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CHEMISTRY

Absorbance and fluorescence spectra of dilute solutions and thin films of polyfluorene rigid-rod polymers 1-3
bearing two hexyl, octyl, or dodecyl groups at the 9-position define the effect of polymer chain interactions on
excited state relaxation. Film morphology is controlled by annealing of 250 nm thick films. Under these conditions,
the degree of interchain interaction follows the degree of thermotropic liquid crystalline ordering which is, in turn, a
function of the length of the attached alkyl substituents. Alkyl substituents also affect the solubility of these
polymeric liquid crystals in organic solvents; low solubility favors strong ground state aggregation, as is evidenced
by a red-shifted absorption band. In the annealed films, aggregate and excimer formation is evidenced by a
broadening of the absorbance band, an increase in the intensity of the low energy emission, the appearance of new
long-lived fluorescent species, and structure-dependent changes in observed fluorescence quantum yields.

1. Introduction

There is great interest in the fundamental optoelectronic
properties of rod-like conjugated polymers because of their
utility in light-emitting devices,! lasers,? thin film transistors,?
and polarizers.* Polyfluorenes,>™* poly(phenyleneethynyl-
enes),*1214 poly(p-phenylenes),!> and derivatives of poly-
phenylene!®!” and poly(p-phenylenevinylenes)!® fit into a class
of rigid-rod blue light-emitting polymers.!® The extended con-
jugation that is characteristic of these families enhances charge
delocalization by virtue of the greater molecular planarity
attained along their rigid backbones. This electronic delocaliz-
ation also influences a number of the polymers’ physical
properties including their band gaps, absorption coefficients,
and emission quantum yields.?

Rigid-rod polymers often also form stable liquid crystalline
phases and self-organize in the solid state either upon heating
(thermotropic) or upon adding solvent (lyotropic). Studies of
the absorption and fluorescence*!42%-22 of several rigid-rod
polymers show that appended alkyl side chains can affect both
liquid crystallinity and interpolymer interactions. Little is
known, however, about the correlation between the shifts in
molecular packing and trends in the efficiency of light emission.
In fact, one important reason for studying a family of closely
related polymers differing only in the length of the attached
alkyl chains is to examine whether rigid-rod polymers aligned
over large areas can display high degrees of dichroic absorp-
tion and emission. With optimal mechanical alignment, inter-
polymer interactions may serve to enhance the observed
dichroic ratio because of the enhanced on-axis dipole moment
of the aggregate array compared with that of the individual
molecule or a randomly dispersed film. For example, Grell
et al.'* have shown an increase in the dichroic ratios from 7
to 20 upon inducing aggregation in their polymer films.

It is also known that interchain m,m* interactions can
influence the net observable fluorescence efficiencies in this
series through both ground state aggregation and excimer
formation. Ground state aggregates formed between two or
more polymer chains are evidenced by a broadening of the
absorption spectra®® or by the appearance of new absorption
bands.® Excimer formation, ie., complexation between an
excited state of a molecule and the same species in the ground
state, is particularly favorable in rigid-rod polymers?* because
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molecules with extended m-systems are known to adopt even
more planar geometries in the excited state, thus facilitating
aggregation through m-stacking.!! Because both ground state
aggregates®?® and excimers®*'?® can enhance non-radiative
decay in solution and in the solid state, aggregation is often
considered undesirable in light-emitting devices. Nonetheless,
recent work by Grell ez al.!* with poly (dioctylfluorene) suggests
that fluorescence efficiency may, in fact, increase in the solid
state compared with that observed in homogeneous solution.

According to Bradley et al.,® polyfluorenes form clusters in
solvents with poor solvating characteristics and in thin films
prepared either from poor solvents or by spin-coating from
good solvents while the support is cooled to —77°C and
warmed slowly to induce thermodynamically controlled aggre-
gation. However, the effect of aggregation on observable
fluorescence lifetimes and quantum yields is still unclear
because evidence for a correlation of either excimer or aggre-
gate formation with the observed fluorescence efficiency is very
sample-dependent.?’

Because the correlation between local order and emission
efficiency remains ambiguous, we sought to study interchain
interactions of liquid crystalline 9,9-dialkylpolyfluorenes 1-3
with polymer lengths that significantly exceed the effective
n-conjugation length. We are particularly
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1) R = n-CgH3; 2) R = n-CgH 5 3) R = n-CyHys; n=40-65.

interested in observing the influence of the alkyl chain length
on spectral trends and excited state lifetimes within the series,
hoping that we may discern design features that will assist in
preparation of new high efficiency LEDs. In this study, we
describe aggregate and excimer formation in a series of dialkyl-
ated polyfluorenes 1-3 in solution and as thin films. By
determining trends in fluorescence lifetimes and fluorescence
quantum yields, we establish that the length of the linear alkyl
side chain does indeed play an important role in controlling
interchain interactions. In addition, we show that the rigidity
of these polymeric liquid crystals, as related to their effective
conjugation length, is influenced by the alkyl substituents and
that it is therefore possible to control attainable local order in
pristine and annealed liquid crystalline thin films by syntheti-
cally modifying the length of the attached chain.
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2. Experimental
2.1. Instrumentation

Fourier-transform infrared spectra were obtained as KBr
pellets on a Nicolet 510P spectrometer. Gel permeation chrom-
atography (GPC) on Waters Styragel columns with THF as
eluent gave peaks that were calibrated against commercial
polystyrene standards. (Although GPC calibration against
polystyrene standards is a routine procedure for estimating
molecular weights of rigid-rod polymers, some recent work
has shown these values to be roughly a factor of 3 larger than
those attained by light scattering.!! Here, however, the esti-
mated molecular weights agree roughly with those expected
from the additive extinction coefficients of the appended
fluorenyl groups.)

Liquid crystalline phase transitions were determined with a
Perkin Elmer Series 7 UNIX differential scanning calorimeter
(DSC). Thermal decomposition was determined with a Perkin
Elmer Series 7 Thermal Gravimetric Analyzer (TGA).
Crystalline transitions for bulk and thin films were identified
with an Olympus polarizing light microscope (PLM ) equipped
with a camera attachment and hot and cold stages.

2.2. Materials

Samples 1-3 were a gift from Drs Edward Woo and Michael
Inbasekaran from Central & New Businesses R & D, Dow
Chemical Company, Midland, Michigan. All other materials
(Aldrich) were used as received.

2.3. Thin film preparation

Thin films were prepared with a Specialty Coating Systems
Inc. Spin Coater, model P6204-A. Polymer solutions (3 wt.%)
prepared in toluene were placed on 1 cm glass squares. The
substrate was rotated at a 500 rpm ramping speed for 1s,
followed by 3000 rpm for 30s, producing 250 +30 nm thick
films, as determined by a Tencor Instruments Alpha Step 100
profilometer. Films were used as spun or were annealed under
Ar at either 160 or 250°C for 2 h before being cooled at
30°Cmin~! to preserve the order of the polymer’s liquid
crystalline phase. Near-field optical microscopy results show
order at 200 nm in pristine films of 3 to a greater extent than
in 2, with essentially complete disorder observed with 1. After
annealing, films of 1 show the greatest order, followed by
those of 2 and 3.

2.4. Transient and steady-state spectroscopy

Absorbance spectra were recorded on a Shimadzu spec-
trometer. Fluorescence measurements were made with an
SLM Aminco SPF 500 fluorimeter. Temperature-dependent
measurements were performed with a water-blanketed quartz
cuvette. Time-resolved fluorescence lifetimes were obtained at
the Center for Fast Kinetics Research by time-correlated
single-photon counting using a mode-locked, synchronously
pumped, cavity-dumped dye laser (4A=300 and 340 nm,
3w pulse™1).?® Emissive photons were collected at 90° with
respect to the excitation beam (300 nm) and were passed
through a monochromator to a Hamamatsu Model R2809U
micro-channel plate. Data analysis was conducted after decon-
volution of the instrument response function (fwhm ~ 80 ps).
All solutions were purged with N, for 5min before the
measurement and had an optical density (OD)=0.1 at 340 nm.

2.5. Fluorescence quantum yields

Solution quantum yields were measured relative to 9,10-
diphenylanthracene (@ =0.9 in cyclohexane)®® using an SLM
Aminco SPF 500 fluorimeter. A Lab Sphere 10 cm integrating
sphere was used to obtain absolute quantum yields following
the method of de Mello er al3° Laser excitation (10 mW
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355 nm laser pulses) and sample emission were focused into
and out of the integrating sphere using fiber optics. All spectra
were corrected for the monochromator and photomultiplier
tube (PMT) spectral response. Incident radiant energy was
converted to a specified number of photons by multiplying the
observed emission intensity by wavelength. The observed
emission intensity was obtained by integrating over all emission
wavelengths in the additive spectrum, where each wavelength’s
intensity was obtained from an average of 50 decays. Laser
drift introduced an approx. 6% relative standard deviation
(measured over the duration of each sample measurement).
Each reported quantum yield is an average of 2-3 sample
measurements with an estimated 10% relative standard
deviation.

3. Results and discussion
3.1. Polymer properties

As established by polarizing light microscopy, polymers 1-3
exist as polycrystalline yellow flakes whose molecular weights
were characterized by GPC (Table 1), displaying regions of
order with dimensions exceeding one micron. Polymers 1-3
readily dissolved (100 pg mL™!) in toluene, chloroform, and
THF to yield clear violet solutions. The polymers could be
dissolved in dichloromethane, cyclohexane, and n-heptane only
upon heating. The resulting clear violet solution quickly turned
translucent yellow upon cooling, with the formation of a gel
or precipitation of the polymer. The yellow color is assigned
to a polymer aggregate® which shows a new absorption band
at 437 nm (see below). The appearance of the 437 nm band in
poor solvents results from a mismatch of Hildebrandt para-
meters.!! In contrast to polymers 1 and 3, at room constant
temperature and a 10 pg mL ™! concentration, polymer 2 began
to form aggregates in toluene and tetrahydrofuran, as evi-
denced by the appearance of the characteristic 437 nm peak.
These two latter solvents have better matched Hildebrandt
parameters.

Bulk thermal properties of 1-3 were determined with both
DSC and PLM (Table 2). These techniques complement each
other because DSC is the more sensitive thermal technique,
but does not allow for visual observation of bulk polymer or
thin film morphology. In pristine films not previously subjected
to heating cycles, an endothermic crystalline-to-nematic A
liquid crystalline phase transition followed by a second endo-

Table 1 Molecular weights of the poly(dialkylfluorene)s

Polymer M,* 4500 PD’ +1 n+2
1 17000 4.1 51
2 24000 4.4 62
3 21000 2.6 42

“Number averaged molecular weights (M,,). *Polydispersities (PD) are
determined by GPC vs. polystyrene standards in THF, where PD =
M, /M, (number averaged/weight averaged molecular weight). “The
number of monomer repeat units (n) is calculated from the M,,.

Table 2 Thermal properties of the poly(dialkylfluorene)s®

Temp./+2°C (AH/+0.01J g~ 1)

Polymer SP  N(A) N(B) 1

1 94 162-213 (3.69) 222-246 (3.67) 290-300
2 72 80-103 (11.63) 108-157 (11.05)  278-283
3 47 62-77 (0.58) 83-116 (4.57) 116-118

“Determined by differential scanning calorimetery and polarized light
microscopy of pristine polymers without thermal pretreatment. SP
and I refer to softening and melting (isotropic) point. N(A) and N(B)
refer to nematic A and nematic B liquid crystalline phases.




thermic nematic A to nematic B liquid crystalline transition is
observed in 1-3, Table 2. These phases are quasi-reversible,
with the distribution among phases depending on cooling rates.

The materials can be recycled among these phases without
evidence of degradation.” Films of 1-3 annealed to a tempera-
ture just above the second nematic liquid crystalline transition
and then cooled rapidly to preserve liquid crystalline order
produce arrays with enhanced crystalline areas, consistent with
the observations of Grell et al.” The softening and melting of
polymers 1-3 are not clearly observed by DSC, but softening
and melting ranges are reported from PLM hot stage obser-
vation. Long alkyl chains have been shown to decrease the
liquid crystalline phase transition temperature in rigid-rod
polymers by increasing entropy by accessing a larger number
of contributing conformations.3! Consistent with this gen-
eralization, our DSC data (Table 2) show that the temperature
of the liquid crystalline phase transition is lowest for 3,
followed by 2 and 1.

PLM was also used to characterize thin films (250 nm thick)
at room temperature. The films of 1-3 are considered amorph-
ous because of the absence of birefringence under crossed
polarizers in their pristine states (before annealing). In con-
trast, annealed films displayed high birefringence under these
conditions because of the order of their thermotropic liquid
crystalline states. The liquid crystalline states of 1-3 are
characterized as nematic because of the characteristic Schlieren
texture®? observed by PLM (Fig. 1). This texture results from
lamella (made of polymer chains) which form around
nucleation points at defects on the surface of the glass
substrate.334

Polyfluorene thin films have excellent chemical stability in
the presence of oxygen, moisture, and light as evidenced by
the absence of new spectral bands in the IR. For example,
there is no evidence for the presence of carbonyl absorb-
ances which might have been introduced by possible photo-
oxidation.!® Bliznyuk et al. have observed, for example, that
end-capped polyfluorenes form fluorenones, by a process which
is impossible here by virtue of the bisalkylation at the 9-
position. In addition, transient emission spectra exhibit
unchanged kinetic profiles in both pristine and annealed films,
even after more than one week of exposure to ambient
laboratory conditions. Nor did thermal gravimetric analysis
(TGA) show any change in mass until above 400 °C for 1-3.

The polymer films 1-3, however, do show a new absorption
band at 437 nm upon heating which is not present in dilute
solution or in a pristine film. When a film of 2 that was spin
cast from toluene and heated to 250 °C to induce the 437 nm
peak was redissolved in toluene, its solution spectra did not
display the 437 nm peak. Nor did the redissolved polymer
show any change in molecular weight by GPC. Thus, the

Fig. 1 Polarized light micrograph (magnified 800 x) showing charac-
teristic nematic liquid crystalline Schlieren texture of a 250 nm film of
1 annealed at 250 °C (scale bar equals 5 um).

heating cycle takes place without permanent (covalent) cross-
linking or decomposition. Similarly, a bulk sample of 2 was
heated to 250 °C, dissolved in toluene, and spun to produce a
typical film. The absence of the 437 nm peak under these
conditions shows that this peak is due to aggregation, rather
than to decomposition of the film. Polymer films were thus
assumed to be stable within the heating range (25-250 °C) of
our experiments.

3.2. Spectral characterization

Solution phase absorbance spectra of 1-3 are similar in
bandwidth, absorption maximum, and intensity in toluene and
THF. Absorbance spectra of 1-3 at concentrations greater
than 10 pg mL~! or in poor solvents such as n-heptane or
cyclohexane show the same band at 437 nm as was observed
in the heated films, Fig. 2. Because this peak is reversible and
dependent on concentration, temperature, and solvent, it is
also most likely a result of polymer aggregation.®!! The degree
of aggregation (as established by the intensity of the 437 nm
band) is greatest in 2, followed by 1 and 3. This suggests that
the octyl chain length may provide the optimal supramolecular
ordering in this series of polyfluorenes in solution.

Absorbance spectra of pristine films of 1-3 are also similar
in /., and intensity (Fig. 2B), with absorption maxima similar
to those observed in solution, Fig. 2A. These films lack evi-
dence of the 437 nm aggregate band, although the bandwidth
is broadened from that observed in solution. Annealing of
the films causes further broadening, Fig. 2C, and induces the
appearance of the absorption at 437 nm. A similar low energy
absorption band has been described in the aggregate produced
in films of ladder-type poly(p-phenylene)?® and poly(pheny-
leneethylene),'* as well as in poly (dioctylfluorene) films cooled
to —78°C and slowly heated to ambient temperatures to
induce aggregation.!! Spectral broadening was attributed to a
broader distribution of effective conjugation lengths conse-
quent to polymer m,m* interactions in the ground state
aggregates.?

Fluorescence spectra of 1-3 in solution are also similar
in bandwidth, the wavelength of emission, and intensity
(Table 3), implying that the lengths of the appended alkyl
chains do not appreciably change the excited state surface of
the polymer in solution. Emission from pristine films of 1-3
is red-shifted from their solution phase fluorescence maxima,
with the greatest shift being observed in 3. Annealing further
red-shifts the emission of films of 2 and 3, but not of 1. Fig. 3
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Fig. 2 Absorbance spectra of 2: A) as a 10~* M solution in THF; B)
as a 250 nm pristine (amorphous) film; C) film (B) annealed to 160 °C.
A is normalized to B and C at 440 nm for ease of comparison of
intensity of the long wavelength aggregate band.
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Table 3 Red-shifted emission of poly(dialkylfluorene) films

Solution” Pristine film® Annealed film®
Polymer Amax/Dm of 2nd vibronic peak emission
1 439 447 448
2 438 446 455
3 439 451 456

“As 107"M THF. *As 250 nm thick films of polymer spun from
toluene onto glass and measured as prepared (pristine) or heated
(annealed) to 160 or 250 °C. Excitation at 365 nm.

relative intensity

385 435 485 535 585 635 685 735

Wavelength/nm

Fig. 3 Fluorescence spectra of 2: A) as a 10”® M solution in THF,
0.D.=0.1 at A, =355nm under atmospheric conditions; B) as a
250 nm pristine (amorphous) film; and C) film (B) annealed to 160 °C.

shows the red-shifted emission observed upon going from
solution to a pristine film to an annealed film of 2.

In going from solution to the thin film, 1-3 show a significant
red-shifted emission, with 3 exhibiting the greatest shift
(Table 3). This suggests that the longer alkyl chains enhance
interchain interactions, which leads to a more planar extended
excited state for 3. Annealing films of 2 and 3 causes a further
red-shift, but no further shift in the annealed films of 1, which
suggests that interchain interactions induce a red-shift from
the maxima observed in pristine films of 2 and 3.

Fig. 4 shows the effect of annealing on the spectrum of a
pristine film of 1 where no further red-shifts are observed in
going from pristine-to-annealed films, but where increased
fluorescence efficiency is observed at longer wavelengths. The
absence of further red-shifts in 1 from pristine-to-annealed
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Fig. 4 Fluorescence spectra of 250 nm film of 1 with an O.D.=0.5 at
Aexe =355 nm under atmospheric conditions: A) as a pristine (amorph-
ous) film; B) film annealed to 180°C; and C) annealed to 250°C.
Fluorescence intensities of spectra are normalized at 440 nm.
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films suggests that planarization is already sufficient to achieve
maximum effective conjugation length beyond which annealing
has no further effect.

The increased fluorescence efficiency observed at lower
energies in films of 1-3 has been assigned to both aggregate
and excimer emission, an assignment made in corroboration
of assertions of Grell et al.® and Bliznyuk.!® In going from
solution to a pristine film to the annealed film, enhancement
of the low energy transition is greater in 1 than in 3 or 2. This
observation implies that greater insulation of the polymer
backbone by alkyl chains longer than six carbons does not
affect the formation of excimer. Similarly, the larger red-shifts
and lower energy of emission observed in films than in solution
and in annealed films than in pristine films suggest that the
polymer’s ability to adopt a more planar excited state in films
is facilitated by greater interchain interaction.

The variation in the red-shifted emission observed in going
from homogeneous solution to a pristine film to an annealed
film of 1-3 suggests that alkyl chain length significantly alters
the supramolecular packing and thus the energy of emission
(greater effective conjugation as a result of the extended rigid
conformation and/or more favorable excimer formation). The
mechanism of excimer formation is unclear. Longer alkyl
chains induce greater order in pristine films, as evidenced by
the greatest red-shift and the largest fractional contribution of
the long-lived emitting species in 3.

3.3. Fluorescence lifetimes

Fluorescence decays collected at 440 nm for 1-3 in THF were
fitted to a single exponential to give approximately 550 ps
lifetimes, Table 4. These lifetimes are independent of excitation
and collection wavelength. Given an absence of any intermol-
ecular interactions in dilute solutions of 1-3 in THF, the
emissive species is assigned as an S;,S, singlet exciton. When
the same measurement is made in n-heptane (to induce aggre-
gation), a transient emitting at 440 nm exhibited a lifetime of
430 ps (93%) with a small contribution from a new 700 ps
species. Two longer lived species, 2 ns (7%) and 8 ns (4%),
were also observed at 550 nm that were not present in solutions
of similar concentration in THF (Table 4). These new longer
lived transients at 550 nm are assigned to excimer and aggre-
gate emission respectively,?’ and similar lifetimes were also
observed in annealed films of 1-3 in the same spectral
region, Table 5.

In films of 1-3, the lifetime of the singlet exciton is reduced
to between 200 and 300 ps at 440 nm because of an increase
in possible non-radiative decay pathways. These include energy
transfer to aggregate and excimer states and access to a greater
number of contacts with the chain ends where exciton quench-
ing is thought to be more efficient.>> At 550 nm, fluorescence
decays of pristine films of 1 and 3, respectively, gave three
single exponential lifetimes, respectively: 300 and 400 ps, 1
and 3 ns, and 10 and 12 ns, whereas films of 2 gave only two
single exponential lifetimes of approximately 700 ps and 9 ns.
Upon annealing past the second nematic phase of 1-3, a
decrease in the fluorescence intensity from the picosecond-
lived species is observed, with a greater fraction of the fluores-
cence emanating from the longer-lived nanosecond species
(Table 5). These lifetimes and fractional contributions were
not constant over wavelength in the measured range of
500-600 nm. At present, it is not possible to unambiguously
assign the 1-3 and 10-12 ns species at 550 nm in 1-3, but
they are thought to result from excimer and aggregate, respect-
ively. Decays were collected at both 300 and 340 nm excitation
for pristine and annealed films of 1-3 with similar results.

Because 2 forms aggregate most readily in solution and
because this aggregation process is enhanced in films, aggregate
formation likely dominates the interchain interactions, at the
expense of excimer formation. Thus, the absence of the 1-3 ns



Table 4 Poly(dialkylfluorene) solution fluorescence lifetimes and fluorescence quantum yields

Polymer 7q/ns (% composition), +0.03 ns Jemission/NM a ®,P+0.01
1¢ 0.56 (100) 440 1.09 0.64

2¢ 0.52 (100) 440 1.07 0.69

2¢ 0.43(93), 0.72 (7) 440 1.49 0.51

% 0.51 (89), 1.93 (7), 8.35 (4) 550 1.06

3¢ 0.55 (100) 440 1.19 0.65

“Lifetimes determined with excitation at 300 nm in 10”7 M THF. *Quantum yields (®;) determined
in cyclohexane relative to 9,10-diphenylanthracene with excitation at 365 nm.>* ‘Lifetimes determined

in 1077 M n-heptane to induce aggregation.

Table 5 Poly(dialkylfluorene) film fluorescence lifetimes® and quantum yields®

T/ 10.03 ns Tq/10.3 ns

Annealing (% contribution) (% contribution) & +0.1
temp./°C Jops =440 nm 7> Jobs =350 nm 7> (%)

1 25 0.27 (100) 5.64 0.3 (94), 1.3 (5), 10.2 (1) 32.86 15.5
250 0.18 (100) 87.9 0.2 (54), 3.0 (19), 11.8 (27) 2.83 10.0

2 25 0.29 (100) 4.56 0.7 (91), 9.1 (9) 3.68 17.0
160 0.21 (100) 1.70 0.7 (86), 9.8 (14) 11.5 25.5

3 25 0.32 (93), 0.77 (7) 1.14 0.4 (88), 3.2 (6), 12.3 (6) 1.40 15.5
160 0.31 (96), 0.81 (4) 1.09 0.4 (77), 3.2 (7), 11.6 (16) 1.99 13.5

Measurements with 250 nm films on glass. “Lifetimes (t5;) measured using single photon counting?® with A..=340 nm with 250 nm films.
*Quantum yields (@) measured using integrating sphere technique®® where each value is an average of 2-3 measurements with approx. 10%

relative standard deviation.

species in 2 (rather than in 1 and 3) suggests that the 9-12 ns
species in 1-3 can be assigned to aggregates and that 2 already
has an optimal configuration that inhibits excimer formation.
In films of 1 and 3 where both aggregate and excimer are
present, the total contributions from both of the two long-
lived (ns) species are 46% in 1 and 23% in 3. Thus, shorter
alkyl chains likely permit better supramolecular packing of 1,
which in turn produces greater interchain communication. The
long lived species observed in films of 1-3 and the increased
fractional contribution of these species as the films are annealed
are evidence of enhanced interchain interactions resulting from
the nematic ordering of the alkylated polymer chains.

3.4. Fluorescence quantum yields

The dependence of fluorescence quantum yields on supramol-
ecular packing was probed by measuring the changes in
fluorescence quantum yields observed upon moving from
solution to film and upon increasing local ordering of the thin
films through annealing. The fluorescence quantum yields of
1-3 in cyclohexane ranged between 51 and 69%, dependent
on polymer concentration, Table 4. Thus, aggregation induces
a lowering of the quantum yield by approximately 20%.
Pristine films of 1-3 have identical quantum yields of
approximately 16%, Table 5.3%37 This dramatic decrease from
the observed solution quantum yields suggests that stronger
interactions between chains in the films drastically lowers
fluorescence quantum yields. This is similar to the value
reported by Redecker er al'? (0.50) for the fluorescence
quantum yield, where the value was quite dependent on film
morphology. Upon annealing (past their second nematic
phase) to induce greater order, films of 3 show no change in
the observed fluorescence quantum yield, whereas films of 2
show a slight increase. When films of 1 were annealed past
their second nematic phase transition temperature, the quan-
tum yields decreased slightly from 15.5 to 10%. The phase
transition temperatures vary between 1-3, so it was possible
that changes in quantum yield might be due to temperature
dependent fluorescence impurity quenching rather than to
supramolecular packing induced by liquid crystalline phase
transition. However, control experiments in which 2 and 3 are
annealed at the same transition temperature as 1 showed the
same results. Thus, the decrease in quantum yield of 1, but

not of 2 or 3, suggests that shorter alkyl chains allow for
better interpolymer interaction, thus reducing the observed
fluorescence efficiency. The unexpected increase in fluorescence
quantum yield for annealed films of 2 suggests that the 1-3 ns-
lived species present in 1 and 3 (but not in 2) may be
responsible for the efficient fluorescence quenching. Thus, an
optimal alkyl chain length produces the highest fluorescence
efficiency in these alkyl-substituted polyfluorene films.

4. Conclusions

The degree of interpolymer interactions in 9,9-dialkylated
polyfluorenes in solution can be controlled by choice of solvent
and by the length of the alkyl chain. The degree of interchain
interaction in solution is greatest for 2, followed by 1 and 3,
as evidenced by the relative intensities of a new 437 nm
aggregate band, even in good solvents. Pristine films of 3 show
greater red-shifts in emission bands from solution maxima
than do those of 1 or 2. Annealing produces further red-shifts
in 2 and 3, but not in 1. Thus, longer alkyl chains force an
extended ground state conformation, the planarity of which
in turn enhances intermolecular aggregation in solution.
Polyfluorenes bearing longer alkyl chains will thus exhibit
enhanced on-axis dipole moments and increased dichroic
ratios.

Films of 1-3 show increased ordering upon annealing, as
evidenced by formation of an oriented nematic liquid crystal-
line phase that shows a characteristic Schlieren texture.
Although the exact identity of the ns-lived species cannot be
exactly determined with this data, the contribution of this
species is greatest in 1, implying that greater excited state
interchain communication is possible with the polyfluorenes
bearing the shorter alkyl chains. This packing, in turn, leads
to enhanced excimer formation. The fluorescence quantum
yields in these polymers decrease from 51-69% in solution to
approximately 3% as pristine films, implying substantial fluo-
rescence quenching in the as-deposited thin films of 1-3 as a
function of packing. The fluorescence quantum yield of 1
decreases slightly upon annealing, whereas those of 2 and 3
increase and remain the same, respectively. This suggests that
the shorter alkyl chains enhance interchain packing inter-
actions, with predictable consequences for fluorescence
efficiency in these films.
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