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 1 Introduction The formation of multi-layer struc-
tures represents the main route followed for the manufac-
ture of full-color displays in OLED technology [1]. This 
approach requires deposition and patterning of different 
polymeric or small organic molecule based layers one over 
the other, where each one is capable of emitting one of the 
three main colors. Alternatively, simpler routes for colour 
definition in emitting diodes have been presented, as for 
instance the photopatterning method presented by Shirai 
and Kido [2], where laser irradiation is used to bleach dye 
molecules in a poly(N-vinylcarbazole) matrix. In a differ-
ent approach Müller et al. [3] were able to demonstrate R-
G-B devices by sequential patterning of red, green and 
blue emitting polymers, immobilizing them on the sub-
strate by photocrosslinking and removing the non-
crosslinked remnants with a solvent before casting the next 
polymer, whereas multi-colored OLEDs were also fabri-
cated using the thiolene photoreaction to tune the emission 

properties [4]. Interesting approaches that could also be 
used in OLED technology have been reported in the 
broader field of fluorescence imaging in polymeric films 
for possible applications in lighting, image recording, sens-
ing and displays [5]. Fluorescent organic dyes dispersed in 
the polymer film or moieties pending to the polymer itself 
have been also used for fluorescence imaging to monitor 
acid diffusion in the area of lithographic processing [6], 
where acid-induced changes of emission properties usually 
result in production of fluorescent and non-fluorescent ar-
eas (acid-induced dye quenching) [5, 6]. Recently [7] we 
presented the successful formation of RGB pixels in the 
same polymer layer by using a wide band gap conducting 
polymer along with two emitters and a photoacid generator. 
In the present paper we further discuss the energy transfer 
mechanisms taking place in these processes using absorb-
ance and photoluminescence data with the aim to better 
understand the rules for the selection of appropriate com-

The energy transfer processes taking place in a single poly-

meric layer that enable the definition of the three primary 

colours (red, green and blue) in selected areas via photo-

chemically induced emission tuning are discussed. The poly-

mers used as hosts are two wide band gap polymers, PVK 

and a polyfluorenyl derivative. In the polymer matrix are dis-

persed the green emitter, 1-(4´-dimethyl-aminophenyl)-6-

phenyl-1,3,5-hexatriene (DMA-DPH), the red emitter, 4-

dimethylamino-4’-nitrostilbene (DANS) and a photoacid 

generator (PAG). Upon irradiation, protons are released from 

the PAG and they react gradually with the two emitters, caus-

 ing the blue shift of the green emitter fluorescence and the ex-
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and the exposure dose the energy transfer processes occurring 
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with photoluminescence experiments is a necessary first step 
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ponents and improve the proposed technology. In this con-
text two wide band gap conducting polymers, PVK and a 
polyfluorenyl derivative, are compared according to their 
ability of serving as hosts for our green-blue (DMA-DPH) 
and red (DANS) emitters. 
 
 2 Experimental 
 2.1 Materials and instrumentation Fluorescent 
dyes 1-(4´-dimethyl-aminophenyl)-6-phenyl-1,3,5-hexa-
triene (DMA-DPH) and 4-dimethylamino-4’-nitrostilbene 
(DANS) were purchased from FLUKA. The photoacid 
generator (PAG) used was triphenylsulfonium trifluoro-
methane sulfonate purchased from Midori Kagaku Co., Ltd. 
Poly(9-vinylcarbazole) (PVK) and the polyfluorenyl de-
rivative poly[9,9-di(2’-ethylhexyl)fluorenyl-2,7-diyl] (PF) 
were purchased from Aldrich and used with no further pu-
rification.  
 For absorption spectra a Perkin-Elmer Lambda-16 
spectrometer was employed. Fluorescence and excitation 
measurements were recorded with a Perkin-Elmer LS-50B 
fluorescence spectrometer. 

 
 2.2 Polymeric film preparation and processing 
Solutions containing PVK or PF (40 mg/ml on 1,1,2,2 tet-
rachloroethane) were prepared. Then, there were also 
added the PAG along with the red (DANS) and green 
(DMA-DPH) emitters in various concentrations (% weigth 
of polymer mass). Films were spin-coated from filtered so-
lutions at 2000 rpm and then baked on a hotplate at 80 oC 
for 10 min. Photoacid generation was induced by exposing 
films with a 500 W Oriel Hg-Xe exposure lamp through a 
248 nm narrowband filter (6.5 nm half band width) for 
various times. The incident power was measured with a IL 
1700 International Light Radiometer and was found 
0.21 ± 0.02 mJ·s–1cm–2. 
 
 3 Results and discussion In our recently published 
work [7], the photochemically induced emission tuning for 
the definition of the three primary colours (R-G-B) in a 
single conducting polymeric layer was reported. The col-
our tuning is based on the photochemically induced proto-
nation of two fluorescent emitters; the initially green fluo-
rescent emitter 1-[4-(dimethylamino)phenyl]-6-phenyl-
hexa-1,3,5,-triene (DMA-DPH), resulting in the hyp-
sochromic (blue) shift of the emission wavelength for its 
protonated form [8], and the initially red emitter 4-
dimethylamino-4’-nitrostilbene (DANS) [9], whose emis-
sion disappears after protonation of the amino group. The 
photochemically induced protonation is achieved by expo-
sure of a photoacid generator (PAG) to ultra-violet light 
(248 nm, maximum absorbance wavelength), which leads 
to the release of a proton (H+). The observable shift of the 
DMA-DPH emission upon protonation arise from changes 
in charge delocalisation in the extended conjugated system 
of the molecules induced by the electron donating effect of 
the p-dimethylamino group in the original (unprotonated) 
forms. Consequently, the protonation desrupts this conju-

gation and results in the observed spectral changes [10] 
(Scheme 1). An additional quenching mechanism has been 
proposed for DANS, according to which the non-radiative 
state is characterized by a twisting of the nitro group [11]. 
 

 

Scheme 1 The photoacid generator produces a proton upon ultra 

violet irradiation (248 nm filter). The proton reacts with the di-

methylamino group of DANS resulting in the extinction of its ini-

tially red fluorescence. 

 

In the present study we investigated the shift of absorption 
upon protonation. As shown in Fig. 1, the absorption band 
of DANS at 445 nm disappears after irradiation in the 
presence of a photoacid generator and a new band appears 
at 345 nm. On the other hand, the initial emission at 605 
nm is quenched.  

270 300 330 360 390 420 450 480 510 540 570 600

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0.19

0.20

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 unexposed

 100 sec exposed 

          (under 249 nm filter)

 200 sec

 300 sec

 400 sec

 500 sec

 600 sec

 700 sec

 800 sec

 900 sec

 1000 sec

 1250 sec

 1500 sec

4% DANS+8% triflate in 4% PMMA

Figure 1 UV-Vis Absorption spectra of film spin cast from a so-

lution containing 4% w/w DANS and 8% w/w PAG in 4% w/w 

PMMA in MIBK matrix after subsequent UV irradiation at 248 

nm (filter). 
 
 In this paper a more detailed view on the energy trans-
fer mechanisms taking place in these processes is pre-
sented. This study is based on absorbance and photolumi-
nescence experiments that can give a first insight on mate-
rials selection principles and will be further completed 
with electroluminescence data in a forthcoming publication. 
Our present system comprises a conducting polymer ma-
trix, along with the two emitters, DMA-DPH and DANS, 
and the photoacid generator (PAG). The polymer used was 
either the wide band gap conducting polymer poly(9-
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vinylcarbazole) (PVK) [12] or the lately introduced poly-
fluorenyl derivative, chosen because of its high quantum 
yield in solid state, poly[9,9-bis-(2-ethylhexyl)-9H-
fluorene-2,7-diyl] (PF) [13]. 
 A successful energy transfer from the PVK matrix to 
the fluorescent emitters and a subsequent photochemical 
colour tuning through successive exposure of the film to 
UV light (248 nm filter) was observed and will be ex-
plained below (Scheme 2). It should be noted that the main 
absorber at 248 nm is the photoacid generator, which on 
the other hand does not absorb beyond ~280 nm and, there-
fore, it cannot be excited by visible light. 

 

Scheme 2 RGB colour tuning on a single polymer layer. A PVK 

solution containing 2% w/w DMA-DPH, 1% w/w DANS and 8% 

PAG was spin coated on a glass substrate and exposed at 248 nm 

(selected with filter) UV light through mask for different expo-

sure times (“dose 1” corresponds to 105 mJ·cm–2 and “dose 2” to 

315 mJ·cm–2). 

 
 It is well known [14] that transfer of the excitation en-
ergy may occur in the case where the emission of a quan-
tum of light by one molecule (donor, D* → D + hv) is fol-
lowed by absorption of the emitted photon by a second 
molecule (acceptor, A + hv → A*). This mechanism re-
quires that the excited energy donor molecule D* emits 
photons, which are then absorbed by the energy acceptor 
molecule A. So, the rate or probability per unit time of en-
ergy transfer from D* to produce A* will depend on the 
quantum yield of emission by D* (ideally ΦD

e ≈ 1), the 
number of A molecules (high concentration of A) in the 
path of photons emitted by D*, the light absorbing ability 
of A (high extinction coefficient of A) and the good over-
lap of the emission spectrum of D* and absorption spec-
trum of A (big spectral overlap integral, J). Mathematically, 
J is given by: 

_

0

D A
J I dε ν

∞

≡ ∫  (1) 

where ID is a graph of the experimental emission of D* and 
εA is a graph of the experimental absortion spectrum of A, 
both plotted on an energy scale (usually cm–1) and normal-
ised so that complete overlap would correspond to J = 1. 
Further below, a qualitative study of energy transfer 
through the degree of overlap between emission and ab-
sorption spectra will be presented. 
 In our system, as can be seen in Fig. 2, the emission 
spectrum of PVK (solid line 1) overlaps significantly with 
the absorption spectra of both DMA-DPH and DANS 
(dashed lines 2a and 3a respectively). Nevertheless, the ob-

served emission for the system (solid line 3b) containing 
both emitters is identical to that of the red probe (DANS). 
This can be explained by taking into consideration two 
possible mechanisms: a one-step and a two-step energy 
transfer mechanism. This means that PVK transfers its en-
ergy either directly to DANS or initially to DMA-DPH 
(larger spectral overlap between 1 and 2a than 1 and 3a), 
which in its turn transfers the gained energy to DANS, 
since the DANS absorption spectrum (dashed line 3a) 
matches significantly the emission spectrum of DMA-DPH 
(solid line 2b). In both cases our initial film emits finally 
red light. 
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Figure 2 Photoluminescence (solid lines) and absorption (dashed 

lines) spectra in red emitting pixels. The films were cast from (1) 

PVK, (2a,b) 4% w/w DMA-DPH and (3a,b) 4% w/w DANS. 

Both emitters were inserted in the PVK matrix along with 10% 

w/w PAG. All spectra are normalised to PVK for comparison. 

 
 As we expose now our film to ultra-violet light at dose 
1 (105 mJ·cm–2), the photochemical reaction mentioned 
above takes place and the PAG produces protons, which in 
turn protonate the amino groups of the two emitters. The 
number of produced protons and subsequently, the degree 
of protonation increases with increase of the irradiation 
dose. Thus, after the film has been irradiated at a certain 
dose, and given that DANS is being dispersed at a lower 
concentration than DMA-DPH (1:2 molar concentration) 
inside the polymer matrix, the unprotonated DANS mole-
cules will be present at a very low concentration, whereas 
the concentration of unprotonated DMA-DPH molecules 
will be higher. It should be mentioned that the two probes 
have comparable basicities, due in both cases to the the 
dimethylamino group, meaning that the photoacid gener-
ated proton has almost equal probability to protonate any 
of them.  
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Figure 3 Photoluminescence (solid lines) and absorption (dashed 

lines) spectra of films in green emitting pixels. The films were 

cast from (1) PVK, (2a,b) 4% w/w DMA-DPH non protonated 

form, (2c) 4% w/w DMA-DPH protonated form and (3a,b) 4% 

w/w DANS protonated form. Both emitters were inserted in the 

PVK matrix along with 10% w/w PAG. Protonated forms ob-

tained by exposure to UV light (248 nm filter) at an optimised 

dose (dose 1; 500 s or 105 mJ·cm–2 at our experimental condi-

tions). All spectra are normalised to PVK for comparison. 

 
 It was experimentally found, that when the exposure 
dose is optimized, such a system emits green colour, iden-
tical to the emission of DMA-DPH alone (Fig. 3, solid line 
2c). The protonation of DANS results in the blue shift of 
the absorption spectrum (Fig. 3, dashed line 3a, see also 
Fig. 1), so that it does not overlap any more with the emis-
sion of PVK (solid line 1), resulting in insufficient energy 
transfer from PVK to the protonated form of DANS. Addi-
tionally, the emission of the protonated form of DANS 
(solid line 3b) is eliminated, meaning that even a small re-
maining spectral overlap is no more capable of giving red 
emission. Consequently, the matching of the absorption 
spectrum of the non-protonated DMA-DPH (dashed line 
2a) and the PVK emission (solid line 1) gives rise to green 
emission (solid line 2b). It should be noted, that the ab-
sorption spectrum of the DMA-DPH non-protonated form 
(dashed line 2a) overlaps much better with the PVK emis-
sion than the absorption spectrum of the protonated form 
(dashed line 2c). In addition, blue emission from the latter 
should not be expected, if a substantial amount of the un-
protonated form is present in the system, since effective 
energy transfer to the unprotonated form is taking place 
(see Fig. 4, solid line 2b and Fig. 3, dashed line 2a). 
 Finally, with further irradiation of the film (total expo-
sure time under our experimental conditions: 1500 s, corre-
sponding to a dose of 315 mJ·cm–2), a blue emission arises 
(Fig. 4, solid line 4). This emission is a combination of the 
emission of the fully protonated form of DMA-DPH (solid 
line 2b), as well as the emission of PVK itself (solid line 1). 
Thus, it is located in an intermediate wavelength between 
the two aforementioned emissions of the plain compounds. 
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Figure 4 Photoluminescence (solid lines) and absorption (dashed 

lines) spectra of films in blue emitting pixels. The films were cast 

from (1) PVK, (2a,b) 4% w/w DMA-DPH protonated form and 

(3a,b) 4% w/w DANS protonated form. Both emitters were in-

serted in the PVK matrix along with 10% w/w PAG. Protonated 

forms obtained by exposure to UV light (248 nm filter) at an op-

timised dose (dose 2; 1500 s or 315 mJ·cm–2 at our experimental 

conditions). (4) Photoluminescence spectrum of film cast from 

PVK with 2% w/w DMA-DPH, 1% w/w DANS and 4% w/w 

PAG and exposed at UV light under 248 nm filter at dose 2. All 

spectra are normalised to PVK for comparison. 

 
 Based on the above considerations, it becomes clear 
how a successful colour tuning based on the photochemical 
protonation of two emitters dispersed along with a PAG in 
a single polymer layer was achieved. This emission colour 
tuning depends mainly on the relative concentration of the 
above emitters as well as the concentration of the PAG and 
the irradiation dose, namely the exposure time. Neverthe-
less, PVK has a relatively poor quantum yield, rendering it 
rather unsatisfactory for OLED applications. For this rea-
son another conducting polymer, a polyfluorenyl derivative, 
poly[9,9-di(2’-ethylhexyl)fluorenyl-2,7-diyl] (PF), was 
also tested as the polymer host. In this case, colour tuning 
from red to blue was not achieved. Instead of that, a wide 
emission spectrum was finally observed, corresponding to 
almost white light. 
 In more detail, the starting system emits green colour 
(Fig. 5, solid line 4), although the energy transfer from PF 
to DANS is theoretically successful (good matching of the 
PF emission spectrum (solid line 1) with the DANS ab-
sorption spectrum (dashed line 3a)). The reason for this 
emission is that the PF alone has a very intense blue-green 
emission, exhibiting three peaks at 415 nm, 440 nm and 
510 nm (solid line 1). Thus, the final emission is at an in-
termediate wavelength (solid line 4, 525 nm), as it is due to 
a mixed emission from both DANS and PF. 
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Figure 5 Photoluminescence (solid lines) and absorption (dashed 

lines) spectra of films cast from (1) PF, (2a,b) 4% w/w DMA-

DPH and (3a,b) 4% w/w DANS. Both emitters were inserted in 

the PF matrix along with 10% w/w PAG. (4) Photoluminexcence 

spectrum of film cast from PF with 2% w/w DMA-DPH, 1% w/w 

DANS and 4% w/w PAG. All spectra are normalised to PF for 

comparison. 
 
 Thereafter, the subsequent exposure of the film to ul-
tra-violet light at dose 1 (105 mJ·cm–2) results, as ex-
plained before, in the extinction of the red fluorescence, 
and the observed emission comes from the non-protonated 
DMA-DPH (Fig. 6, solid line 4). The DMA-DPH emission 
at 475 nm (solid line 2b) is further enhanced by the green 
emission of the PF itself (solid line 1), while the peak cor-
responding to the blue emission at 415 nm is significantly 
decreased (bold solid line 4). 
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Figure 6 Photoluminescence (solid lines) and absorption (dashed 

lines) spectra of films cast from (1) PF, (2a,b,) 4% w/w DMA-

DPH, 2c) 4% w/w DMA-DPH protonated form and (3a,b) 4% 

w/w DANS protonated form. Both emitters were inserted in the 

PF matrix along with 10% w/w PAG. Protonated forms obtained 

by exposure to UV light (248 nm filter) at dose 2. (4) Photolumi-

nescence spectrum of film cast from PF with 2% w/w DMA-DPH, 

1% w/w DANS and 4% w/w PAG and exposed at UV light under 
248 nm filter at an optimised dose (dose 1). All spectra are nor-

malised to PF for comparison. 
 

 Finally, when DMA-DPH is fully protonated after a 
longer exposure (dose 2, 315 mJ·cm–2), the emission is not 
blue and therefore it does not correspond to the expected 
emission from the protonated DMA-DPH (Fig. 7, solid line 
2b). A wide emission, almost white (starting from 400 nm 
up to 600 nm, solid line 4), is observed, coming from the 
mixed emission of protonated DMA-DPH (solid line 2b, 
440 nm) and the PF itself (solid line 1). 
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Figure 7 Photoluminescence (solid lines) and absorption (dashed 

lines) spectra of films cast from (1) PF, (2a,b) 4% w/w DMA-

DPH protonated form and (3a,b) 4% w/w DANS protonated form. 

Both emitters were inserted in the PF matrix along with 10% w/w 

PAG. Protonated forms obtained by exposure to UV light (248 

nm filter) at dose 2. (4) Photoluminescence spectrum of film cast 

from PF with 2% w/w DMA-DPH, 1% w/w DANS and 4% w/w 

PAG and exposed at UV light under 248 nm filter at dose 2. All 

spectra are normalised to PF for comparison. 

 

 Consequently, although the PF has a much higher 
quantum yield than PVK, its wide blue green emission 
cannot be easily quenched and therefore, a colour tuning 
through the mechanism described above is not possible. On 
the other hand this system could be of interest in white 
light applications. 
 

 4 Conclusion Full colour tuning (RGB) in a single 
polymeric layer was achieved, using a suitable green emit-
ter (DMA-DPH) and a red emitter (DANS) dispersed along 
with a PAG in PVK, a wide band gap polymer matrix. The 
energy transfer mechanisms taking place during the photo-
chemically induced transformations of the above probes 
were studied in detail and the observed emission spectra 
were justified through this mechanism. It was shown that 
careful study of the relative concentrations combined with 
a suitable exposure time (irradiation dose) allow for the 
control over the degree of protonation of the emitters and 
subsequently the control over the emission wavelength 
(colour). Finally, two wide band gap polymers, poly(9-
vinylcarbazole) (PVK) and the polyfluorenyl derivative 
poly[9,9-di(2’-ethylhexyl)fluorenyl-2,7-diyl] (PF) were  
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compared as potential hosts. PVK, although it is known to 
exhibit a rather low quantum yield, allows the definition of 
R-G-B areas due to better spectral characteristics, whereas 
the PF derivative is found to be problematic as a host for 
our colour tuning approach, due to its broad blue-green 
emission. 
 Further study is in progress on systems with higher 
quantum yield and on the electron transfer processes that 
are also encountered in electroluminescence experiments. 
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