from single-layer copolymer light-
Fluorenone content [mol %] emitting diodes (LEDs), with brightness levels in the range of

. . . . 1600-3340 cd/m. Enhanced LED performance, compared to
Figure 11. Semilogarithmic plot of external quantum efficiency and . !
luminance of single-layer LEDs versus fluorenone content in the POIY(9,9-dihexylfluorene) (PHF) LEDs, was obtained as a result
polyfluorene. of improved electron injection and transport in the copolymers
due to the presence of electron-deficient fluorenone moieties.

copolymer is shown in Figure 11. Although PHF has a high These results suggest that the fluorenefigorene copolymers
PL quantum yield, the EL brightness is much lower than the are robust green electroluminescent materials for LEDs.
fluorenone copolymers, because of an imbalance in charge

carrier injection and transport. These factors are significantly Experimental Section

enhanced in the fluorenone copolymers, leading to the much
improved brightness (an enhancement-@—12 times) in the
copolymer LEDs, compared to the PHF diodes. The improved
luminance and external quantum efficiency result from the better
charge recombination efficiency and radiative decay in the
fluorenone copolymers, where the fluorenone moieties act as
electron traps and radiative decay sites on the polyfluorene
chains. We note that an electron affinity as high as 3.3 eV has
been reported for polyfluorenodgwhich suggests that electron
injection and transport would be much improved in the fluor-
enone copolymers. In addition, efficient Forster energy transfer
from the high-energy fluorene segments to the low-energy o
fluorenone sites leads to strong radiative recombination on the
fluorenone defects. However, among the fluorenone copolymers

_
o
w

Maximum Luminance [cdlmz]

[0/%] Aouaio1y3 wnjuenp jeusa)xy

Characterization. The TGA and DSC thermograms were
obtained (TA Instruments, models Q50 TGA and Q100 DSC,
respectively) in nitrogen at heating rates of 20 and@0nin,
respectively.'H NMR spectra were taken at 300 MHz on a
Bruker model AF301 spectrometer. GPC analysis of the
polymers was performed on a Waters gel permeation chromato-
graph with Shodex gel columns and Waters model 150 C
refractive index detectors at 3€ with a THF flow rate of 0.5
mL/min. The molecular weight measurement was calibrated with
polystyrene standards.

Optical Absorption and Photoluminescence Spectroscopy.
ptical absorption spectra were recorded using a Perkin-Elmer
model Lambda 900 UV/vis/near-IR spectrophotometer. Solution
. 'spectroscopy was performed in quartz cuvettes with a path
the best LED performance was obtained from 3-FO, as shown length of 1 cm. Steady-state PL studies were conducted on a

in Figure 11. These results suggest that the fluorenéinerene Photon Technology International (PTI), Inc. model QM-2001-4
copolymers are very good candidates as robust green electrolu- . . .

. . spectrofluorimeter. In solution, the PL emission was detected
minescent materials for LEDs.

) . in the right-angle geometry, to minimize self-absorption effects.
Interestingly, although the presence of keto defects in elec- g geg y P

trolumi A | invl | h | Thin films were positioned at an angle o22°, with respect

;ﬁeunn;;gﬁzsﬁ\r;leigsr:qie\;:g%/:;?hg?umggssczl:&e :rsl d “:2 )(;(etri to the excitation beam, with emission detector fixed &t 946th
N, respect to the excitation light. Thin films for optical absorption

mental to LEDSY” keto defects and thus fluorenone moieties P 9 P P

in th VAl { fficient t emitters in devi and PL measurements were spin-coated on glass slides from
In the polyliuorenes act as efiicient guest emitters In devices, 4, ,ane solutions of polymers. All the films were dried at 60
albeit at a different color. Given that the single-layer LEDs

. . . . . °C, typically overnight under vacuum, to remove any residual
with aluminum cathodes are very basic with no additional ypicaly 9 y

X . solvent. The PL quantum yields in solution were estimated usin
charge-transporting layers or blend components, we believe that q y 9

n . vie .
the brightness and efficiency achievable with the fluorenone %10 M solution of 9,10-diphenylanthracene in toluene as a

S . - standard ¢p. = 93%)18 Corrections for refractive indices of
copolymers can be significantly improved by optimizing the solvents were made as needed
device geometry. ’

Time-Resolved Photoluminescence Decay Dynamidduo-
rescence decays were measured on a PTI model QM-2001-4
spectrofluorimeter that was equipped with a Strobe Lifetime

We have synthesized a series of four statistical copolymers upgrade. The instrument utilizes a nanosecond flash lamp as
of 9,9-dihexylfluorene and 9-fluorenone that contain 1%, 3%, an excitation source and a stroboscopic detection system. All
5%, and 10% fluorenone by Suzuki coupling polymerization measurements were performed at room temperature. The decay
and used them as model systems to investigate the photophysicsurves were analyzed using a multiexponential fitting software
and the origin of the green emission in polyfluorenes. Of package that was provided by the manufacturer. Redyéed
particular significance is the oligofluorene trimer 2,7-bis{29 - values, Durbir-Watson parameters, and weighted residuals
dihexylfluorenyl)-9-fluorenone (BFF), which is also synthesized were used as the goodness-of-fit criteria.
by Suzuki coupling, whose solution photophysics simulates the  Fabrication and Characterization of Light-Emitting Di-
green emission properties of the fluorenone-containing poly- odes.All the polymer LEDs were fabricated as single-layer
fluorenes and, thus, is an excellent model of the active green-sandwich structures between aluminum cathodes and irdium
emitting chromophore in polyfluorenes. Our steady-state PL datatin oxide (ITO) anodes. ITO-coated glass substrates (Delta

Conclusions
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Technologies Ltd., Stillwater, MNRs = 8—12 Q/00) were yellow copolymer (0.57 g, 87% yield) was obtainédl. NMR
cleaned sequentially in ultrasonic baths of detergent, a mixture (TMS, CDCBk), 6 (ppm): 7.83 (m, 2H), 7.67 (m, 4H), 2.11 (4H,
of 2-propanol/deionized water (1:1 volume), toluene, deionized 2CH,), 1.14 (b, 12H, 6CH), 0.79 (b, 10H, 2CH 2CH,).
water, and acetone. A 75-nm-thick hole injection layer of poly- FT-IR (KBr), v (cm™1): 2954, 2927, 2856, 1457, 812. GPC
(ethylenedioxythiophene) doped with poly(styrenesulfonate) (THF, PSt standard)M, = 2.17 x 10%, My/M,, = 2.26.
(PEDOT) was coated on top of the ITO and dried at 20Gor 5-FO Copolymer. The molar ratio among 9,9-dihexylfluo-
15 min under vacuum. Solutions of the polymers-{D mg/ rene-2,7-bis(trimethyleneboronate) (502.3 mg, 1 mmol), 2,7-
mL in toluene) were filtered through 02n GHP Acrodisc dibromofluorenone (33.8 mg, 0.10 mmol), and 2,7-dibromo-
syringe filters (Pall Gelman Laboratory) before spin coating. 9,9-dihexylfluorene (443.1 mg, 0.90 mmol) was 100/10/90. A
Thin films of the polymers were spin-coated onto the PEDOT yellow copolymer (0.59 g, 91% yield) was obtainéd. NMR
layer and dried at 60C overnight under vacuum to remove (TMS, CDCk), 0 (ppm): 8.03 (very weak), 7.83 (m, 2H), 7.67
residual solvent. Depending on the processing conditions, the(m, 4H), 2.11 (4H, 2CH), 1.14 (b, 12H, 6Ck), 0.79 (b, 10H,
film thicknesses obtained were in the range of%0 nm and 2CHs, 2CHp). FT-IR (KBr), v (cm™1): 2954, 2927, 2856, 1719
were measured by an Alpha-Step 500 surface profiler (KLA (C=0), 1608, 1457, 813. GPC (THF, PSt standand);, = 3.64
Tencor, Mountain View, CA). Finally, the top contacts of £30 x 104, Myw/M, = 3.39.

150-nm aluminum cathodes were thermally evaporated through 10-.Fo Copolymer. The molar ratio among 9,9-dihexylfluo-
a shadow mask onto the polymer films, using an Auto 306 rene-2 7-bis(trimethyleneboronate), 2,7-dibromofluorenone (67.6
vacuum coater (BOC Edwards, Wilmington, MA), and typical mg, 0.20 mmol), and 2,7-dibromo-9,9-dihexylfluorene (393.9
evaporations were performed at base pressures2ok 10°° mg, 0.80 mmol) was 100/20/80. A yellow copolymer (0.60 g,
Torr. The active area of each EL device defined by the size of ggoy yield) was obtainedH NMR (TMS, CDCL), 6 (ppm):
the aluminum contacts was 0.2 &nEL spectra were obtained g g3 (weak), 7.83 (m, 2H), 7.67 (m, 4H), 2.11 (4H, 2¢H..14
using a PTI QM-2001-4 spectrophotometer. Currerdltage (b, 12H, 6CH), 0.79 (b, 10H, 2CK 2CH). FT-IR (KBr), v
characteristics of the LEDs were measured using a model (cmY): 2954, 2927, 2856, 1718 (D), 1608, 1457, 813. GPC
HP4155A semiconductor parameter analyzer (Yokogawa (THF, PSt standard)M,, = 3.35 x 10%, My/M, = 3.33.
Hewlett-Packard, Tokyo). The brightness was simultaneously = g4 o Copolymer. The molar ratio among 9,9-dihexylfluo-

me"’TS”fe" using a .model 3,70 optometer (UD_T Instruments, rene-2,7-bis(trimethyleneboronate) (502.3 mg, 1 mmol) and 2,7-
Baltimore, MD) equipped with a calibrated luminance sensor i,-omofluorenone (338 mg, 1 mmol) was 1/1. During the

head (model 211). The external quantum efficiencies were o\ merization, a brownish solid precipitated out of solution.
calculated as previously reportédAll the device fabrication .
S . 2-Bromo-9,9-dihexylfluorene.2-Bromofluorene (4.90 g, 20
and characterization steps were performed under ambient . : 4
mmol) was reacted with 1-bromohexane in a solution of

laboratory conditions. _ potassium hydroxide (4.49 g, 80 mmol) in dimethylsulfoxide
_ Ch_emlcals. 2,7-Dibromofluorene, 9,9-dihexylfluorene-2,7- (DMSO)/H,0 (50 mL/5 mL) at room temperature under argon
bis(trimethylene boronate), 2-bromofluorene, 1-bromohexane, for 12 1. The mixture was washed with water (100 mL2)

Aliquat 336, and tetrakis(triphenyl)phosphine palladium [Pd-  ang extracted with 100 mL of methylene chloride. The organic
(PPh)s] were purchased from Aldrich. The PHF homopolymer |ayer was dried over MgSQ The crude product was purified
was purchased from American Dye Source, Inc., and had apy flash chromatography (with hexane as the eluent) and gave
molecular weight ofMy = 45 000. High-purity high-perfor- 7703 g (859 yield) of liquid productH NMR (TMS, CDCE),
mance liquid chromatography (HPLC)-grade solvents from s (hom): 7.66 (m, 1H, ArH), 7.53 (d, 1H AH), 7.45 (m,
Fisher Scientific were used as received to make the polymer iy ar—H) 7.32 (d, 3H, Ar-H), 1.92 (m, 4H, CH), 1.04 (m,
solutions. 12H, Chb), 0.76 (t, 6H, CH), 0.59 (m, 4H, CHj).

General Polymerization Procedure for Poly(9,9-dihexyl- 9,9-Dihexylfluorenyl-2-boronic acid. To a solution of
fluoren-2,7-diyl-co-2,7-fluorenone). In a flask, 9,9-dihexyl- 2-bromo-9,9-dihexylfluorene (4.13 g, 10 mmol) in 50 mL of
fluorene-2,7-bis(trimethyleneboronate) (0.5023 g, 1 mmol), 2,7- THE 4t —78 °C, butyllithium (6 mL, 12 mmol, 2.0 M in
dibromofluoren_one and 2,7-dibromo-9,9-dihexylfluorene (total cyclohexane) was added dropwise. The mixture was stirred at
1.0 mmol), sodium carbonate (20 mmol, 2.12 g), and 0.05 g of —7g°C for 1 h, and then trimethyl boronate (1.35 mL, 12 mmol)
Aliquat 336 were dissolved in a mixture of toluene (15 mL) \yas added. The mixture was warmed to room temperature and
and water (10 mL) under argon. Pd(RRI{23 mg) was added.  stirred overnight. After hydrolysis by adding 50 mL of 2 M
The mixture was stirred for 48 h at 10€ and then washed  Hcj for 30 min, the organic layer was washed with brine and
with water (S0 mL). The copolymer was precipitated twice from  gried over MgSQ. The solvent was removed, and the residue
a methanol/HCI mixture (ratio of 100/1, v/v). was purified by flash column chromatography on a silica gel

1-FO Copolymer. The molar ratio among 9,9-dihexylfluo-  with a hexane/ethyl acetate mixture (ratio of 2/1) as the eluent,
rene-2,7-bis(trimethyleneboronate) (502.3 mg, 1.0 mmol), 2,7- to afford 2.3 g (61% yield) of white precipitatdd NMR (TMS,
dibromofluorenone (6.8 mg, 0.02 mmol), and 2,7-dibromo-9,9- CDCl), 6 (ppm): 8.31 (m, 1H, ArH), 8.22 (s, 1H), 7.89 (d,
dihexylfluorene (482.5 mg, 0.98 mmol) was 100/2/98. A light 1H), 7.81 (m, 1H), 7.38 (m, 3H), 2.05 (m, 4H), 0:97.22 (m,
yellow copolymer (0.58 g, 88% yield) was obtained after drying 12H), 0.77 (t, 6H, 2Ch), 0.68 (m, 4H).

in a vacuum oven at 68C. *H NMR (TMS, CDCE), 6 (ppm): 2,7-Bis(2-9',9-dihexylfluorenyl)-9-fluorenone (BFF). In a

7.83 (m, 2H), 7.67 (m, 4H), 2.11 (4H, 2GK 1.14 (b, 12H,  flask, 2,7-dibromofluorenone (0.169 g, 0.5 mmol), 9,9-dihexyl-
6CHp), 0.79 (b, 10H, 2Ch 2CH,). FT-IR (KBr), v (cm™): fluorene-2-boronic acid (0.946 g, 2.5 mmol), sodium carbonate
2954, 2927, 2856, 1457, 812. GPC (THF, PSt standalvty)= (20 mmol, 2.12 g) and 0.05 g of Aliquat 336 was dissolved in
2.76 x 10%, My/M,, = 2.68. a mixture of toluene (15 mL) and water (10 mL) under argon.

3-FO Copolymer. The molar ratio among 9,9-dihexylfluo-  Pd(PPh)4 (23 mg) was added. After stirring overnight at 100
rene-2,7-bis(trimethyleneboronate) (502.3 mg, 1 mmol), 2,7- °C, the mixture was extracted with methylene chloride (50 mL),
dibromofluorenone (20.3 mg, 0.06 mmol), and 2,7-dibromo- and washed with water (50 mL). The organic phase was dried
9,9-dihexylfluorene (462.8 mg, 0.94 mmol) was 100/6/94. A over anhydrous MgSQAfter removing the solvent, the residue
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was purified by silica gel chromatography with a ether /hexane Meghdadi, F.; List, E. J. W.; Leising, G. Am. Chem. SoQ001,123

mixture (ratio of 1/9, v/v). A red powder (0.40 g, 94% yield)
was obtained. IR (KBr pellet)y (cm™1): 2928, 2856, 1718
(C=0), 1604, 1448, 825, 740H NMR (CDCls), 6 (ppm): 8.03
(d, 2H, ArH), 7.84-7.72 (m, 6H, Ar-H), 7.65-7.60 (m, 6H,
Ar—H), 7.36 (m, 6H, Ar-H), 2.02 (m, 8H, CH), 1.07 (m, 24H,
CHy), 0.76 (t, 12H, CH), 0.68 (m, 8H).
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