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Chapter 2 

Photoluminescence of 

Conjugated Polymer Blends 

at the Nano-Scale 

In this chapter, we report on a combined photoluminescence and morphological 

study of a polymer-polymer blend composed of a polyspirobifluorene-triarylamine 

copolymer (PST) and poly[2-methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenylene 

vinylene (MDMO-PPV). Evidence of partial Förster energy transfer from PST 

to MDMO-PPV was revealed by steady-state and time-resolved photoluminescence 

spectroscopy. Atomic force microscopy (AFM) on blends with different weight 

ratios of host (PST) and guest (MDMO-PPV) polymers showed that in blends with 

a MDMO-PPV concentration higher than 10% two phases are present. The nature 

of the phases was identified by means of scanning near-field optical microscopy 

(SNOM). Using this technique the topography and the local photoluminescence 

of the thin film was simultaneously mapped with a spatial resolution of ~100 nm. 

The local measurements revealed that the PL signal of MDMO-PPV is present 

in the whole surface, but with variations of the PL intensity and spectral shape. 

The correlation of the SNOM, time-resolved and steady-state photoluminescence 

measurements allowed us to identify the two phases, one rich in PST and the other 

rich in MDMO-PPV.
†
 

                                                      
† D. Jarzab, M. Lu, T. Nicolai, P. W. M. Blom, M. A. Loi, Soft Matter, (in press) 2010. 
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2.1  Introduction 

Conjugated polymers are promising materials for application in, fully flexible 
electronic and optoelectronic devices.[1] The use of conjugated polymers based 
devices is generally considered low cost because they can be processed using 
inexpensive manufacturing methods such as roll to roll[2] and inkjet printing.[3] 
Moreover, the strict correlation between the structural and physical characteristics 
of conjugated polymers is a great advantage, as it allows an adjustment of their 
electronic properties by chemical tailoring. Despite these great advantages, it is 
well known that a single polymer cannot retain all the properties required for 
an efficient active layer in optoelectronic devices. In developing efficient light 
emitting diodes, very often a polymer that has elevated photoluminescence 
quantum yield will not have a good and balanced electron and hole mobility. 
Furthermore, achieving white emitting LEDs requires recombination not only 
in a single polymer, but in different emitters, each one having a different band 
gap.[4],[5] This problem is generally overcome by blending two or more materials 
with complementary properties.[6],[7] The three dimensional diffuse heterostructures 
obtained in this way are often called bulk heterojunctions. Devices using bulk 
heterojunctions as active layer show a high correlation between the heterostructure 
morphology, the quality and amount of interfaces, and their performance.[8] 
Therefore, in the development of polymer based device technology, it is crucial 
to understand and control the intermixing process between polymers during film 
formation. In the case of non-conjugated polymers in equilibrium condition, 
the Flory-Huggins theory[9],[10] not only predicts a strong tendency of polymers 
to de-mix in separate phases but also offers a clear understanding of the phase 
diagram of the process. However, in the case of conjugated polymer thin films the 
Flory-Huggins theory does not apply because: (i) the larger rigidity of the polymer 
chains with respect to non-conjugated polymers imposes corrections to the theory; 
(ii) the film formation in the spin casting technique, which is generally used for the 
fabrication of research level devices, occurs out of equilibrium. The consequence 
is that for spin coated conjugated polymer blends, phase diagrams are not available, 
requiring a search for experimental techniques to study the microstructure of the 
bulk heterojunctions. 
 The most successful and popular technique allowing visualization 
of heterostructures at the micron- and nano-scale is atomic force microscopy 
(AFM). AFM provides high-resolution surface images, but it does not reveal 
information about the local chemical composition. It is well known 
that information about the local composition and the processes occurring in planar  
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Figure 2.1. Chemical structure of the blue emitting polyspirobifluorene copolymer studied. The 
composition of the copolymer is m = 50%, n = 50%. 

heterostructures and bulk heterojunctions can be obtained with optical 
spectroscopy.[11] However, when spatial resolution is required, optical microcopies 
are limited by the diffraction. Near field techniques such as scanning near-field 
optical microscopy (SNOM)[12] allow to overcome the diffraction limit, obtaining 
the resolution (20-100 nm depending on the probe quality and its fabrication 
technique)[13] necessary to image heterostructure composition.[14] 
 In this chapter, we report the study of the electroluminescence and the 
photophysics of a bulk heterojunction composed of poly[2-methoxy-5-(30,70-
dimethyloctyloxy)-1,4-phenylene vinylene][15] (MDMO-PPV) and 
polyspirobifluorene-triarylamine copolymer (PST)[16] at the nanoscale. This blend 
shows high potentiality as active layer for white light emitting diodes. To gain 
insight into the emission properties and mechanism of this polymer-polymer blend, 
we performed both electro-optical and photophysical investigations on a series 
of samples with different host (PST) – guest (MDMO-PPV) weight ratios. Steady-
state and time-resolved photoluminescence measurement showed evidence 
of Förster energy transfer[17] even in blends with a high content of MDMO-PPV 
(vide infra). The phase contrast measured by AFM revealed that in the blends with 
MDMO-PPV concentration higher than 10% two phases are present. By means 
of SNOM we simultaneously studied the local PL spectra and the topography of 
the thin films. The local analysis of the PL spectra allowed us to identify two 
phases, one characterized by a MDMO-PPV PL spectrum shifted toward the red 
with respect to the one of the second phase. By comparing the spectra obtained 
by SNOM with the far-field PL measurements, we identified two phases coexisting 
in the samples with high guest polymer content, one rich in the PST (where 
MDMO-PPV is in diluted phase) and the other rich in the MDMO-PPV 
(aggregated phase). 
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2.2 Results and discussion 

We used a polyspirobifluorene derivative (PST) and poly[2-methoxy-5-(30,70-
dimethyloctyloxy)-1,4-phenylene vinylene (MDMO-PPV) to prepare a series 
of samples with different relative weight ratios between the two polymers. The 
polyspirobifluorene derivative is a copolymer composed by the two monomers 
(shown in Figure 2.1) and has been used as backbone to obtain white emitting 
materials.[5],[18],[19] MDMO-PPV is a well know polymer emitting in the orange 
spectral region.  
 Figure 2.2 shows the normalized optical densities (OD) and photoluminescence 
(PL) spectra of pristine PST and MDMO-PPV thin films. The OD spectra of both 
PST and MDMO-PPV are structure-less, the spectrum of PST is relatively narrow 
and centred at ~385 nm, while the MDMO-PPV spectrum is broad and centred 
at ~485 nm. The PL emission of the PST thin film consists of a fundamental 
transition on the high-energy side, centred at ~425 nm, a vibronic sideband 
at ~447 nm and a weak shoulder at ~477 nm. In case of the MDMO-PPV thin film 
 

 

Figure 2.2 Normalized optical density (continuous line) and PL spectra (dashed line) of MDMO-PPV 
and PST thin films. 

the main PL peak is at ~586 nm with a vibronic peak at ~620 nm. Importantly, the 
emission band of the host (PST) overlaps well with the absorption spectrum of the 
guest (MDMO-PPV). This is the main requirement for obtaining an efficient 
Förster energy transfer.[17] The emission spectra of these two semiconductors 
together cover nearly the whole visible spectral region. Consequently, the colour 
of emitted light can be easily tuned by changing the ratio of the two materials in the  
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Figure 2.3 Electroluminescence spectra of thin films of PST: MDMO-PPV heterojunctions of various 
weigh ratios. The spectra are normalized to the intensity of the MDMO-PPV emission for clarity 

blend. Heterojunctions containing about 3% and 1% MDMO-PPV show white 
photoluminescence and electroluminescence, respectively. 
 The normalized electroluminescence spectra of the 0.5%, 1% and 3% MDMO-
PPV light emitting diode (LED) are shown in Figure 2.3. The origin of the broad 
spectra can be understood either with a partial charge trapping in MDMO-PPV 
or an incomplete Förster energy transfer between PST and MDMO-PPV. 
 Deeper insight into the emission properties of blends is obtained investigating 
the photoluminescence properties of samples with different weight ratios of the 
host and guest polymer. Figure 2.4 shows the normalized PL spectra of the thin 
films of PST, MDMO-PPV, and various PST:MDMO-PPV blends and of the 
MDMO-PPV in diluted solution. All samples were excited at ~380 nm, where PST 
absorbs (see Figure 2.2). All blends display two emission bands, the first one in the 
blue region centred at ~425 nm and the second one at low energy; the position and 
intensity of this low energy band depends on the MDMO-PPV concentration. For 
the blend with 0.5% MDMO-PPV the low energy peak is centred at ~520 nm and 
shifts to 553 nm for the blend with 50% MDMO-PPV. The ~425 nm emission band 
originates from the host material, while the guest is responsible for the emission 
at low energy. The PL band attributed to the MDMO-PPV emission is blue-shifted 
with respect to the pristine MDMO-PPV film and corresponds more closely to the 
PL of the polymer in diluted solution, which has the maximum intensity centred 
at ~554 nm and a sideband at ~594 nm. This indicates that in the blend the chains 
of MDMO-PPV are separated like in the diluted solution.[20],[21] Moreover, when 
the polymer chains are embedded in a matrix the inter-chain relaxation is hampered 
and the radiative recombination is more probable. 
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Figure 2.4 Photoluminescence spectra of thin films of PST, MDMO-PPV and of PST: MDMO-PPV 
heterojunction of different ratios, the photoluminescence spectrum of the MDMO-PPV solution is 
also reported at the bottom of the figure. Excitation wavelength 380 nm, spectra are normalized to 

their maximum intensity and are display vertically for presentation clarity. 

The intensity of the lower energy emission band is strongly evident already with 
the 3% of MDMO-PPV, indicating the occurrence of Förster energy transfer from 
PST to MDMO-PPV. However, with increasing MDMO-PPV concentration 
we observe not only a red-shift of the low energy emission as mentioned above, but 
also changes in its spectral shape. For the blends with low guest concentration 
(MDMO-PPV <10%) the main peak shows a shoulder at ~140 meV. This energy 
corresponds to a vibronic mode in which the C-C stretching is coupled to the C-H 
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bending of the phenyl ring.[22] At higher concentration of MDMO-PPV (MDMO-
PPV > 10%) the low energy emission becomes broader and the side band intensity 
increases with respect to the main peak. However, in this case, the shoulder is not 
longer due to the vibronic progression, because its energy distance decreases 
to 80 meV. 
 To understand the origin of the changes happening in the emission spectra 
of the blends by the varying the ratios between the two polymers, we performed 
time-resolved PL measurements. Figure 2.5(a) and (b) show the PL of the host and 
the guest emission, respectively. 

 

Figure 2.5. Photoluminescence dynamics detected at (a) ~420 nm (PST emission) and (b) ~550 nm 
(MDMO-PPV emission) of thin films of PST, MDMO-PPV and PST: MDMO-PPV heterojunction of 

different ratio. 

The PL dynamics of the PST emission is bi-exponential for all samples; in the case 
of the pristine film the slowest decay is measured, showing time constants: 
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τ1≈58 ps and τ2≈512 ps. The PL decay time at this wavelength (Figure 2.5(a)) 
becomes faster as the percentage of the MDMO-PPV increases, going from 
τ1≈53 ps and τ2 ≈470 ps for the blend with 1% MDMO-PPV to τ1≈31 ps and 
τ2≈195 ps for the blend with 50% MDMO-PPV. This behaviour indicates the 
opening of new decay pathways in the blends such as the energy transfer towards 
the guest polymer.[23] The dynamics of the photoluminescence of the MDMO-PPV 
thin film (Figure 2.5(b)) shows a bi-exponential decay with time constants 
τ1≈22 ps, τ2≈108 ps and a prompt rise of the signal. When MDMO-PPV is blended 
in the PST matrix, its PL decay time becomes significantly slower, and an initial 
rise time appears. For the blend with 1% MDMO-PPV this rise time can be fitted 
with τRise≈108 ps, and constantly decreases by increasing the percentage 
of MDMO-PPV to become only of few picoseconds for the blend with 50% 
MDMO-PPV. The presence of the rise time suggests an indirect excitation of the 
MDMO-PPV in the blend, which is an evidence of Förster energy transfer from the 
photoexcited PST to MDMO-PPV.[24],[25] Unexpectedly, evidence of energy 
transfer is present even for the blends with high concentration of the guest material. 
Usually, the efficiency of the energy transfer is limited when phase separation 
occurs due to the higher distance between host and guest macromolecules. 
Moreover, the aggregation of the guest limits the radiative emission because of the 
opening of non-radiative pathways for the excitations. The occurrence of energy 
transfer in samples such as the 50% blend can be explained with a partial phase 
separation, where a phase of PST matrix with inside diluted MDMO-PPV chains 
remains present. 
 To investigate the phase segregation in our systems we employed tapping mode 
AFM. Figure 2.6 shows both height and phase images of the PST:MDMO-PPV 
blends in different ratios. Features in the AFM maps are suggestive of a phase 
separation in blends with MDMO-PPV concentration higher than 10%. Samples 
with low MDMO-PPV concentration (MDMO-PPV <10%) show similar 
characteristics as the 3% MDMO-PPV blend displayed in Figure 2.6(a) and (a’). 
Their surfaces are smooth with a root mean square (RMS) roughness lower than 
1.8 nm. With the increase of the guest concentration in the blend the RMS 
roughness increases up to 17.3 nm for the 50% MDMO-PPV blend. Moreover, the 
phase images of blends with MDMO-PPV content above 10% show evidence 
of phase separation, with domains that follow the one of the topography. Although 
the AFM measurements seem to demonstrate the phase separation, it does not 
provide information about the local composition of the two phases. 
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Figure 2.6. AFM pictures of the PST: MDMO-PPV blends, 3% MDMO-PPV (a, a’), 20% MDMO-
PPV (b, b’), and 50% MDMO-PPV (c, c’). Images (a-c) show the topography, images (a’-c’) show 

the phase-contrast 

  We characterized the two phases using photoluminescence based SNOM. 
In this technique the sample is placed in the near-field region of the probe which 
is a tip with a sub-wavelength aperture where the light is coupled in. This enables 
to exploit the properties of the evanescence waves and measure the optical 
properties of the sample at scales much smaller than the diffraction limit. 
Moreover, our SNOM allows measuring simultaneously the local optical properties 
and the topography of the sample surface with a spatial resolution of ~100 nm. 
Figure 2.7(a) and (b) show 5x5 µm topography and PL intensity maps of the 50 % 
MDMO-PPV blend, respectively. The sample was excited at 454 nm, i.e., almost 
at the maximum absorption peak of MDMO-PPV and in the tail of the PST 
absorption spectrum. By using a long pass filter with a cutting wavelength 
of 515 nm we detected the MDMO-PPV photoluminescence exclusively. 
The intensity map reported in Figure 2.7(b) originates from the integration of the 
PL emission over the whole spectra. The PL intensity map changes along with the 
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topography, i.e., the increase of PL intensity is accompanied by a height increase. 
However, the PL map shows a greater number of finer structures that are not 
distinguished in the topography image. The PL signal of MDMO-PPV is present 
on the whole surface and the difference between darker and brighter regions 
in Figure 2.7(b) is of the order of ~20%. This indicates that the phase separation 
between the two polymers is incomplete, which, as mentioned above, determines 
the broad photoluminescence emission in the blend. 
 

 

Figure 2.7. (a) topography and (b) photoluminescence intensity map of the 50% MDMO-PPV thin 
film measured with SNOM; (c) photoluminescence spectra detected at the maximum 

photoluminescence emission (blue line), at the minimum photoluminescence emission (red line) and 
the photoluminescence far field spectrum (black line); (d) reconstructed map representing the centre 

of mass of the photoluminescence spectra (black 565.7 nm, white 590.7 nm). 

 To identify the exact composition of the phases we analyzed the local 
PL spectra. Figure 2.7 (c) shows the normalized PL spectra of MDMO-PPV 
detected in two spots, one with a high and the other with low MDMO-PPV PL 
signal, indicated in Figure 2.7(b). The PL spectrum detected in the brighter region 
is peaked at ~550 nm, while the one detected in the darker region is shifted toward 
the red with a maximum at ~570 nm. The superposition of these two different 
spectra perfectly matches the broader PL band observed in the far-field 
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measurements (Figure 2.7 (c)). The spectrum detected in the bright region 
corresponds closely to the PL spectrum of MDMO-PPV in diluted solution, 
suggesting it was recorded in the phase that is rich in PST, with MDMO-PPV 
macromolecules dispersed in the PST matrix. MDMO-PPV behaves similarly 
in the PST matrix and in solution, the chains are separated resulting in hampered 
inter-chain relaxation and more efficient radiative recombination. The regions 
showing low MDMO-PPV intensity correspond to a phase that is MDMO-PPV-
rich. When the MDMO-PPV is aggregated it is possible for the excitons to find 
lower energy sites where to recombine, which explains the emission at 570 nm; 
in addition, non-radiative recombination probably accounts for the lower intensity.  
 Additional proof for this finding is given by the decay time of the 
photoluminescence. Figure 2.8 shows the PL dynamics measured for the 50% 
MDMO-PPV sample detected in the spectral region corresponding to the blue- 
(at ~550 nm) and red- (at ~570 nm) shifted MDMO-PPV PL spectrum. The PL 
dynamics detected at ~550 nm shows a similar behaviour to the one observed for 
blends with low MDMO-PPV concentration i.e., with a pronounced rise time, 
which indicates an indirect excitation of MDMO-PPV and occurrence of Förster 
energy transfer. On the other hand, the time-resolved PL detected at 570 nm 
is characterized by a prompt rise time and a faster decay, similar to the one of the 
neat MDMO-PPV thin film. 
 

 
Figure 2.8. Photoluminescence dynamics of 50% MDMO-PPV blend detected at ~550 nm (dashed 
blue line) and at ~570 nm (dot red line). The inset shows the integration wavelength range for both 

dynamic traces. 
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 To illustrate the distribution of both phases (diluted MDMO-PPV and 
aggregated MDMO-PPV) we calculated a map of the centre of mass of the PL 
spectra (Figure 2.7 (d)) measured in every point of the SNOM map reported 
in Figure 2.7(b). The black colour on this image corresponds to the spectra 
at higher energy, while the white one corresponds to the low energy spectra. 
In other words, this map illustrates the distribution of both polymers; the dark 
colour represents the regions with dominating PST and the brighter colour 
indicates the regions where MDMO-PPV is dominating. 

2.3 Conclusions 

Insight into the emission properties and mechanism of polymer-polymer blends 
were obtained by photophysical investigation of a series of samples with different 
weight ratios of the host and guest polymer. Steady-state and time-resolved 
photoluminescence measurements showed evidence of Förster energy transfer even 
in blends with high content of the guest polymer. By means of SNOM the local PL 
spectra and the topography of the thin films were simultaneously investigated. 
 The analysis of the local PL spectra allowed us to identify two phases, one 
phase characterized by the MDMO-PPV PL spectra shifted to the red with respect 
to the spectra recorded in the second phase. By comparing the spectra recorded 
with the SNOM with the far-field PL measurements, we identified the two phases, 
one rich in the PST (where MDMO-PPV is in a diluted phase) and the other rich 
in the MDMO-PPV (aggregated phase), which coexist in the samples with high 
guest polymer content. 

2.4 Experimental details 

Sample Fabrication: the thin films were spin-coated from toluene solution 
on quartz substrates. The solutions were prepared in nitrogen atmosphere and 
stirred for more than 4 h on a hot plate at 70°C. Prior processing, the substrates 
were cleaned with a standard wet-cleaning procedure, combining ultrasonic 
cleaning in acetone and isopropanol. All thin films had a thickness of about 
80±5 nm. Layer thickness measurements were done with a Veeco Dektak 6M 
profilometer. 
 The light-emitting diodes consisted of a polymer/blend layer sandwiched 
between two electrodes. As an anode a layer of patterned indium tin oxide (ITO) 
with a spin-coated layer of poly(3,4-ethylenedioxythiophene):poly(4-styrene 
sulphonate) (PEDOT:PSS) was used. The cathode was an evaporated 5 nm thick 
layer of barium (Ba) capped with 100 nm thick layer of aluminium (Al). 
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 Spectroscopies: PL emission for time-resolved measurements was induced 
at a wavelength of ~380 nm. All time-resolved measurements were carried out 
at room temperature in a cryostat under vacuum (~10-5 mbar), to prevent polymer 
degradation induced by UV light in presence of oxygen. 
For near-field measurements samples were excited with the 454 nm line of 
an argon-ion laser. Measurements were performed in transmission mode and 
images were recorded by collecting point by point the PL spectra with 
a monochromator coupled with a CCD camera.  
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