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ABSTRACT: The formation of a ketone defect at the 9-site along the backbone of dialkyl polyfluorenes has
been shown to be directly involved in the degradation of the polymer’s emission from blue to an undesirable
green. Films of poly(9,9dihexylfluorene) (PFH) with and without ketone defects were annealed above their
liquid crystalline phase transition in an inert argon atmosphere, and their emission spectra were collected in order
to study the effect of morphology on the energy transfer to ketone defects. The annealing was performed in situ
in the fluorometer, allowing for a direct comparison of the absolute changes in the emission spectra. Annealing
of the films resulted in regions of highly aligned polymer chains as confirmed by atomic force microscopy. After
annealing, the fluorescence spectra of pristine films (without ketone defects) exhibited no green emission, indicating
the lack of thermal oxidation in the inert atmosphere. However, these films did show an increase in fluorescence
quantum vyield, revealing that high polymer order does not lead to interchain electronic species that quench the
excited states. Annealing of partially photobleached PFH films revealed that an increase in the polymer chain
order of a film containing a few defects resulted in an increase in green emission and decrease in blue without
the creation of further defects. The increase in green emission combined with the decreased blue can only be the
result of increased energy transfer from pristine chromophores to ketone sites, as the aligned polymer chains
increase exciton diffusion. PFH films containing defects that were annealed beneath the LC temperature of the
polymer did not result in any spectral changes, indicating that alignment of polymer chains was necessary for the
increased energy transfer to the defect sites.

Introduction claim that the intermolecular interactions are necessary for green
femissiorﬁ3 A recent electrochemical study has also found
another green emission band that is distinct from that observed
in the fluorene/fluorenone copolymer that is assigned to cross-
linked fluorenes* A clear understanding of the green emission

is further complicated by the role of morphology and energy

polymers: its high quantum yield and thermal stabtfitnake transfer and the quantification of the green emission. Most

it quite promising as an active material in optoelectronic devices. Studies have not examined film morphology, making a direct
Unfortunately, it has been observed that polyfluorene-based COMParison between the different studies difficult. Comparisons

LEDs degrade with use, producing an overall decrease in &€ a!so .complicated because guantificat!on of the green
emission intensity and undesirable red shift in wavelength €Mission is often done by comparing the ratio of the emission
toward a green emissidA: 15 While this low-energy emission ~ Peaked at 440 nm to that at 550 nm. Since the appearance of
band was initially believed to be from interchain species such the green emission coincides with a decrease in the blue, this
as aggregates or exciméfs1® others have presented evidence 'atio can often be misleading; thus, a better means of quantifying
that the emission was directly related to oxidative defects formed 9r€€n emission is to measure changes in both this ratio and the
along the polymer backbor®:27.29-32 Synthetic fluorene/ ~ absolute intensity.
fluorenone copolymers with fluorescence emission that matched In previous papers a combination of polarization near-field
that of degraded films further supported the relation between optical scanning microscopy (NSOM) and atomic force mi-
these ketone defects and green emisstofy. croscopy (AFM) were used to infer the degree of polymer

Yet there is still debate over the exact nature of this green order between poly(dialkylfluorenes) of varying side-chain
emission; Sims et al. proposed a new theory that an excimerlengthst”-35-37 The shorter side chain of poly(%8ihexylfluo-
between ketone defects was required for green emig&ibinis rene) (PFH) displayed a higher degree of order after annealing
new idea has ignited a fresh debate over the exact nature of theo its liquid crystalline (LC) temperature than the longer side
green peak, with recent papers testing the ketone excimer theorychain poly(9,9-dioctylfluorene) (PFO) more commonly seen in
Thorough examination of model fluorene/fluorenone oligomers the literature, so PFH has been the focus of these studies in
and single molecule studies of similar copolymers refute the order to show the greatest effect of intermolecular interaction
ketone excimer theory, demonstrating that a singular defect in with defect sites. In the previous measurements it appeared that
the presence of pristine chromophores is enough to produceincreasing the chain order led to an increase in green emission
green emissioR? 32 However, other papers that have studied that could be attributed to intermolecular interactiéf® 37
the photodegredation of PFO isolated between nanoparticlesThis was particularly the case in the PFHHowever, given

the dramatic changes that were observed, it is possible that some

* To whom correspondence should be addressed: e-mail davandenbout@®f the annealing in inert atmospheres may have, in fact, not
mail.utexas.edu, Ph 1(512) 232-2824, Fax 1(512) 471-8696. been completely free of oxygen or water vapor. It has been

Polyfluorenes (PFs) and their copolymers are one class o
semiconducting conjugated polymers that show promise for use
in various electronics such as light-emitting devices (LEDS),
photovoltaic$ 8 and field effect transistois° Polyfluorene in
particular is one of few available blue-emitting conjugated
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demonstrated that thermal annealing in the presence of oxygen
led to ketone defect8;therefore, it is possible that the annealing
led to changes in both film morphology and the number of ~
ketone defects. If this was the case, what then is the role, if
any, for film morphology? NSOM studies of pristine films not
subjected to thermal treatment also showed a trend in which
increased polymer order led to an increase in the green
emissiorg’” The effect of morphology cannot be discounted, as
intensive research and modeling on conjugated polymers has
shown the influence of film morphology on charge transport
within films, where polymer chain orientation can increase
charge transpof—4 Since ketone sites appear to behave as 0E+00
low-energy trapdy-32 increased transport within the film will 415 465 515 565 615
enhance their quenching effect. Whether increased ordered leads Wavelength (nm)
_to longer eX_C'ton diffusion distances is an open ques_,tlon. StUd'_eSFigure 1. Pristine PFH emission (solid line) and after annealing under
in PPV derivatives have shown that a reduction in energetic dried argon (dashed line). Both spectra normalized to the 426 nm blue
disorder improves exciton diffusion. However, there is a peak (inset) showing no increase in green emission.
simultaneous reduction in excited-state lifetifién annealed
MEH—PPV films this shortened lifetime has been attributed to the fluorometer using a home-built heat cell designed to be
interchain species that quench the excited state which forms aspurged with inert gas. In-situ data for a PFH thin film annealed
a result of increased ordering of the polymer chdfiBhe next under dried argon fo2 h are shown in Figure 1, exhibiting the
effect is that while ordering of the polymer may lead to increased structured blue emission characteristic of all poly(dialkylfluo-
exciton diffusion, the ordering may also lead to an increase in renes), with maxima at 426, 450, and 480 nm. Direct comparison
interchain species that shortened lifetime and reduce the netof the intensities of the emission before and after annealing
diffusion distance?® requires a correction for the absorbance of the film at the
In this paper, the role of morphology on the green emission excitation wavelength. Absorbance spectra taken before and after
in PFH will be examined by comparison of the emission from annealing (Supporting Information) showed a slight decrease
films before and after annealing to their liquid crystalline phase in overall absorbance after annealing, likely due to the film
transition temperature. In order to make a quantitative com- forming ordered domains that have polarized absorption. Once
parison, the annealing was performed in situ in the fluorometer the emission spectra were adjusted to account for the difference
so the samples could be probed under identical conditions andin the absorbance of the film at the excitation wavelength, the
film orientations. This was due to the sensitivity of the annealed emission was slightly higher than the pristine emission,
instrument, where small differences in topography, film thick- indicating a slight increase in the quantum yiel#)(upon
ness, or angle relative to the incident excitation beam have agnnealing, as has been reported previogskigure 1 (inset)
substantial effect on the fluorescence intensity. Great care wasshows the pristine and annealed spectra normalized to have the
taken to control the inert atmosphere for annealing to preventintensity at 426 nm. The two spectra are indistinguishable,
the oxidation of the films while heating. To study the role of jndicating no defects were created after prolonged annealing
morphology of films with ketone defects, films were photo- nder the inert atmosphere. The increase in quantum yield also
chemically bleached before annealing. The measurements allyjemonstrates that, unlike the PPV systems, an increase in
show that when carbonyl defects are initially present within the ,,41ymer order does not lead to interchain species that quench
polymer film, an increase in the alignment of the polymer chains e excited state. Rather, the annealing seems to remove some

led to an increase in the green emission, the result of increased,gnradiative decay paths, and the excited-state lifetime is
exciton diffusion to ketone sites, without the generation of gnnhanced.

further defects.
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For comparison, the effect of defects on polyfluorene emission
Results and Discussion was also examined in situ for films annealed in air. The emission
As has been shown previously in the literature, dialkyl SPectra, adjusted for the differences in the film’s absorbance at
polyfluorene films can be damaged photooxidatively as well the excitation wavelength, are shown in Figure 2. The creation
as thermally in air to produce the expedet# cyclic ketone of ketone defects after annealing is evident in the growth of a
carbony! stretch in FTIR spectra around 1720 émFewer new, small broad peak at 525 nm, coupled with a pronounced
defects are formed thermally, producing a much weaker peak decrease in intensity of the structured blue peaks. Annealing of
in the IR compared to photobleaching of the films (Supporting the films in air changes both the order of the film and the number
Information), and films annealed under nitrogen gas showed Of defects (seen by the carbonyl peak in FTIR). Since these
an increase in the green peak fluorescence without any evidencen-situ spectra show the absolute change in the film emission,
of carbonyl defects in the IR spectrum. This was indicative that it is apparent that the defects formed are highly effective at
a few defects, beneath the detection limit of the FTIR instrument, quenching blue emission, yet are not very emissive in of
had a considerable effect on the fluorescence emission (Supthemselves, as only a minimal amount of green emission is
porting Information). Since water vapor in the gas is a potential produced after the creation of defects. Normalization of the two
source of oxygen for ketone defects, dried argon gas was usedspectra to the first vibrational peak, shown in the inset of Figure
to purge films to prevent the creation of ketone defects from 2, places emphasis on the green peak, showing its slightly greater
air or water vapor. FTIR studies were performed on PFH films intensity compared to the remainder of the blue peaks. Without
to ensure that defects were created within the films used for a direct comparison of the spectra, this normalization to the
the morphology studies. first peak gives the impression that an extensive amount of green
In order to directly compare the spectra before and after emission is produced, rather than an overall decrease in
annealing, the heating of the sample was performed in situ in emission, seen by the in-situ spectra.
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Figure 2. Pristine PFH film emission (solid line) and emission after Wavelength (nm)
film was annealed in air (dashed line). The spectra are normalized to
the first blue peak, illustrating the increase in green emission (inset).
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Figure 3. In-situ emission spectra of a partially photobleached PFH Figure 4. Model spectra for the partially bleached PFH film prior to
film prior to annealing (solid line) and after annealing (dashed line). annealing (A) and after annealing (B). For both, the generated blue
The intensity of the blue emission decreased, and a slight growth in spectrum (solid line) and green spectrum (dashed line) are combined
the green emission was also observed. (inset, dashed line) and overlaid with the actual emission spectrum
(inset, solid line), with nearly identical overlay.

As there is no evidence of defects created when films are
annealed under dry argon, it was possible to study the role of on a single chaif?~32 evidence that the ketone defect behaves
morphology on films already containing a small number of as a low-energy trap. Although Dias et3a&lexamined the
defects. To generate a few ketone defects, films were pho-intermolecular energy transfer between polyfluorene and poly-
tobleached under a UV lamp for 40 min, enough to create a fluorene-fluorenone copolymers in solution, concluding that
new broadened green peak at 520 nm in the spectrum, whileintermolecular energy transfer was inefficient, polymer chains
not significantly quenching the blue peaks. Adjustment of the in films are not isolated from neighboring chains as they are in
spectra for changes in absorbance did not change the finalsolution, and increase in intermolecular energy transfer is seen
annealed emission; these spectra are shown in Figure 3. Priowhen chains are well ordered and packed togethéf. The
to annealing, the spectrum retains much of the original blue increase in green emission is likely not from newly formed
intensity, with the green peak barely noticeable. Once annealed,excimer species in the annealed film; studies on similar rigid-
the intensity of the blue emission decreased by half with a rod PPE polymers have shown that the ordered polymer chains
concomitant, but less intense, increase in the green emissionminimized the unfavorable close contacts required for exci-
The absolute intensity changes of this in-situ data can be mers®
compared directly, and it is seen that the green emission has The degree of order within these films was examined by
grown in intensity while the blue emission has decreased muchanisotropy measurements, which measure the degree of polar-
more dramatically in comparison. No new defects were createdization, taken for all of the films (Supporting Information).
as the annealing of the partially bleached film proceeded under Pristine films have an anisotropy of roughly 0.04 due to energy
dried argon, so this increase in the green peak must relate onlytransfer among the disordered polymer segments that almost
to increased energy transport in the form of excitons to ketone entirely washes out any polarization. Annealed PFH films have
defect sites as the polymer chains reorder into tightly packed an increased degree of order, with anisotropy values of 0.14
domains. This increase cannot be explained by an increase infor films annealed in air or under dried argon. The green
quantum yield, as that would have led to an increase of emissionemission in the partially bleached film annealed under dried
over the entire spectrum. The only explanation for the simul- argon has the largest film anisotropy (0.2). The large anisotropy
taneous decrease in blue emission and increase in green is thatalue remains constant over the green emission, implying that
the high-energy blue excited state is funneled more efficiently the green emission is polarized in the same direction as the
to the lower energy defect sites after annealing, as no newabsorbance. This also indicates that energy transfer to the defects
defects have been created. Others have shown highly efficientoccurs predominately within ordered domains where the poly-
intrachain energy transfer from pristine chromophores to defectsmers have the same orientation. The anisotropies for the argon-
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that the green emission has grown dramatically to have a higher
intensity than the blue emission; however, taking into account
that the blue emission was 5 times as large as the green emission
initially, the decrease in blue was considerably larger than the
increase in green. The overall emission intensity decreased by
24.4% after annealing.

The increase in green emission has been attributed to an
increase in energy transfer that results from the increased order
of polymer chains, and to show that the aligned polymer chains
were the source of increased green emission, a partially
photobleached film was annealed at a temperature below the

0.E+00 liquid crystal (LC) temperature of 25 for PFH. Heating the
415 465 515 565 615 films at 150 °C for the same amount of time as the LC

Wavelength (nm) temperature annealed films provides heating of the film without

Figure 5. Partially bleached PFH film emission (SOlld "ne) and Ordel’ing the chains into aliquid-crysta"ine phf?lse. The emission
emission after heating to 15 for 2 h (dashed line). Both spectra  Spectra for the low-temperature annealed partially bleached PFH

normalized to the initial blue peak, showing an identical overlay. films, adjusted for their differences in absorption at the excitation
) ) wavelength, are shown in Figure 5. Similar to PFH annealed at

annealed films contain a large peak on the blue edge of thejis | ¢ temperature, the emission spectra increase slightly in

spectrum that results from emission from the highest energy jensity after annealing under dried argon, showing a small
chr(_)m(_)phores. These sites can only be populated by d'r_eqincrease in quantum yield. However, the inset in Figure 5 shows
excnqtlon, rather than through energy transfer, so they exhibit that the overlay of the annealed and the pristine emission spectra

the highest degree of polarization. are completely indistinguishable; therefore, the increase in

. Model spzectra were Cfeated using singular value deCOmpos"quantum yield did not lead to a change in the ratio of the blue
tion (SVD)*? to quantitatively compare the spectra before and to green emission

after annealing. The SVD was performed on the basis set of all i ) ]

of the spectra acquired. The SVD results indicated that the entire  Unlike the PFH film annealed at the LC temperature, the film
data set could be well represented by two basis spectra. A blueh€ated at the lower temperature does not show any birefringence
emission spectrum and green emission spectrum were createdinder cross-polarized illumination in a microscope, indicating
from this basis set, with one basis spectrum as essentially the? lack of micron-sized ordered domains in the film. Atomic
blue spectrum and the green spectrum generated by adding 40rce microscopy (AFM) images allow a comparison of the
sufficient amount of the first basis spectrum to the second so hanoscale ordering of the films. Figure 6 shows the AFM images
that it had a positive value for all wavelengths. These two spectra Of a film annealed at 150C and a film annealed at the liquid
were then used to fit all the acquired data simply by varying crystalline phase transition temperature. The topography of the
their relative amplitudes. Figure 4 shows the fit with the blue lower-temperature heated film is very similar to that of the
and green spectra for a PFH film bleached for 40 min under a pristine film (Supporting Information), with both the pristine
UV lamp prior to annealing (A) and after annealing (B). The and the lower-temperature annealed films having a rough,
generated full spectrum, created through the addition of the two disordered topography. This is in stark contrast to the topography
spectra, is shown overlaid with the experimental data in the of the film annealed at the LC temperature, which exhibits
inset of both graphs of Figure 4; the excellent fit allows for bundles of aligned ribbonlike structures that extend over many
quantification of the blue and green emission. Prior to annealing microns. Near-field scanning optical microscopy studies have
under dried argon, the ratio of the blue emission to the green demonstrated that these ribbonlike features are composed of
emission in Figure 5 is 5.12; this ratio drops to 1.31 after aligned polymer chain® Therefore, it is apparent that the
annealing. Since both the blue and green emission change hyincrease in the green emission in the LC annealed and partially
different amounts, a comparison of the fits of just the blue or bleached film resulted from an increase in polymer order,
green emission reveals that the area of the blue intensity allowing for more efficient energy transfer to the defect sited.
decreased 48.8% after annealing, whereas the area of the greewithout this alignment the only change is the slight increase in
intensity increased 103%. From these numbers alone it appeargjuantum yield with no increase in green emission.
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Figure 6. 5 x 5um AFM scans of PFH films annealed at 150 (left) for 2 h and 250°C (right) for 2 h. The film annealed at 25C has its
polymer chains reordering into long ribbonlike structures.
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Conclusions Supporting Information Available: Absorbance spectra, an-

) . ) ) ) isotropy measurements, and AFM scans. This material is available
In-situ annealing of PFH films allowed for direct comparison  free of charge via the Internet at http:/pubs.acs.org.

of the absolute changes in emission spectra, and these changes
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