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a b s t r a c t

The de-aggregation of a very luminescent polyfluorene derivative poly(9,9-di-
hexylfluorenediyl divinylene-alt-1,4-phenylenevinylene), which has a high tendency to
p-stacking aggregation was achieved through the interaction of the polymer with clay in
clay/polymer nanocomposites. The mixing of diluted toluene polymer solutions with kao-
linite was enough to promote the de-aggregation, even without the indication of polymer
intercalation, indicating that the polymer de-aggregation was obtained due to its interac-
tions with clay platelet surfaces. The photoluminescence observed for the dispersed poly-
mer on clays showed an increase in intensity and a blue-shift of the photoluminescence,
when compared with pure pristine material in thin film form. The results presented bring
the possibility to produce more efficient polymer based devices and to carry single mole-
cule studies using nanocomposite film formation.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Conjugated polymers have received great attention in
the semiconductor industry due to its technological inter-
est for innovations in electroluminescent and photovoltaic
devices and sensors, among others [1–8]. The electronic
properties of these materials are controlled by their band
gaps, which in turn depends on chemical structure, effec-
tive conjugation length, macromolecular conformation,
and inter- and intra-chain association tendency [3,4,9,10].
The latter has a strong influence on energy migration,
charge transport, and efficiency quantum yield [3,4,9,10],
and different approaches can be used to avoid or to reduce
them. One involves chemical changes of polymer chemical

structure by inserting inert spacers, meta-linkages, or
lateral branches [3,4,9,10]. However, these chemical
changes also modify the band gap and electrical properties
of the material [3,4,9,10]. Another approach involves the
blending of the conjugated polymer, which combines the
physical–chemical properties of the components to
enhance specific characteristics. Electroluminescence
properties, for example, change dramatically through de-
aggregation with a high charge transport improvement
[4,9–11]. The reason for this improvement has been
attributed to the formation of heterojunctions, which cre-
ate percolation channels for charge transport [4,9–11].
However, in addition to heterojunctions, other morpholog-
ical changes are also modified [4,9–11]. In particular,
partial polymer de-aggregation has been observed and
may play some role in the device performance [4,9–11].
Nevertheless, due to the complexity of the solid state
morphology involving multiphasic systems, either pro-
duced by the size distribution of domains or by the large
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conformational distribution of the chains, both photo and
electroluminescent properties are complex and broad
bands are usually observed [4,9–11]. Thus, identifying
de-aggregation of polymer chains in blends is not an easy
task, unless the aggregate emission is intense (which
normally is not the case) and strongly red-shifted com-
pared to the isolated emission. Single molecule experi-
ments are particularly important methodologies to study
the emission of individual molecules [12–14]. When a rep-
resentative set of molecules is analyzed, the entire spec-
trum of non-aggregate molecules can be obtained by
adding every single molecule spectrum [12,14]. That meth-
od is based on the dilution of the luminescent polymer in
an inert matrix and recording the emission (or time
resolved spectroscopy) of several specific pixels of the
sample [12,14].

Chain isolation is a very difficult task in conjugated
polymers due the strong interchain interaction [15,16].
Thus, several attempts have reported to get isolate chains,
mostly of them using inert polymers (poly(methyl methac-
rylate) and polystyrene) or materials with mesoporous
structures [15,16]. But even though for these systems, judi-
cious experimental conditions must be implemented as as-
sure the chain isolation.

In a previous paper, we have shown that the capability
of an inert polymer to dilute conjugate polymer is strongly
dependent on the polymer–polymer interactions [17].
The polymer studied was a polyfluorene derivative,
namely poly[(9,9-dihexyl-9H-fluorene-2,7-diyl)-1,2-ethe-
nediyl-1,4-phenylene-1,2-ethenediyl] (LaPPS16) [18],
which undergoes larger de-aggregation in poly(isobutyl
methacrylate) than in other poly(alkyl methacrylate)
matrices [17]. Therefore, the proposal of the development
new systems for polymer de-aggregation is an important
challenge for several different applications [1–18].

Based in the previous results [17], we extended the
de-aggregation studies using clays and LaPPS16 as chro-
mophore. The de-aggregation was observed through the
polyfluorene adsorption on clay surfaces, making a kind
of photoluminescent clay/polymer nanocomposite. Clays
have being used for several purposes imparting interesting
new properties to the composite: better mechanical and
thermal stability, improved frame retardant features, and
greater photostability, among others [19–25]. Clays have
nanometric dimensions (�1 to 5000 nm) and high surface
areas (�7 to 800 m2/g) [19] where the polymers can be ad-
sorbed. There are several ways to prepare clay/polymer
nanocomposites [19,25], including sorbate adsorption on
the clay surface by casting and further solvent evaporation
[19,23], and in situ polymerization on the particle surface
or interlayer space [20,25]. The low affinity between the
emissive polymer (hydrophobic) and the clay (hydrophilic
and hydrophobic surfaces) is one of the main challenges to
overcome in preparing clay/polymer nanocomposites. In
general, this is the main difficult to achieve the compatibil-
ity between organic and inorganic components [19,25].
Other important parameters are concerned to (i) the
sorbed polymer (molecular weight, chemical nature of
the repeating units, chain structure and conformation,
and ability to undergo specific interactions), (ii) the clay
(surface area, size cavities, surface hydrophylicity, and

surface charges), and (iii) the solvent (polarity, pH, and sol-
vation parameters) [19–25].

In the present case, the mixture of the low concentrated
conjugated polymer toluene solution with the non-treated
clay was enough to promote the de-aggregation of LaPPS16
through the polymer absorption on the clay surfaces. The
clay used for this study was kaolinite, a kind of aluminum
silicate hydrate (KAO, Al2Si2O5(OH)4). This clay has about
7–30 m2/g of surface area and belongs to the 1:1 clay min-
eral group [19]. The kaolinite structure is formed by both
tetrahedral silica lamellar layers (more hydrophobic) and
octahedral alumina lamellar layers (more hydrophilic)
[19]. These connected layers, presenting both hydrophilic-
ity and hydrophobicity, allow KAO to be well-dispersed in
solvents like toluene, a good solvent also for polyfluorenes,
including LaPPS16 [26].

The polymer de-aggregation was followed by steady
state photoluminescence spectroscopy, a very sensitive
technique based on the differences of the spectral profile
and intensity of the emission from isolated and aggregate
species [27–29].

2. Experimental

2.1. Materials

LaPPS16 was synthesized via Wittig condensation
between 2,7-bis(bromomethyl)-9,90-di-n-hexylfluorene
and 2,7-bis[(p-triphenyl phosphonium) methyl]-9,90-di-n-
hexylfluorene dibromide as described elsewhere [16].

The clay (KAO) was purchased from Kanto Chemical Co.
Inc. Tokyo Japan, and was used as received. The product
name is Kaolin, it is an aluminum silicate hydrate. It is a
white powder, insoluble in water and organic solvents,
with chemical composition [Al2Si4O10(OH)2]�5SiO2, data
provided by the manufacturer. Kaolinite is the main com-
ponent in Kaolin but minor impurities, such as illite,
muscovite and halloysite, may also be present. In the prod-
uct used the impurities are in the range of 0.1%, chloride
and iron as the main elements present, data provided by
the manufacturer. Toluene PA was purchased from Aldrich.

2.2. Sample preparation

The KAO powder is formed by nanometric particles that
showed plate structure with hexagonal outlines. Some
plates stack together forming a vermicular structure [30].
It disperses in toluene when the solution is mechanically
stirred. Samples were prepared mixing KAO, polymer,
and toluene, the mixtures were then ultrasonicated and
mechanically stirred. In the toluene/clay/polymer disper-
sion the solution is hazy due to the light scattering by clay
particles and its color is yellow due to the blue-light
absorption by the polymer. After the drying of the tolu-
ene/clay/polymer dispersion, the clay/polymer blend forms
a yellow pale powder.

Four samples were prepared, keeping the clay concen-
tration constant and varying the polymer concentration,
as follows: clay (200 mg), toluene (40 mL), and 1 mL of
polymer/toluene solution at 0.1, 0.2, 0.3, and 0.4 mg/mL,
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corresponding to clay/polymer ratios 2000/1, 2000/2,
2000/3, and 2000/4 (w/w). Each mixture was sonicated
during 15 min, mechanically stirred further 15 min and, fi-
nally, dried in ambient environment until complete tolu-
ene removal. For comparison purposes four additional
samples were prepared: the first one was a spin coated
film of the pure polymer diluted in toluene at
50.00 lmol L�1 on a glass substrate with a speed of
300 rpm for 2 min, a second one consisted of a solution
of LaPPS16 in toluene at 4.7 lmol L�1, a third was a solu-
tion of clay/toluene (clay (200 mg) and toluene (40 mL)),
which was sonicated during 15 min, mechanically stirred
further 15 min and dried in ambient environment until
complete toluene removal, and a fourth was a KAO/
LaPPS16 sample prepared by five sequential sonication
steps (15 min)/mechanically stirring (15 min) cycles of a
dispersion of KAO/toluene (200 mg/40 mL) and 1 mL of a
toluene LaPPS16 solution at 0.2 mg/mL.

Table 1 describes those samples and their processing
conditions.

2.3. Wide-angle X-ray diffraction (WAXD)

WAXD studies were performed using a Rigaku Rotaflex
RU 200B instrument (Cu Ka radiation, k = 1.5418 Å). WAXD
measurements were carried out for three KAO samples:
pure (as received), diluted in toluene, and diluted in a solu-
tion of toluene and polyfluorene 2000/2 (KAO-polymer 5).
In the case of the KAO diluted in toluene, it was ultrasoni-
cated during 15 min, mechanically stirred further 15 min
and dried at room temperature and pressure until com-
plete toluene removal.

2.4. Optical measurements

Absorption spectra were recorded using the spectro-
photometer U-2001 Hitachi in scanning ratio 100 nm/
min. The absorbance spectrum for sample KAO (KAO-poly-
mer 5) was obtained with a reflection set-up. Photolumi-
nescence (PL) and photoluminescence excitation (PLE)
measurements were performed in Shimadzu RF-5301-PC
spectrofluorimeter.

The clay/polymer powder was inserted and manually
pressed into an orifice of 4 mm diameter and 0.5 mm high
on a black painted iron plate. The photophysical experi-
ments were made using the front-face sample orientation
due the high light scattering of the powdered material.
Care was taken to keep its surface as flat as possible.

The plate was mounted on a goniometer inside the fluo-
rimeter to insure an angle of 45 degrees between the inci-
dent excitation beam and the sample. Spectra of solutions
were obtained using a 1 cm2 quartz cuvette.

Steady-state photoluminescence (PL) spectra were re-
corded from 400 to 800 nm using excitation wavelengths
of 390 for solution (Fig. 2a) and thin film samples
(Fig. 2b), 400 and 477 nm for clay/polymer composite sam-
ples (Fig. 2c and 2d, respectively). Excitation Spectra (PLE)
were recorded from 300 to 550 nm using wavelength
detection of 465 nm for solution sample (Fig. 2a), 556 nm
for thin film sample (Fig. 2b), 500 and 560 nm for clay/
polymer samples (Fig. 2c and d, respectively).

2.5. FTIR measurements

LaPPS16 FTIR spectrum was obtained in a BIORAD FTS
3500 GX spectrometer in the range of 400–4000 cm�1, in
transmittance mode, LaPPS16 was mixed in 100 mg of
KBr. The FTIR spectra of pure-KAO and of KAO/polymer 5
composite where carried out from Nicolet Magna-IR 560
spectrometer, the clay and clay/polymer samples were
mixed in 100 mg of KBr.

Table 1
Sample labeling and processing conditions of KAO clay, polymer LaPPS16, and clay/polymer nanocomposites.

Label Sample Sonification (15 min) Mechanical stirring (15 min)

Pure-KAO Pure KAO as-received – –
Toluene-KAO KAO + toluene 1� 1�
Toluene-polymer LaPPS16 + toluene (4.7 mg/mL) 1� –
Film-polymer LaPPS16 spin coated film 1� –
KAO-polymer 1 clay/polymer (2000/1 w/w) 1� 1�
KAO-polymer 2 clay/polymer (2000/2 w/w) 1� 1�
KAO-polymer 3 clay/polymer (2000/3 w/w) 1� 1�
KAO-polymer 4 clay/polymer (2000/4 w/w) 1� 1�
KAO-polymer 5 clay/polymer (2000/2 w/w) 5� 5�

Fig. 1. WAXD diffraction patterns for Pure-KAO, toluene-KAO, KAO-
polymer 2, and KAO-polymer 5.
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3. Results and discussion

Fig. 1 shows the WAXD diffractrograms obtained for
pure-KAO, toluene-KAO, KAO-polymer 2, and KAO-poly-
mer 5, these WAXD diffractrograms shows that the kaolin-
ite is the predominant mineral phase which can be
identified by its characteristic XRD peaks [30], and minor
impurities, such as illite, muscovite, and halloysite, also oc-
cur [31].

These patterns show no significant variations, indicat-
ing that there is no polymer intercalation within the KAO
structure and the interaction clay/polymer occurs most
probably on the KAO surfaces.

Fig. 2a shows optical absorption (ABS), photolumines-
cence excitation (PLE), and photoluminescence (PL) for
LaPPS16 in toluene solution at 4.7 lmol L�1. The absorp-
tion and excitation spectra are overlapped and centered
at 422 nm. With excitation at 390 nm, the PL spectrum
showed two-well resolved peaks at 465 nm (zero phonon)
and at 493 nm (first phonon), which were attributed to the
emission of the isolated chromophore. The absorption/
excitation and PL spectra are not mirror images, indicating
that energy migration or conformational relaxation from
the initial excited state to the lower energy Franck-Condon
state are occurring before the emission [4,9,10,27]. We also
recorded PLE and PL spectra of the spin coated film of
LaPPS16 (Fig. 2b), which showed a broad excitation band
centered at 440 nm. The PL spectrum presented a new
red-shifted band at 556 nm; this emission can be ascribed
as the finger print of the aggregated species. Therefore, we

can define two spectral ranges in PLE and PL spectra, corre-
lated with isolated and aggregated species.

The comparison of emission and excitation curves be-
tween toluene solutions (Fig. 2a), polymer film (Fig. 2b)
and clay/polymer nanocomposite (Fig. 2c and d) clearly
demonstrates the dependence on polymer concentration;
for lower loading sorption the emission is narrow and
blue-shifted (Fig. 2c and d). PL spectra on Fig. 2c present
two well-defined peaks: one centered at 500 nm, which
relative intensity decreases with increases with the con-
tent of the sorbed polymer, and another centered around
560 nm. The comparison of the PL spectrum of the isolated
species (Fig. 2a) and that of the aggregated ones (Fig 2b),
with the emission spectra of the nanocomposites in
Fig. 2c and d lead us to conclude that there are two popu-
lations of sorbed polymer chains on the particle surface:
isolated and aggregated species. As an additional evidence
of de-aggregation dependence on polymer concentration,
the excitation spectra acquired using the red-edge excita-
tion at 477 nm (Fig. 2d) showed a relative increase of the
aggregate emission as expected, due to the preferential
excitation of this population. Moreover, the analysis of
PLE spectra in Fig. 2c and d shows that the relative inten-
sity of the excitation band around 390–400 nm is higher
for detection at 500 nm (where the emission for isolated
species is preferentially expected) and at lower load sorp-
tion conditions. The red-shifted band is intensified when
higher loading conditions is used or when the excitation
is recorded using the red-shifted emission (560 nm). The
sharper red-edge excitation peak at 477 nm suggests that

Fig. 2. (a) Optical absorption (ABS), photoluminescence excitation (PLE), and photoluminescence (PL) of the Toluene-polymer sample, (b) PLE and PL
spectra of the film-polymer sample. (c) PL (kexc = 400 nm) and PLE (kem = 500 nm) spectra of the KAO-polymer 1 (–j– 1), KAO-polymer 2 (–s– 2), KAO-
polymer 3 (–D– 3) and KAO-polymer 4 (–5– 4) samples, and (d) PL (kexc = 477 nm) and PLE (kem = 560 nm) spectra of the KAO-polymer 1 (–j– 1), KAO-
polymer 2 (–s– 2), KAO-polymer 3 (–D– 3) and KAO-polymer 4 (–5– 4) samples.
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‘‘J’’ aggregates has been formed [32]. However, the other
conditions that should arise from the formation ‘‘J’’ aggre-
gates such as the smaller Stokes shift and the sharper
photoluminescence are not as clear as in classical ‘‘J’’
aggregates. It is quite interesting that the excitation spec-
trum of this ordered species is not observed in film.

The effect of the more drastic sample preparation (KAO-
polymer 5) was detected by FT-IR (Fig. 3a). It was observed
that the KAO-polymer 5 OH FT-IR spectrum, in the range
3700–3600 cm�1, is narrower and more resolved that the
Pure-KAO OH FT-IR spectrum. This result indicates that
the more intense sample ultrasonication enhance the sep-
aration of the kaolinite agglomerates which form an ver-
micular structure [30], increasing the clay surface area
for polymer sorption and, consequently, increasing the
polymer de-aggregation.

Fig. 3b displays normalized PLE in three different emis-
sion wavelengths (482, 507, and 550 nm) and the PL spec-
tra in two excitation wavelengths (400 and 445 nm) of
KAO-polymer 5 sample. The two PL spectra and the three
PLE spectra show the same line shapes typical of the iso-
lated chain, corroborating the condition of polymer de-
aggregation. In addition to this conclusion, we can also
see that excitation and emission spectra are now mirror
images, indicating that the efficiency of energy migration
and conformational relaxation of the polymer chain in
the electronic excited state are much less efficient and
the decay probably comes from the non-relaxed Franck-
Condon state, for the sorbed polymer chains.

Analyzing Figs. 2a and 3b, in addition to the red-edge
emission in the PL spectra, some spectral shift are also ob-
served, which may result from inner-filter effect or from
self-absorption and re-emission process [4]. This effect is
more pronounced for more concentrated samples. In order
to evaluate the contribution of the self-absorption and re-
emission process, we attempted to estimate this contribu-
tion throughout Eq. (1) [33,34]:

1ðkÞ ¼ IoðkÞ
1� exp½�AðkÞ�

AðkÞ ð1Þ

A(k) stands for the absorbance curve, I0(k) for the cor-
rected PL spectrum, and I(k) for the experimental spec-
trum. Fig. 4 shows the PL spectra (kexc = 400 nm), I(k) and
I0(k) (Eq. (1)), for LaPPS16 in toluene solution (sample tol-
uene-polymer) and KAO-polymer nanocomposite (sample
KAO-polymer 5). The absence of significant self-absorption
in both cases indicates that the emitted photons travelling
along the optical pathways were not absorbed and
re-emitted. It is important to note that the absorbance
spectrum for KAO-polymer 5 sample was obtained via
reflection set-up, which in general reduces the inner filter
effect.

Since the photoluminescent properties of the conju-
gated polymers strongly depend on the polymer morphol-
ogy [15–17] and the LaPPS16 has a strong tendency to
aggregate [17], through the p-stacking, the changes be-
tween the profile seen on Figs. 2c and 3b are due mainly
to the de-aggregation of the polymers chain and to the

Fig. 3. (a) Pure-KAO and KAO-polymer 5 FTIR spectra in the –OH transition range and (b) PLE and PL spectra for KAO-polymer 5 solid state sample at two
different excitation wavelengths 400 and 445 nm and three different emission wavelengths 482, 507, and 550 nm.

Fig. 4. PL Self-absorption correction for samples (a) toluene-polymer (b) KAO-polymer 5. Open circles refer to experimental data and continuous lines were
calculated using both Eq. (1) and experimental absorbance spectra.
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combination of the changes on the effective conjugation
length and on the conformational distribution of the conju-
gated polymers due the polymer/clay interaction.

To get additional insights about the interaction clay/
polymer, we simulated the emission spectrum for both
samples using the electron-phonon coupling model
[33,34]. According to this model, the vibronic shape of
the emission line may be described considering a multi-
vibrational mode in Frank-Condon approximation, Fermi’s
golden rule scope, and localized molecular exciton theory
[33,34]. Eq. (2) includes the electron-vibrational modes
coupling, the Huang-Rhys factor S in pure displacement
approach – Eq. (3).

IabðxÞ ¼
2ampx3

3c�h
j~labj2

Z þ1

�1
dt expðitðxab �xÞ

� d2t2

2
Þ
Y

j

G�j ðtÞ ð2Þ

G�j ðtÞ ¼ exp½�
XN

j¼1

Sjfð�nj þ 1Þ expðitxjÞ

þ �njðexpð�itxjÞ � 1Þg� ð3Þ

~lab stands for the transition electric dipole element, am is a
constant and which describes the medium effect, c is the
speed of light, �hxab ¼ Eb � Ea is the energy difference be-
tween the localized electronic states LUMO (Eb) and HOMO
(Ea), d is the inhomogeneous spectral line width, xj is the
vibrational mode energy, and �nj ¼ ðexpð�hxj=2kTÞ � 1Þ�1 is
the thermal occupation probability for the jth-vibrational
mode.

The possible vibrational modes, to be coupled, were
obtained from the FTIR spectrum of pure LaPPS16
(Fig. 5). The effective vibrational modes m1, m2, and m3 were
related to C–H plus C–C ring out-of-plane bending (522
and 555 cm�1), C–H ring in-plane-bending (1005, 1135,
and 1174 cm�1), and C–C ring stretching (1518, 1543,
1550, and 1584 cm�1), respectively [35].

Fig. 6 displays the simulated PL spectra calculated from
Eqs. (2) and (3) for both samples (toluene-polymer and
KAO-polymer 5). The experimental data used in the adjust
were: (i) the wavelength of zero phonon transition peak kab

(462 nm, the pure electronic peak, for toluene-polymer
sample and 476 nm for KAO polymer 5 sample), (ii) the
zero-phonon inhomogeneous line width d (at half height
width of zero-phonon peak), and (iii) three effective
vibrational modes: m1 = 1550 cm�1, m2 = 1163 cm�1, and
m3 = 500 cm�1. The adjustable parameters Sj;, where j = 1,
2, and 3, are the electron-vibrational modes coupling
parameter, i.e., the Huang-Rhys factors. Table 2 displays
the list of the parameters used in the PL line shape adjust-
ing for both spectra. Observing the final results in Table 1
for KAO-polymer 5 sample, in comparison with toluene-
polymer sample, the line shape width does not increaseFig. 5. Pure LaPPS16 FTIR spectrum.

Fig. 6. Experimental (open circles) and theoretical fitting (solid line) of normalized PL spectra for (a) toluene-polymer and (b) KAO-polymer 5 samples. The
contributions of each phonon, m1 = 1550 cm�1, m2 = 1163 cm�1, and m2 = 500 cm�1 are presented.

Table 2
Theoretical adjusting parameters of PL spectra for toluene-polymer and KAO-polymer 5 samples.

Sample kab (nm) d (cm�1) m1 = 1550 cm�1 m2 = 1163 cm�1 m3 = 500 cm�1

Toluene-polymer 462 380 S1 = 0.3 S2 = 0.3 S3 = 0.3
KAO-polymer 5 476 400 S1 = 0.3 S2 = 0.4 S3 = 0.6
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substantially. However, the parameter S3, effective vibra-
tional mode at 500 cm�1, rises significantly. Thus, the
interaction clay/polymer does not introduce large molecu-
lar disorder, the line width d is similar, and is greater in the
aromatic ring regions. Even though the PL spectrum is red
shifted, the theoretical result agrees with the PLE and
selective PL emission experiments presented in Fig. 3b
confirming the de-aggregation of LaPPS16 on clay nano-
substrates.

4. Conclusions

The de-aggregation of a very luminescent polyfluorene
derivative poly(9,9-di-hexylfluorenediyl divinylene-alt-
1,4-phenylenevinylene) (LaPPS16), which has a high ten-
dency to p-stacking aggregation, was achieved through
the preparation of the polymer/clay nanocomposites. The
sonicated and mechanically stirred mixture of diluted tol-
uene solution of the polymer with non-treated KAO was
enough to promote its de-aggregation through the polymer
adsorption on the clay surfaces, being the de-aggregation
more efficient under stronger sonication/stirring condi-
tions. The results presented in this report bring the possi-
bility of producing more efficient polymer based
luminescent devices and to carry single-molecule studies
using nanocomposite film formation.
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