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Polarized fluorescence and orientational order parameters of a liquid-crystalline
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We report a study of the orientational order of aligned thin films of the liquid crystalline conjugated polymer
poly~9,9-dioctylfluorene!. Steady state polarized fluorescence measurements were used to determine the ori-
entational order parameter^P2& and ^P4&. The influence of intermolecular and intramolecular excitation
energy transfer on the degree of polarization is discussed. The role of film morphology is also examined by
comparison of the results for glassy and crystalline films.@S0163-1829~99!05525-3#
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I. INTRODUCTION

Recently there has been strong interest in polarized e
sion from functional polymers both for electroluminescen
~EL! applications1–5 and for use as a polarizing emissiv
filter in a liquid crystal display~LCD!.6,7 In the former case,
polarized EL backlights for LCD’s, light sources for inte
grated optics, and laser diodes are the topics of inter
Promising results in this area have been presented previo
for poly~9,9-dioctylfluorene! ~PFO! ~Refs. 8–10! and further
development of materials and device structures is under w
The focus of the present paper is a detailed study of po
ized fluorescence from PFO thin films—in particular
transferring the experience of the determination of orien
tional order parameters for stretched polymeric films to s
orientated liquid crystalline materials. We show that su
measurements provide helpful insight into the effects of
termolecular and intramolecular excitation energy trans
~EET! on the degree of polarization and the role of fil
morphology in controlling emissive properties.

Absorption experiments are widely used to characte
optical dichroism for thin polymer films and have been p
viously reported for PFO.8,10 Here, we report more detaile
studies of the orientational distribution of the fluorene ch
mophore segments using steady state polarized fluoresc
In the absence of depolarizing phenomena, including EET
molecular rotation, the macroscopic fluorescence tenso
determined by the single molecule fluorescence tensor
the orientational transformation matrix that relates the m
lecular and macroscopic axes. Their elements are linked
orientational order parameters characterizing the orie
tional distribution function~ODF!.11 Hence, polarized fluo-
rescence spectroscopy has been extensively used to
orientational characteristics of anisotropic samples such
liquid crystalline materials12–19 and stretched polymers.20–26

We note also that polarized EL is governed by the sa
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matrices and hence the development of polarized backlig
and other devices can benefit directly from the informat
obtained via polarized fluorescence studies.

The fluorescence tensor is of fourth order, because it
sults from the product of two second rank tensors, nam
the absorption and emission tensor. In the case of rotatio
symmetric system, fluorescence polarization depends on
^P2& and ^P4& while optical dichroism~or birefringence!
depends on̂ P2& only. In order to determine order param
eters for anisotropic samples, sufficient information must
available about the fluorescence tensor of the single m
ecule. Usually, this is achieved by an independent photo
lection measurement using an isotropic sample at very h
dilution, for which EET can be ruled out. In fluorescent co
jugated polymers such as PFO, dilution cannot, clearly, se
rate the individual fluorene chromophores connected with
single polymer chain. Nevertheless, significant informat
can still be extracted from polarized fluorescence meas
ments as will be discussed in detail below.

II. MATERIALS AND EXPERIMENTAL TECHNIQUES

The chemical structure of PFO is shown in Fig. 1. T
polymer was synthesized via a Suzuki coupling reactio27

and was carefully purified to remove ionic impurities a
catalyst residues. Typical number and weight average
lecular weights, as determined by coupled GPC and class
light scattering measurements,10 are Mw556 000 andMn
534 000 ~polydispersity51.65!. A typical polymer chain

FIG. 1. Structure of PFO and phase behavior of PFO.
277 ©1999 The American Physical Society
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278 PRB 60B. SCHARTELet al.
thus has>100 repeat units. The polymer is readily soluble
a range of organic solvents10 and has a structured emission
the blue with a solid state quantum yield, dependent on fi
morphology,28 of '50610 %. The liquid crystalline phas
behavior of PFO has been previously described.8 PFO is a
well-behaved thermotropic liquid crystal for which the m
sophase extends over 120 K. It can be aligned, using s
dard techniques, and subsequently quenched into a gl
state. The material is also characterized by chemical regu
ity and excellent purity, which leads to a large room te
perature hole mobility of 431024 cm2/V s in the isotropic
phase.29

The film samples of PFO~samples I, II, III, and IV! were
prepared by spin-coating from toluene solution onto co
mercially available Spectrosil substrates~UQG Ltd., Cam-
bridge, UK! that had been precoated with rubbed polyimi
~PI! alignment layers. The refractive index of the Spectro
is reported to fall in the range of 1.479 up to 1.457 for wav
lengths between 340 and 650 nm. The PI layer was prep
from a Liquicoat® precursor solution~Merck, Darmstadt,
Germany! in the standard way~according to the manufactur
er’s instructions! and was rubbed unidirectionally with a ny
lon cloth. Its refractive index characteristics are not w
documented. Refractive indices were directly measured
the Spectrosil and PI coated Spectrosil substrates usin
spectroscopic ellipsometer.

Samples I and IV underwent no further treatment sub
quent to spin coating the solution onto the polyimide lay
They were found to be optical isotropic. Samples II and
were aligned on the rubbed polyamide substrate accordin
the protocol described in Ref. 8 and were quenched rap
to room temperature. Their morphology can thus be
scribed as a glassy liquid crystalline monodomain. A crys
line sample~sample IIICr! was subsequently prepared b
heating sample III up to 200 °C followed by slow coolin
~20.2 K/min! to room temperature.

Fluorescence experiments were performed on two c
mercial, 90° angle, steady state spectrofluorimeters~Perkin
Elmer MPF-44A and Spex-Fluorolog 1680! with two rotat-
ing polarizers. The method used for the evaluation of
polarized fluorescence data is described in detail elsewhe26

The Absorption spectra were measured with a UV/VIS sp
trophotometer~Zeiss DMR10!. The ellipsometric experi-
ments were performed using a Sopra ES4G spectrosc
ellipsometer.

III. BACKGROUND TO POLARIZED FLUORESCENCE
MEASUREMENTS

In order to obtain a definitive description of the emissi
properties of an anisotropic sample with even the simp
uniaxial symmetry it is necessary to measure three indep
dent components of the fluorescence intensity and to de
mine the parameterp that describes the molecular anisotro
of the chromophore system. In practice, the excitation
emission polarizer are set parallel to one of the macrosc
axesX, Y, or Z which needs the knowledge of where the
axes lie in the specimen. Two ratios of three fluoresce
intensities are used to get rid of the determination of ins
mental constants, quantum yields, and the average ex
tion. Measurements of isotropic samples provide us with
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molecular anisotropyp. For such samples there are only tw
independent componentsFUU andFUV (UÞV) of the fluo-
rescence tensor. The degree of polarization~or anisotropy! r
is defined by

r 5
FZZ2FZY

FZZ12FZY
. ~1!

We assume that rotational mobility can be neglec
within the lifetime of the excited state of the fluorescent m
ecule for polymer films below the glass transition tempe
ture. Consequently, in the absence of EET and orientatior
equals the molecular property called fundamental anisotr
r 0 , which is constrained to20.2<r 0<0.4. If the molecular
tensors of absorption and emission are diagonal in the s
molecular framework and have the same anisotropy
uniaxial symmetry, the molecular anisotropyp is given byr 0
via Eq. ~2!:

r 05
~223p!2

10
. ~2!

Even for isotropic and optically clear films the corre
determination ofr is not trivial. The measurement of tw
componentsFZZ andFZY is usually not sufficient. In order to
determiner for an isotropic film we rotate the polarizers i
the excitation and emission beam to a vertical~indexV! and
horizontal ~index H! position and the intensitiesI VV , I VH ,
I HV , and I HH are each measured. The nomenclature ha
direct bearing on the direction of the electric vector of t
transmitted light. The question of how to evaluate the co
ponents of the fluorescence tensor from the measured p
ized intensities leads to a requirement for the determina
of several correction factors mainly connected with the s
cific instrumental setup used. Additionally the deviatio
from the 90° angle beam geometry inside the sample eq
ment has to be considered which is due to the refrac
index difference between sample and quartz covering. C
cerning the later Regardless of an entire description,
mainly need two correction factorsG1 and G2 for our
objective.26 The difficulty in interpreting the measured pola
ized fluorescence intensities arises mainly from the fact
the direction of propagation of light in the spectrometer
different from the direction within the sample. This comp
cates the usual method to determineG1 and G2 . With a
knowledge ofG1 one can then evaluate the degree of pol
ization

r 5
I VV2G1I VH

I VV12G1I VH
. ~3!

Since we have studied orientated liquid crystalline samp
of a calamitic material, we assume uniaxial symmetry arou
the macroscopicZ axis and the geometric and photophysic
rotational symmetry of the molecules. Although the rep
unit of PFO does not precisely fulfil these assumptions,
assume that the slight deviations are somehow averaged
over one effectively conjugated segment. However, it sho
be noted that the assumption of uniaxial symmetry of
molecules is reliable and furthermore quite treatable in
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PRB 60 279POLARIZED FLUORESCENCE AND ORIENTATIONAL . . .
following but strictly spoken it is not experimentally prove
either for the chromophoric subunits or for the polyme
structures in the case of thin films.

As a first approach we determine the two orientation
efficients^P2& and^P4&, usingr 0 ~more preciselyp! and the
ratiosFZY /FZZ andFYY/FZY of the three independent com
ponents of the fluorescence tensor:26,30

^P2&51/2~3^cos2 u&21!, ~4!

^P4&51/8~35̂ cos4 u&230̂ cos2 u&13!, ~5!

whereu is the angle between the symmetry axis of the ch
mophore~z! and the orientation direction~Z!. The angleu is
related to the components of the fluorescence tensor by

^cos4 u&5
16pFYY/F1~12210p!FZZ /F1p~627p13p2!

~223p!2~32p!
~6!

and

^cos2 u&50.510.5̂ cos4 u&

2
16~12p!FYY/F14pFZZ /F14p~12p!

~223p!2~32p!
, ~7!

whereinF is

F5FZZ14FZY12FYY12FYX

5~322p1p2!21@~322p!FZZ18FYY14~32p!FZY#.

~8!

We previously showed26 how to determinêP2& and^P4& in
detail for stretched polymeric films based onFZY /FZZ and
FYY/FZY using values forp, G1 , andG2 determined from
measurements on isotropic samples. The orientation co
cients are calculated from fluorescent components not
fected by birefringence.26 Other, more complex possible in
fluences such as local field effects have been neglected

IV. RESULTS AND DISCUSSION

A. Determination of the refractive indices and layer thickness
by ellipsometry

The refractive indices and thickness of the layers w
determined for sample I by ellipsometric investigations.
The results of these measurements are summarized in T
I. We used the refractive indices of PFO for 384 and 424
to calculate the effective angles between excitation and fl
rescence light beam within the PFO film, as required for

TABLE I. Ellipsometric results for the sample layer thickness
and their refractive indices.

material thickness n ~384 nm! n ~423 nm!

PFO 80 nm 1.58 1.56
PI 40 nm 1.69 1.66
Spectrosil 2 mm 1.485 1.48
-

-

fi-
f-

e

ble

o-
e

instrumental correction of our 90° geometry spectrome
Since the refraction index variations in the birefringent a
isotropic samples are only an order of magnitude below
index difference between sample and quartz they caus
minor negligible effect.

B. Investigations of the polyimide alignment layers

The absorption spectrum of PI was investigated with
UV/VIS spectrometer. It is characterized by peak maxima
221 and 280 nm with an absorbance of 0.572 and 0.2
respectively. No optical dichroism was found. The PI lay
has a fluorescence excitation maximum at wavelengths
low 260 nm and an emission maximum at 326 nm. Con
quently, most of the emission spectrum was cut off by
thin film polarizers used. These are transparent only
wavelengths above 275 nm. Further, the fluorescence in
sity of PI is extremely weak compared to PFO and can
neglected in the measurements on PFO samples where t
layer lies below the PFO film.

C. Determination of r 0

In contrast to investigations on stretched polyme
films26 the determination ofr 0 turned out to be more difficult
here. The as spin coated, isotropic samples of pure P
could not be used to determiner 0 on account of the almos
complete depolarization that occurs due to efficient interm
lecular EET. Blends of PFO dispersed in polystyrene w
used to prevent intermolecular EET by increasing the av
age intermolecular spacing. The degree of polarization
creased, as expected,31 with the extent of dilution and satu
rated at a value ofr 50.3 ~which implies p50.0893! for
samples with a weight ratio Polystyrene/PFO59999/1~Fig.
2!. This value may still be limited by intramolecular EE
which, of course, cannot be excluded even for highly dilu
blends. Figure 2 shows that the value for the degree of
larization increases only slightly with increasing waveleng
in the excitation spectrum up to about 430 nm~above 430
nm, stray light reaches the detector dominating the resu!.
This, so-called red-edge effect is much more pronounced
other conjugated polymers.31–33 Our earlier papers modele

FIG. 2. Degree of polarization for the excitation spectrum
polystyrene/PFO59999/1~lEM5450 nm; stray light influences the
results above 430 nm!.
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280 PRB 60B. SCHARTELet al.
the conjugated polymer chain as a distribution of indep
dent oligomer segments. At the red edge of the excita
spectrum, the energetically lowest chromophores~i.e., those
with the most extended conjugated system! are expected to
be preferentially excited. Because they have only a limi
capability to transfer their energy, the polarization ratio
maximised on the red edge. For PFO diluted in polystyre
there is no remarkable red-edge effect in the degree of
larization data, i.e., in PFO the intrachain EET does not s
nificantly depolarize fluorescence. PFO polymer chains sh
a characteristic ratio in excess of 20~Ref. 10! and hence
many individual intrachain EET steps are expected to
necessary before the correlation of orientation between
absorbing and the emitting sites is lost. We find a relativ
high value ofr 50.3. For comparison ther 0 value of a dilute
blend ofp-terphenyl in polystyrene was also measured an
value ofr 050.33 was obtained. The complete depolarizat
observed for as spin-coated, isotropic PFO films, howe
shows that intermolecular EET can dominate under cer
circumstances. We conclude that depolarization by intram
lecular EET requires motion over significantly greater d
tances than for intermolecular EET. The determination or
based on the data for wavelength between 390 and 430
for PFO dispersed in polstyrene is sufficient that we c
reliably taker 05r 50.3.

D. Polarized absorption of PFO films

A comparison of the two UV/VIS spectra measured w
a polarizer aligned, respectively, parallel and perpendic
to the orientation direction of the film showed that the a
sorption was indeed isotropic for sample I and IV. Samp
II ~see Fig. 3! and III were found, conversely, to have anis
tropic absorption spectra. The UV/VIS absorption had
well-defined peak at 387 nm associated with delocali
p-p* transitions of the fluorene backbone. We determin
^P2& for sample II from the polarization ratio at this peak
measured with the same polarizer that was used for the fl
rescence experiments. The molecular anisotropyp was deter-
mined via Eq.~2! where r 050.3 was taken as discusse
above. Then̂ P2& was calculated from

FIG. 3. Polarized UV/VIS absorption spectra for sample II. T
low wavelength cutoff for the polarized spectra arises from
transmission cutoff of the polarizer.
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^P2&
UV5S 12

3

2
pD 21 Ei2E'

Ei12E'

. ~9!

This gave

^P2&
UV50.8260.01.

E. Unpolarized fluorescence measurements

The excitation spectra~Fig. 4! for all samples are very
similar and closely resemble the absorption spectra repo
in Ref. 8. Maxima were found between 380 and 385 n
Additionally, a shoulder of was detected between 395 a
400 nm. The emission spectra, however, show a more c
plex structure with different spectra for each of the samp
~Fig. 4!. Furthermore, spectral changes were found over
time period of the study. The influence of degradation
duced by light exposure shares the main features in com
with comparable investigations;34 namely, the extinction and
emission intensities were found to decrease with light ex
sure time, but no shift of the maxima was found.

By analysis of the spectra it becomes apparent that t
can each be interpreted as differently weighted superp
tions of the same spectral features~Fig. 4!. The intensities
and wavelengths of the different emission maxima are c
trolled by the different preparation and storage procedu
through their influence on selforganisation at the molecu
level. The effects of absorption or desorption of solvent, w
ter, etc., are also important. It should be emphasized
complex systems result from the spin coating process
that the emission spectra are sensitive to the details of
physical state in which a polymer chain find itself. Larg
variations in emission spectra that depend on prepara
conditions have been reported for several conjugated p
mers before.35–37 However, the features seen in the spec
for PFO films can be split in two categories. The high
energy~lower wavelength! maxima can be attributed to th
vibronic levels of a single electronic excitation: The pe
separation, 0.1660.01 eV, is nearly equidistant and is esse
tially the same for all samples. The broad unstructured fl
rescence in the longer wavelength region beyond 480 nm

e
FIG. 4. Excitation and fluorescence spectra for different samp

studied. Wavelength of fluorescence for the excitation spectra
nm, wavelength of excitation for the fluorescence spectra 360
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typical of dimer associates such as excimers. This latter
ture was particularly prominent for the crystalline samp
The spectra of samples I, II, and III do not show this feat
and therefore imply samples for which such associates
absent. We note that the excimerlike band also does not
cur for diluted blends. This result arises from the fact that
stiff backbone PFO prevents effectively chain folding a
consequently the formation of intramolecular dimers.

It is obvious that the emission caused by dimeric spec
is unsuitable to study the orientational order because t
small molecular anisotropy. For all polarized photolumine
cence investigations we have avoided the excimerlike b
and ensured a good signal-to-noise ratio by usinglEX
5380 nm andlEM5435 nm as excitation and detectio
wavelength close to the found maxima, respectively.

F. Polarized fluorescence measurements

Polarized fluorescence measurements were carried ou
isotropic as well as aligned PFO samples. We used a ro
able experimental setup, where the sample was rot
around the normal of the film plane. To avoid the effects
birefringence, only positions where the orientation axisZ of
the sample is respectively normal to or within the plane
termined by the excitation and emission beam were used
calculation of the orientational order parameters. Using a
tating sample is a suitable experimental setup to avoid m
alignments of the sample.

For the isotropic samples I and IV the degree of polari
tion r was found to be similar for both samples and was cl
to zero~sample I:r 520.05 and sample IV:r 520.03!. Fur-
thermore, small deviations are found versus the rotatio
angle of the sample~sample I:r 520.0560.03 and sample
IV: r 520.0360.01! ~Fig. 5!. The variation in the valuer
was observed to be periodic withp radians. There was no
evidence of a variation with a periodicityp/2 radians as
would be expected for a birefringent anisotropic sample.
can thus exclude any marked orientation of polymer cha
in these samples, a conclusion in agreement with the po
ized absorption measurements reported above. The sys
atic angular variation of the signal most likely arises fro
either imperfect adjustment of the rotation axis, an inhom

FIG. 5. Normalized fluorescence intensitiesI VV , I VH , and
(I VV12I VH) ~left hand ordinate scale! and degree of polarizationr
~right hand ordinate scale!, versus rotational angle for the isotrop
sample IV~lEX5380 nm, andlEM5435 nm!.
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geneous chromophore density, the presence of locally
dered regions, or a combination of these factors. We n
that the results for the two isotropic films are entirely co
sistent with an almost complete depolarization of the fluor
cence due to EET. Hence, as already discussed it pro
necessary to use samples of PFO dispersed at low conce
tion in a polystyrene matrix in order to determine the m
lecular propertyr 0 .

In spite of complete depolarization due to EET, the d
proved convincingly that the samples are isotropic. This
based on the negligible deviations ofr. Furthermore, com-
plete depolarization cannot be expected for an anisotro
sample as estimated from the first approximation

r

r 0
5kDG̃S~kD!1„12kDG̃S~kD!…^2P2&, ~10!

where kDG̃s(kD) is the Laplace-transformed value of th
probability GS(t) that the excitation resides at the chr
mophore where it has been formed, using the reciprocal l
time kD . ^2P2& is the orientational order parameter of th
mutual ~pair! ODF of the chromophores. In the case of
‘‘orientational gas,’’ i.e., no interaction between the orien

FIG. 6. Fluorescence intensitiesI VV , I VH , I HV , andI HH versus
sample rotational angle for sample II~lEX5380 nm, andlEM

5435 nm!.

FIG. 7. Fluorescence intensitiesI VV , I VH , (I VV12I VH), and the
resulting value of degree of polarizationr versus sample rotationa
angle for sample III~lEX5380 nm, andlEM5435 nm!.
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282 PRB 60B. SCHARTELet al.
tional units,^2P2&5^P2&
2. In the limit case of perfect par

allel orientation,^P2&5^2P2&51, and EET will not affect
the polarization of fluorescence.

For the oriented films, samples II and III, polarized flu
rescence spectra were recorded at several distinct angl
check that there was no dimer associates emission cont
tion. The normalized spectra at different angles exactly
incided and hence it could be concluded that a single em
sion species, perhaps with a certain distribution of molecu
length and shape, acts as the orientational unit.

Figure 6 shows the four fluorescence intensitiesI VV , I VH ,
I HV , and I HH , for sample II. Figure 7 showsI VV , I VH ,
(I VV12I VH), and the resulting value ofr for sample III. The
rotational experiment was performed withlEX5380 nm and
lEM5435 nm, close to the maxima of excitation and flu
rescence spectra, respectively. The uniaxial nature of the
ented samples gives rise to the observed periodicity and
note the good reproducibility over several periods of ro
tion. The amplitude ofr is two orders of magnitude large
than for the two isotropic samples. No obvious indications
fluorescence depolarisation were found indicating that du
the lifetime of fluorescence the EET is restricted to mole
lar segments that have the same orientation. This is jus
expected for a high molecular orientation. Moreover, in
case of liquid crystalline order, the local orientation corre
tion is large ~i.e., the pair orientation coefficient̂2P2&
>^P2&

2! and thus the major source of depolarization is a
sent.

The intensities referring to the vertical and horizontal p
sitions of the sample, which were marked by the intens
extremities, are used to calculate the orientational parame
^P2& and ^P4& with the procedures described in Ref. 2
based on equations~3!–~8!. The results are listed in Table I

In Fig. 8 the determined̂P2&/^P4& data are plotted in the
^P2&/^P4& plane. From the plot of̂P4& versuŝ P2& various
types of ODF can be distinguished.38 The mathematical lim-
its, the limits for a monotonously increasing ODF and t
relation for the most probable, in the statistical sense, O
are displayed. We find that thêP2&/^P4& results for the
oriented films, namely, samples II, III, and IIIcr fit well to the
most probable ODF.

The results of polarized fluorescence and polarized U
VIS absorption measurements are in good agreemen
though the polarized fluorescence systematically g
slightly higher values. This difference is not, however, ve
significant since the deviations are less than the accu
limits of the data. Since the mean orientation of the samp
as indicated bŷ P2& is very high ~i.e., close to 1! for the

TABLE II. Values of ^P2& and^P4& determined from the fluo-
rescence measurements for the oriented films, namely, samp
and III ~in both glassy and crystalline state!.

Sample ^P2& ~average! ^P4& ~average!

II 0.8660.02 0.6560.02
III 0.8960.02 0.7360.02
III crystalline 0.9560.02 0.8860.02
to
u-
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cy
s

oriented samples and since we do not found any orienta
for the isotropic samples, any deviation from the assum
uniaxial symmetry of the materials is concluded to be
minor importance.

V. CONCLUSION

The orientational order of aligned samples of the liqu
crystalline conjugated polymer PFO was studied us
steady state polarized fluorescence spectroscopy. The o
tational parameterŝP2& and ^P4& were deduced and the
indicated a very high degree of orientational order. The
lation between̂ P2& and^P4& corresponds to the most prob
able ODF. The data were satisfactorily analyzed within
confines of a simple model for the molecular geometry in
cating that the basic assumptions of the model are su
ciently fulfilled. The depolarization of fluorescence caus
by intermolecular and intramolecular EET was seen to h
significant effects that had to be taken into account in de
mining the anisotropy parameters needed to calculate^P2&
and ^P4&.

The results obtained highlight the suitability of the inve
tigated PFO for polarized luminescence applicatio
Aligned films of PFO show both a high macroscopic orie
tation and a high molecular anisotropy as simultaneously
quired to obtain a high degree of polarization of the emit
light.
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FIG. 8. Experimental data and the theoretical relationships
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