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Abstract

We have investigated the optical properties of polymeric blend poly(3-thiophene acetic acid)–poly(vinyl alcohol). We have observed two band

sets with different features in the photoluminescence spectrum. One set shows a band peak at 560 nm and the other shows two band peaks at 670

and 710 nm. We have analyzed the polarization and temperature dependence of photoluminescence spectrum. We have observed that the first set

is unpolarized and shows weak temperature dependence, while the second one shows strong temperature dependence and a polarized band at

710 nm. These results were interpreted as evidence of energy transfer associated with migration and trapping of excitons in the poly(3-thiophene

acetic acid) chains using a kinetic model with we estimated the energy of the trap site for the triplet exciton emissions.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last two decades oligomer and polymer thiophene

derivatives have been investigated due to their potential

application in organic electronic devices [1], light emitting

diodes [2,3], photodetectors [4] and solar cells [5]. In order to

develop such applications and obtain suitable efficiency and

durability, it is necessary to understand their photophysical and

photochemical properties in solution, thin films and blends.

Photosensitive materials based on blended polymers have

proved essential in developing of optical and electro-optical

devices. Some of these materials were composed of

polymers such as poly(acrylic acid, PAA) [6] and

poly(methyl methacrylate, PMMA) [7]. These polymers

had properties such as low cost, high processability, high

light transparency and chemical and thermal stabilities.

Another important polymer is the poly(vinyl alcohol, PVA),

which is a commercial polymer, usually produced by acidic

or basic hydrolysis of the poly(vinyl acetate, PVAC). Its
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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properties depend on its molecular weight and degree of

hydrolysis. Among its possible composite materials, because

of the high quality of its films, it cam be useful as a support

in many industrial applications, including non-linear optical

devices [8].

Up to now, in electro-optical applications, most of the

polymer devices are based on modified poly(phenylene

vinylene)s or polythiophenes. The vast majority of these

polymers are soluble in organic only. Introduction of water-

soluble conjugated polymers could render the processing of

these materials (if ever produced and used on the large scale)

more friendly to the environment. In addition, an approach to

make solid polymer solutions is based on the polymer

blending. Polymer blends do often lead to phase separation.

This is because of the low entropy of mixing of polymer chain.

There are fewer ways of distributing the constituents and this

causes microphase separated materials. To suppress the phase

separation in the polymer blend, one must influence the other

part of the free energy of mixing, which is the enthalpic part.

Adding attractive interactions between the matrix and the

polymer to be dissolved can be sufficient to make solid

solutions with better molecular dispersions.

On the other side, the photophysics of thiophenes in solution

is well understood, which is a good base for the interpretation

of their properties in the solid state [9,10], in which new decay

channels open up, due to intermolecular interactions, defects
Polymer 47 (2006) 1187–1196
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Fig. 1. Schematic diagram showing the front-face (FF, top) and right-angle

(RA, bottom) setups for the detection of the luminescence emissions

originating from the laser spot in the PVA–PTAA blend and from outside

the laser spot.
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and impurities. In addition, the molecular organization has a

fundamental role, because it can affect both the nature and the

decay mechanism of excited states. In particular, the periodic

interactions between the molecules in ordered structures induce

the formation of collective excited states (exciton) [11] with

different properties compared to isolated molecules. Compar-

ing these two different cases, isolated molecules in solution and

the strongly interacting molecules in the solid state, the

intermolecular and intramolecular interactions in these systems

can be described. In principle, the same properties of an

isolated single crystal are observed in a polycrystalline films.

The main difference is that the latter contains a large number of

trapping sites (e.g. dislocations, local aggregation and defects)

at the grain boundaries that make difficult to distinguish the

molecular properties from those of the disorder-induced states.

In fact, delocalized excitons were not observed in polycrystal-

line films and blends due to the structural disorder. Therefore, it

is more reasonable to assign an excited state to a localized site

that presents a molecular character. Consequently, excited

states in these systems can be compared to those observed in

thiophene solutions. However, in contrast to single molecules,

their decay dynamics are faster by several orders of magnitude

and have non-exponential behavior [12–15]. Another effect

that can be observed is the charge transfer excitation (CT),

which occurs at certain sites, such as two-molecule clusters,

where the molecules are in tail-to-tail or head-to-head

configuration [16].

The intersystem crossing (ISC) can also explain the decay

mechanism in these systems. It is important to stress that the

ISC explanation is not completely equivalent to that of the

trapping sites (described above) as the CT state can decay

quickly due to recombination, but during its lifetime may also

undergo intersystem crossing (ISC). In addition, due to the fast

decay dynamics of the excited states in the solid state, it is

rather unlikely that triplet states can be formed by the usual

spin-flip molecular mechanism. However, singlet excited states

may have other channels for triplet conversion. These include:

(a) singlet excited state fission into triplet pairs, which requires

an excitation energy that is at least twice the triplet energy; (b)

the conversion by a localized excitation associated with the

formation of an excimer. Thus, excited dimers or CT states can

occur in the disordered solid-state [17,18].

In this paper, we have studied optical properties of poly(3-

thiophene acetic acid)–poly(vinyl alcohol), PVA–PTAA,

blends in solution and in the solid state. We have measured

the photoluminescence spectra of these blends as function of

temperature and laser intensity. We have also analyzed the

polarization state of photoluminescence spectrum. Two

different spectral emission profiles were observed and

interpreted as an evidence of energy migration in the poly(3-

thiophene acetic acid) chains.

2. Experimental part

The PTAA was prepared by the oxidative polymerization of

3-thiopheneacetic acid (Sigma Co.) with ferric chloride

(Merck) in chloroform (Merck) under dry nitrogen purge
flow as described elsewhere [19,20]. The poly(vinyl alcohol),

PVA, (Mallinckrodt Chemical Co., MW 133,000 and 99%

hydrolyzed) was used as received. The PTAA–Na salt solution

was prepared by dissolving PTAA in ultra pure water (MilliQ)

and adding diluted NaOH. The PTAA–PVA blends were

prepared by dissolving 0.5 g of PVA in 15.0 ml MilliQ water

under mild heating and stirring, after which 5.0 mg of PTAA–

Na salt were and added to the solution to yield a transparent

PVA–PTAA solution. The solution was homogenized, poured

into a Petri plate and cooled to room temperature. The solvent

spontaneously evaporated at room temperature and under

atmospheric pressure to give a transparent, orange, plastic film

(PVA–PTAA blend).

The absorption spectra were measured using an ultraviolet–

visible–NIR Cary 5G Varian Spectrophotometer. The photo-

luminescence spectra were recorded using a 457.9 nm line

Coherent ArC Spectra Physics and Spex 500 M single

monochromator coupled to a thermoelectrically cooled

R5108 Hamamatsu photomultiplier. The laser spot had a

0.2 cm2 area. The experiments were performed at different

temperatures using a JANIS closed system He cryostat.

The photoluminescence spectra (PL) were recorded using

two different setups as presented schematically in Fig. 1. In the

front-face (FF) setup, the emission was measured positioning

the detection system in front of the sample. In the second setup

(denoted right-angle (RA)) the detection of the luminescence

was performed at 908 to that used in the FF setup. To simplify,

FF-PL denotes the emission spectra measured using the FF

setup and RA-PL denotes the RA setup. In order to analyze the



Fig. 2. Absorption and emission spectra for PTAA and PVA in aqueous

solution (dashed line) and as a blend (solid line).
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polarization of the emitted light for each setup, a polarizer was

positioned at the entrance of the monochromator.

Calculations for geometry optimizations of the some

3-thiopheneacetic acid oligomers were made. On the basis of

these geometries, we described the excited states hat promoted

the photoluminescence in the PTAA–PVA blend. The

geometries were optimized at the Hartree–Fock semi empirical

Austin Model (AM1) [21] using the quantum chemistry

package GAMESS [22]. For the geometry optimization of

the oligothiophenes, the molecules were augmented from

dimer to hexamer. That AM1 method had been reported to give

ground-state geometries in good agreement with the results of

X-rays diffraction studies [23,24].
3. Results

In Fig. 2 the absorption and emission spectra of the PVA and

PTAA dissolved in aqueous solution and for the PVA–PTAA

blend are shown. In solution (dashed line), the absorption and

emission spectra are characteristic of isolated polythiophenes

(PT) electronic transitions, which the spectrum profiles are

associated with the distribution of the oscillator strength in

regards to the conformational variation of the PT chains. Due
Table 1

Spectroscopic parameters for the absorption and emission bands of the PVAPTAA

Absorption

Peak energy, eV (nm) Bandwidth,b eV (nm)

Solution 2.58 (481) 0.96 (161)

Blend 3.11 (398) 1.11 (142)

Energy shiftc 0.53 (K83)

Blue/red shift Blue shift

Bandwidth variationd 0.15 (K19)

Variation %e 15%

Energies values in electron-volts and in round brackets the equivalent wavelength.
a Stokes shift calculated by subtracting the absorption peak from the emission pe
b Bandwidth at half maximum.
c Band shift calculated by subtracting the solution peak from the blend peak.
d Bandwidth variation calculated by subtracting the solution peak from the blend
e Variation % stands for relative bandwidth variation.
to the low PTAA and PVA concentrations, the chains interact

only weakly and the main influence on the spectral parameters

(stokes shift and bandwidths) is the solvent effect. However,

comparing the absorption and emission spectra for the PVA–

PTAA blend with the spectra from solution, important changes

can be observed. In the blend, the interaction between the PVA

and PTAA chains is stronger than the PTAA–PTAA interaction

in solution. That difference resulted in a different distribution

of the oscillator strength as we compared the spectra in solution

with the shifted the emission and absorption spectra in the

blend film (solid line).

Table 1 shows the spectroscopic parameters of the

absorption and emission of the PVA–PTAA systems in

solution and in the blend. Comparing the data one can be

noted that the peaks for both emission and absorption spectra in

the blend are blue shifted in regards to those of the solution.

As one can be seen in Fig. 3, the luminescence spectra of the

FF-PL and RA-PL for the PVA–PTAA blend are different.

That difference came out because the luminescence of the

PTAA–PVA blend exhibits a singular feature, two distinct

emissions. One of them is observed coming out directly from

the laser spot with a yellow hue, that we measured collecting

the light using the front-face setup. The second emission was

observed spreading outside the laser spot area, but could not be

detected into the laser spot, this had occurred mainly due to the

higher intensity of the yellow emission. That emission outside

the laser spot had a reddish hue and because it spread in the

blend film was detected more conveniently using the RA setup.

It is interesting note that in the FF-PL the low energy tail in the

emission spectrum should be related to those two reddish

emissions, but they had much lower intensities, because that

could not be distinguished.

The FF-PL (dotted line) showed only one broad asymmetric

band with maximum intensity at 560 nm (2.21 eV) and a

bandwidth of 114 nm (0.43 eV). This emission was attributed

to a radiative decay of a localized-singlet exciton, which was

generated by direct absorption at sites on the thiophene

backbone [25–28]. The RA-PL (continuous line) presented

three emission bands. The lower intensity band at 560 nm is

due to the scattered luminescence coming out from the laser

spot. The other two bands having maximum intensities at
systems in solution and in the blend

Emission Stokes shift,a eV (nm)

Peak energy, eV (nm) Bandwidth, eV (nm)

2.15 (576) 0.31 (91) 0.43 (95)

2.21 (560) 0.43 (114) 0.90 (162)

0.06 (K16)

Blue shift

0.12 (K23)

39%

ak.

peak.



Fig. 3. PL spectra of the PVA–PTAA blend recorded using the FF (dashed line)

and in the RA (solid line) detection setups.
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Fig. 4. PL spectra of the PVA–PTAA blend when the polarizer position was

parallel (solid line) and perpendicular (dashed line) to the polarization plane of

the laser beam; (A) is for FF detection setup and (B) RA detection setup. The

spectra have been off-set slightly for ease of comparison.
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670 nm (1.85 eV) and 710 nm (1.75 eV), respectively, were

due to the emission spreading outside the laser spot. However,

as discussed in the following section, these two emission bands

cannot be related to the same process as that at the 560 nm.

Fig. 4 shows the polarization analysis for both PL spectra.

The intensity of the FF-PL did not change as the orientation of

the polarizer was varied from a parallel (08) to a perpendicular

position (908) with respect to the laser excitation (Fig. 4 (A)).

On the other hand, the RA-PL exhibited a polarized band

(Fig. 4(B) (solid line)). When the axis of the polarizer was

perpendicular to the excitation polarization, the band peaked at

700 nm had its intensity reduced and it was covered by the

emission at 650 nm (dotted line), which remained with the

same intensity as polarizer was parallel, indicating no

polarization. When the polarizer was set parallel, both bands

could be observed again. One possible cause for this

polarization could be a wave guiding effect, as observed in

materials that are coated by another material with lower

refraction index. Normally, these modes of propagations are

dependent on parameters such as the refraction indexes of

materials, the optical path, the incidence angle of the light

beam, the thickness of the material and its shape. In the PTAA–

PVA blend, we found that those parameters had no influence on

the polarized emission spectra. Samples with different

thickness, optical path and shapes had same spectra and they

were unaffected by the incidence angle of the laser beam.

Because that, wave guiding was discarded as the mechanism

for the polarization. These two bands, one polarized and the

other not polarized, indicating that some PTAA chains were

aggregated in regions of oriented crystalline PVA, while other

chains were segregated into the non-oriented amorphous PVA,

even though the PVA is not crystalline polymer, in solid films

is commonly observed some regions with some degree of

crystallinity. In other work with polythiophene blended with

polyethylene [29] had been showed that the occurred an

alignment of the polythiophene aggregates to with to the

polyethylene chain, while the isolate chains are randomly

distributed in the blend. In the case of the PTAA–PVA blend is
expected that a similar effect occurs because the PVA is a

semicrystaline polymer that, usually, have some high crystal-

line degree even without drawing. The polarization of the band

at 710 nm is related to some sites in the PTAA backbone that

have a specific orientation in relation to chain orientation.

The RA-PL was also analyzed as function of the laser

intensity. As shown in Fig. 5(A), the laser intensity was

increased eight-fold and the intensity of the spectra increased

linearly (Fig. 5(B)). In addition, the band shapes did not change

indicating that the luminescence process was a linear optical

phenomenon, which ruled out processes such as multiphoton
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absorption, refractive index variation and exciton annihilation

in the explanation the data obtained.

The emission intensity profile for the band in the 500–

600 nm (2.5–2.1 eV) range had a slight decrease as the

temperature increased from TZ20 to 160 K. On other hand,

for the bands in the 600–850 nm (2.1–1.5 eV) range, the

relative PL intensity profiles strongly decreased with increas-

ing temperature in the same values. This temperature effect was

clearly visible when comparing the relative intensities of the

band peaks, as shown in Fig. 6(C). For the band at 500–600 nm
(open circle) there was a very weak tendency to decrease

(approx. 10%), while a stronger tendency (approx. 55%) was

observed for the bands at 600–850 nm (solid circle). The

behavior of the relative PL intensities with the temperature can

be related to different mechanisms for each energy process in

the radiative decay that is assigned to the emission bands. This

will be discussed in the following section.

4. Discussion

Photoluminescence in conjugated polymers is due to

excitonic emission, but the exact nature and kinetics of

excitons in such systems remains under investigation. In

some studies, it has been suggested that those photo-excitations

are free carriers as the Coulombic interaction of an electron–

hole pair within the exciton is negligible [30,31]. Other studies

suggest that the excitons are localized in the polymer chain, i.e.

similar to Frenkel excitons [32,33].

From a different point of view, most films and blends of

conjugated polymers are disordered systems and, as such, the

results of optical experiments should be interpreted considering

a molecular model, where the polymer is treated as an

ensemble of sites that are subjected to both energetic and

positional disorder [34–36].

Photo-excitation generates excitons localized at some sites.

Thus, such excitons can migrate towards lower energy sites,

undergoing radiative recombination or non-radiative decay. In

fact, the observed Stokes shift can, at least in many cases, be

attributed to an incoherent migration of excitons before

recombination [37–41].

The diffusion of the excited states may include both 3D

diffusion on and between chains, as well as 1D diffusion of

exciton along the chain. The diffusion process allows the

exciton to probe many sites during its lifetime, higher lifetime

more spreading of the energy. Because singlet excitons had

very short lifetime, the diffusion process for they is more

limited to short range, confining the exciton to 1D diffusion and

reducing the possibilities for 3D diffusion. This confinement of

singlet excitons should be responsible for the emission band at

560 nm, which was observed only inside the laser spot and not

spreading outside to blend film.

The spectroscopic parameters obtained from the absorption

and emission spectra (Fig. 2 and Table 1) indicate that the

interaction between PTAA and PVA chains in the blend are

different from those observed in the aqueous dissolved

material. The onsets of absorption spectra were the same in

the solution and in the solid phase. On the other hand, the

absorption peak for the blend was blue shifted and this

indicated a different PTAA organization in the blend [42–44].

In this case, the 0–0 transitions are very weak and this

decreased the derivative of the low energy side in the

absorption curve. As expected, there is a decrease in the half-

height bandwidth (an increase in the energy distribution)

comparing the solution and blend film. Moreover, there was

almost no difference in the emission spectra. For films of

poly(alkyl thiophenes), Gierschner et al. [45] attributed the

Stokes shift to the formation of aggregates in the polymer
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blends. In the results presented here, for the PVA–PTAA

blends, the Stokes shift observed of 0.90 eV could be related to

aggregation, to differences in the interaction between the

PTAA chains and the solution or even to changes in the

conformational motion of the chains in solution. All of these

possibilities are related to changes in the fundamental state of

the material.

Although the mechanism of the differences between the

solubilized blends and films is not clear, the observed changes

in the behavior for the films were in agreement with a

molecular exciton model used to describe energy diffusion

[28–30].

In solution, the photoluminescence (PL) has only one broad

band, with a peak at 576 nm. However, in the blend the

photophysics follow other radiative paths, as indicated by the

two different spectra obtained in the FF and RA detection

setups. The PVA–PTAA blend presents two different radiative

mechanisms operating simultaneously. One is similar to that

which exists in solution and the other appears when the PVA

and PTAA are in the solid phase. This is observed as an

emission band in the red range of the spectrum (650–850 nm),

as shown in Fig. 3.

These bands were attributed to triplet excitons because the

energies values had been correlated with other theoretical and

experimental results reported in literature [46–51], which

showed that the dependence of the triplet energy with the

number of monomers is much weak. Such difference is only

lowered by about 0.2 eV when going from the dimers to the

hexamers of thiophenes. The stronger confinement of the triplet

excitons in oligothiophenes (in regards to the singlet excitons)

was confirmed in other experimental works, such as: optical

detected magnetic resonance (ODMR) measurements, showing

a weak chain-length dependence of the spin–spin separation

parameter [52]. The energies observed in ours results were very

similar to values measured for the triple energies with respect

to the ground state in oligo [50] and polythiophenes [51]. The

band at 670 nm (1.85 eV) was assigned to a triplet exciton, Tn,
delocalized in a segment of the chain with several units

(between, while the band at 700 nm (1.75 eV) was attributed to

a triplet exciton, T1, localized in a smaller segment (dimer or

trimer), which it should be the first triplet state. In fact, higher

energy triplet state must not be as localized as the lower energy

triplet exciton (the smaller confinement of the wave function in

the triple state can be rationalized by the fact that it lie at higher

energy than the lower state and, hence, has a smaller binding

energy). In addition, in order to corroborate those attributions

we made a computation simulation of the polythiophene chain

using the geometry optimization of some oligomers of PTAA.

As can be note in the Diagram 1, the backbone of the PTAA

chain for a hexamer is shown without the hydrogen and side

groups to better view of the geometric features. In this case one

can be observed that some small segment (indicated out by the

rings with S3 and S4 into backbone) was positioned in a plan

almost perpendicular to the adjacent rings in the chain. If we

assume that geometry can be representative of some extension

of the PTAA chain, that small segment can be one trapping site

for the localized triplet exciton T1 emitting with 1.77 eV

energy, once that also should have a specific polarization for

the emission as was observed in the polarization analysis of the

emission. On the other side, the higher energy triplet Tn lost this

polarization because it was not localized in such site, but

spreaded over longer segment in the PTTA chain, so had a less

specific geometry for emission.



Fig. 7. Schematic representation of an illustrative kinetic scheme for static and

dynamic trapping mechanisms acting in the energy migration.
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Luminescence from polymers containing conjugated

chromophores has been investigated in solution and in solid

state for many years [53–55] and some other systems have also

been studied as polymer blends, such as polystyrene and

polymethylmethacrilate [56]. Polystyrene is used as a matrix in

styrene–phenylacetylene copolymers, locking the copolymer

into a conformation that yields two principal emitting states.

These two states correspond to a short and a long sequence of

conjugated double bonds, each characterized by a distinct

emission band. Using time-resolved fluorescence spectra it was

shown that the energy transfer occurs in the short to long

sequence of conjugated chromophores. Use of polymethyl-

methacrilate as a matrix was observed that emissions from the

short sequence of conjugated chromophores are enhanced [57].

In the PVA–PTAA blend, polarized spectroscopy was used

to investigate the characteristics of the two emission processes

(Fig. 4). Specifically, when the polarization features of the

emissions were analyzed, it was found that the intensity of the

FF-PL features was not polarization dependent. On the other

hand, RA-PL exhibited polarization dependence.

In the PVA–PTAA system, the two emission processes

present different temperature dependencies and this can be

related to different trap energy levels. As observed in the low

temperature range (Fig. 6(B)), the intensity for the band at 500–

600 nm is not significantly changed, while the emission bands

in the 650–800 nm range decrease as the temperature is

increased. To explain this difference a schematic model for the

energy migration and trapping mechanisms can be considered.

The trapping mechanism may be static or dynamic, depending

on the geometric requirements for the formation of the trap. If

the energy of the trapping site is lower than that of the exciton,

without geometric rearrangement, then it is a static trap and the

trapping rate may not depend on temperature at low values.

But, if a significant geometric rearrangement is required for

trapping to occur, the rate of trapping may be temperature

dependent. Thus, dynamic trapping is thermally assisted. The

trapping is typically inversely dependent on temperature since

thermal energy enhances detrapping. However, the static and

dynamic mechanisms can have different temperature depen-

dences. This is illustrated by the simple kinetic scheme shown

in Fig. 7.

We can obtain an equation to describe the temperature

dependence of the triplet emission if we consider a mobile

singlet exciton in the state, Xm, and a trapping site

concentration, Tt. It is assumed that the activation energies

DE�
t and DE�

d are required for the trapping and detrapping

processes, respectively. Also, in the absence of other

annihilation processes, the rate equations Xm and Tt are:

dXm

dt
ZKðGm CKtÞXm C Iex (1)

dTt

dt
ZKðGt CKdÞTt CKtXm (2)

In Eqs. (1) and (2), Gm and Gt are pseudo-first order constant

rate for producing Xm and for its trapping, while Iex is the rate

of production of Tm by the laser excitation source. It is assumed
that the Tt state is produced only by trapping the Xm exciton.

Because of the high energy difference between ground and the

excited states they are assumed to have no dependence on

temperature. On the other side, the trapping and detrapping rate

constants, Kt and Kd, respectively, can be dependent on

temperature because the triplet energy difference between sites

is low (0.2 eV) and only weakly dependent on chain size. In

other words, the singlet exciton diffusion is more restrict and

once it was trapped, it cannot be detrapped so easily and decay

radiatively. The trapping and detrapping rate constants, Kt, and,

Kd, are assumed to be an Arrhenius kinetic rate equation type:

Kt Z Atexp K
DEt

kBT

� �
(3)

Kd Z Adexp K
DEd

kBT

� �
(4)

where At and Ad are pre-exponential factors related to the

trapping and detrapping probabilities for those processes, kB is

the Boltzmann constant and T the absolute temperature. If we

assume that the Tt state is produced only by trapping the Xm,

under steady-state conditions, the solutions for Eqs. (1) and (2)

are:

XSS
m Z

Iex

ðGm CKtÞ
Z IexðGm CKtÞ

K1 Z Iex 1 C
Gm

Kt

� �K1

(5)

TSS
t Z

GtX
SS
m

Gt CKd

Z XSS
m 1 C

Kd

Gt

� �K1

Z Iex 1 C
Gm

Kt

� �K1

1 C
Kd

Gt

� �K1

(6)

Eq. (6) represents the steady-state concentration for the triplet

exciton in the trapping site and must be proportional to the

luminescence. We can obtain a more simple approximate

expression using the corresponding Taylor series expansion for

the reciprocal terms in Eq. (6):

ð1 CxÞK1 Z 1Kx Cx2. (7)
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Fig. 8. Temperature dependence of relative photoluminescence intensity.
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We have, ruling out terms of second and high order, simplified

the Eq. (6) to:

TSS
t yIex 1K

Gm

Kt

� �
1K

Kd

Gt

� �
(8)

Simplifying the Eq. (8) once more by considering only the

constant ratios as important factors, we obtain finally:

TSS
t yIex

Gm

Gt

Kd

Kt

(9)

Substituting Eqs. (3) and (4) in Eq. (9) and rearranging the

constant and exponentials the equation for TSS
t is given by

TSS
t yIex

Gm

Gt

Kd

Kt

Z Iex

GmAd

GtAt

exp
KDE�

d

kBT

� �
exp

DE�
t

kBT

� �

Z Iex

GmAd

GtAt

exp
K DE�

d KDE�
t

� �
kBT

� �
(10)

In Eq. (10) the term ðDE�
d KDE�

t Þ represents the difference

between the activation energies DE�
t and DE�

d that are required

for the trapping and detrapping processes, it is, in fact, an

effective deep of the trap for the excitons in term of energy

offset. We denoted it as DEoff
t , so Eq. (10) became:

TSS
t ðTÞ Z Iex

GmAd

GtAt

exp
K DEoff

t

� �
kBT

 !
(11)

In Eq. (11), we explicated the temperature dependence of the

TSS
t ðTÞ, because we want use it to analyze our data of spectral

dependence on temperature. We consider a temperature of

reference, T0, such as, for example, T0Z20 K. Then, we

compare TSS
t ðT0Þ with TSS

t ðTÞ in other temperature, T1. Making

the ratio of TSS
t ðTÞ in these two temperatures we can obtain

after some algebra the following expression:

ln
TSS

t ðT1Þ

TSS
t ðT0Þ

� �
Z

DEoff
t

kB

1

T0

K
1

T1

� �
(12)

The Eq. (12) is quite important because with it we can estimate

the DEeff
t using the relative PL intensity measured in different

temperature plotted in regards to difference between the

respective reciprocal temperature. As can be seen in the

Fig. 8, the plots show the results of linear fitting for the PL

temperature dependence in the 600–850 nm range shown in

Fig. 6.

From those data we obtained for the bands at 670 and

710 nm the trap energy offsets were 1.03 and 1.07 meV,

respectively. Also, using same model to the band at 560 nm,

the offset found was 0.16 meV. These figures are very

significantly to understand why the one type of emission was

more dependent on temperature than other. As can be note, the

energy offset the 560 nm emission were almost six times lower

than the offset for the other emissions a 670 and 710 nm.

Comparatively, the exciton in 560 nm was a shallow trap even

at low temperature, and the mechanism for trapping and

detrapping are both effectives in such way that exciton

concentration on steady state condition are not dependent on

temperature. On the other hand, for the triplet excitons, they
have higher offset, so only from some relatively higher

temperature the detrapping process becomes more effective

at higher temperature. In this case, TSS
t decreases at high

temperatures. Thus, the steady-state concentration exhibits

inverted behavior when plotted against T, as can be observed in

the Fig. 6 for the bands in the 600–850 nm range. However, the

same behavior was not observed for the band in the 500–

600 nm range. If it is assumed that, DEoff
t z0, for this process

at low temperatures, then the quantum efficiency, ft(T), is

independent of temperature which explains the results

associated with this emission. In that case, the emission can

be related to an intrachain process, while for the other

emissions it is an interchain one.

Using the model proposed above, the data can be interpreted

considering the steps: after absorption, fast thermalization

brings the population down to the lowest singlet excited state,
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S1. This process is accompanied by a nuclear adjustment,

which leads to a more planar geometry. The increased

conjugation length of the planar structure is associated with a

longer conjugation length. From that point, the excited state

has two radiative pathways: one is direct radiative decay

associated with singlet exciton trapping for the band in the

500–600 nm range and occurring in the laser spot where the

energy density is quite high. The other process, which is related

to the emission observed in the 600–850 nm range, is excitation

diffusion between identical sites. In this process, the energy of

excitation is not bound to the original absorbing chromophore

but it is able to migrate by a series of interactions. Thus, the

excitation is spread over a number of chromophores and moves

through the blend structure. This energy migration can be

observed as another component in the luminescence spectrum

when a trapping mechanism leads to a radiative decay. As the

lifetime for a singlet excited state is much lower than for long

life states, energy migration is normally more effective for the

latter species. This is due to the energy migration process,

which is best visualized as a random walk. Thus, the energy

migration occurs until a shallow trap promotes the deactivation

of the long life states in a radiative pathway. The shallow trap is

formed due to the difference in the energy between the long life

sites that can occur from differences in conformational

changes, impurities or end chain sites. The above model

explains qualitatively many features of the experimental

results. Although it is a good approximation for the PTAA–

PVA system, more detailed investigation must be carry out to

apply it to another system were other radiative and non-

radiative processes were effective.

The nature of the emitter in the PTAA–PVA system cannot

be attributed to the excited complex states, such as excimer or

exciplex, because we not observed the main distinct signature

for these species: the inverse relation between the monomer

and complex PL intensity, the monomer emission decreases at

high concentration while the complex state emission propor-

tionally increases. The intensity of both emissions at 560 nm

and in the 600–850 nm increase as the concentration of the

PTAA. Furthermore, excimer formation requires strict geo-

metric conditions to approach a sandwich-like orientation for

the conjugate or aromatic units in the polymer chain. The acetic

acid side group is a very steric one, which difficult such

orientation for nearby thiophene units either intra- or inter-

molecular, also the low concentration of PTAA in PVA

prevents high density for thiophene units. Another important

feature of the side group is the possibility of forming hydrogen

bonding with the hydroxyl group in the PVA or the formation

of the ester bonding. The latter case is important because the

blend becomes an interpenetrating network (IPN), which

promotes rigid structural arrangement for the polymer

components. Moreover, the evidence for the a triplet state

emitter in this case of the PTAA–PVA blend film is the early

evidence for enhancement of intersystem crossing (ISC) just

observed in another PVA film doped with some molecular

alkaloid as reported by de Souza and dos Anjos working with

poly acrylic acid and PVA [58]. In that work it was observed an

enhancement of triplet radiative rate at room temperature after
the IPN was excitation in the singlet state. In the PTAA–PVA

case, we can relate a similar picture because the excitation of

the singlet state promotes a high density in the laser spot area,

which can undergo the ISC process. The triplet exciton formed,

then diffuses to outside the laser spot and approach the emitting

site. In the case of this triplet energy migration, the donor and

acceptor are chemically equivalent, but for one reason not all

molecules in the backbone are equivalent (the geometry of the

segments are oriented perpendicular to other) in such way that

the triplet energy is slightly depressed at some point (as we had

obtained with offset energy for the 650 and 710 nm bands),

then the shallow trap is produced.
5. Conclusions

The PVA–PTAA blend exhibited two different lumines-

cence spectra whose features depend on the position at which

the light emitted is detected. When the direction is parallel to

the excitation, the emission spectrum has only one broad peak

at 560 nm (FF-PL). However, when the direction is perpen-

dicular to the excitation, the PL spectrum (RA-PL) presents

two broad bands that peak at 650 and 700 nm, respectively.

Polarized spectroscopy demonstrates that FF-PL and RA-PL

spectra have different polarization features. For FF-PL, the

band has no polarization characteristics (isotropic emission).

However, for the RA-PL emission the two bands have different

polarization features. The band at 650 nm was isotropic, while

the band at 700 nm was anisotropic. Such differences in the

emission polarization are attributed to an energy migration

process that promotes the RA-PL emission. Temperature

dependence experiments in the low temperature interval (20–

160 K) were interpreted with a kinetic model for static and

dynamic trapping that shows that the FF-PL intensity is not

altered with increasing temperature because the energy offset

was too small (w0.16 meV), while the RA-PL intensity

strongly decreased with higher temperature due to more deeper

trapping with 1.03 and 1.07 meV for emission at 670 and

710 nm, respectively. These different dependencies were

interpreted in terms of two different energy trapping processes

that occur in the PVA–PTAA blend. The RA-PL process

occurs by thermal assisted trapping (dynamic trapping). On the

other hand, the FF-PL trapping process occurs without thermal

assistance (static trapping). The energy trapping model

proposed to explain the temperature dependence of each

emission was quite simple, but represents an good approxi-

mation which can account for other systems to obtain he offset

energy for trap sites. We considered two rate equations for the

trapping process and Arrhenius temperature dependence for the

trapping and detrapping rate constants, but a more elaborated

model could be made if other processes must be incorporated.
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