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Abstract: The site isolation of two dyes capable of electronic interaction via Forster energy transfer has
been studied with the two dyes coumarin 343 and pentathiophene encapsulated by dendrons containing
both solubilizing and electroactive moieties. Photoluminescence studies of mixtures of the dendritic dyes
show that at high dendron generation, significant site isolation is achieved with relative emission
characteristics influenced by both the degree of site isolation and the emission quantum yield of the dyes.
Electroluminescence studies carried out in organic light emitting diode devices confirm that color tuning
may be achieved by mixing the two encapsulated dyes in a single layer. However, selective carrier trapping
by one of the core component dyes can dramatically influence the effectiveness of other components in
the device.

Introduction

It is well-known that the environment of a chromophore is
able to affect its photophysical behavior including its absorption
and emission characteristics. Nature has been able to perfect a
variety of microenvironments to enhance performance by
spatially arranging multiple chromophores with respect to one
another in a highly ordered fashion thereby also maximizing
synergism between various species.1 Although proteins are
nature’s main building blocks for the precise assembly of most
functional moieties, including chromophores, synthetic systems
do not benefit from the structural precision achievable with
proteins. Recently, dendrimers have been used in an attempt to
build multichromophoric systems that mimic some of the
primary events of photosynthesis. Therefore, using a dendritic
framework, multiple peripheral chromophores can be assembled
around a single core unit with which they can “communicate”
via an energy transfer interaction to form a light-harvesting
antenna.2 In such an antenna, the energy harvested at the
periphery of the dendrimer is funneled to the core where it is
reprocessed, for example through amplified core emission. In
this instance, the dendritic framework facilitates the com-
munication between the chromophores by keeping them at an
appropriate average distanceswithin the Forster radiussof the
core. In other instances, nature uses proteins to accomplish site
isolation of a reactive site, thereby preventing destructive
interaction. This is the case with a variety of catalytic enzymes
such as the Cytochromes for which isolation of the catalytic

hemes is essential to derive function. Once again, dendrimers
have been used to perform analogous site isolation, for example,
bulky dendrons assembled around a central moiety have been
used to prevent the self-aggregation of dye molecules in the
solid state.2o Encapsulating individual chromophores greatly
enhances their optical properties due to reduced self-quenching.3

As described below, a challenging test of the ability of
dendrimers to afford site isolation is afforded by light emitting
diodes containing multiple emitters in a single layer.

In an OLED application,4 it is difficult to tune the color of
emission by mixing several light emitting dyes in a single layer
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because energy transfer between the dyes lead to emission solely
from the dye with the lowest HOMO-LUMO band gap.5 In
addition, the emitting fluorophores can self-quench via excimer
formation when doped at high concentrations. These problems
can, at least in principle, be overcome by the use of dendrimers.
For example, a fluorophore surrounded by a dendritic shell of
sufficient size can isolate the emitting moieties from one another,
thereby enabling simultaneous emission from several dyes, as
site-isolation should inhibit both energy transfer between dyes
and self-quenching.3 Color tuning in a single layer device would
be achieved by the proper selection and mixing of dendrimers
with different site-isolated fluorescent dyes as their cores.
Moreover, the solubility and processing behavior will be greatly
affected by the dendritic shell, allowing for a wide range of
dyes to be encapsulated within the dendrimer while peripheral
structural changes can be used to optimize and control process
parameters.6

Recently, a variety of OLEDs7 in which dendrimers or
dendronized polymers used as both hole transporting (HT)8 and
electron transporting (ET)9 components, as well as unimolecular
emitters10 have been reported. Building upon an early design
of Devadoss et al.,2b Freeman et al.11 successfully utilized
triarylamine (TAA) HT-labeled poly(benzyl ether) dendrimers
possessing Coumarin 343 (C343) and pentathiophene (T5) core
dyes to give blue and green OLEDs, respectively. Initial attempts
to achieve synergistic emission from the two types of dendrimers
by blending them in a single layer were only moderately
successful due to detrimental energy transfer from C343 to the
smaller band-gap T5. Due to the large Fo¨rster radius of these
dyes, energy transfer is an unfortuitous consequence of the small
size and flexibility (i.e., poor shielding effect) of the surrounding
dendrons that were attached at a single point to the lumophores.
Attempts to synthesize larger dendrimers were unsuccessful due
to the poor solubility and increased crystallinity of the triaryl-
amine dendrons beyond generation 2, which resulted in very
poor device performance. In the accompanying report (this
issue), we describe the design and synthesis of novel dendrimers

containing not only triarylamine groups, but also solubilizing
alkyl ether groups at the periphery of the dendrimers to solve
both the solubility and crystallinity problems, enabling the
synthesis of larger dendrimers for a fundamental investigation
of the concept of color tuning via site isolation.

Results and Discussion

Dendrimer Encapsulated Chromophores.Both coumarin
343 (C343) and pentathiophene (T5) labeled dendrimers were
utilized to effect the site isolation of light emitting lumophores
in an OLED configuration. The two core dyes were chosen as
models primarily on the basis of the overlap of their absorbances
with the emission of the peripheral TAA hole transporting
moieties at 425 nm. The dendritic structure we tested in a
preliminary study11 has now been completely redesigned with
a periphery containing a combination of alkyl ether groups12

and TAA donors (Figure 1). This combination has enabled the
construction of much larger dendrimers for a more realistic
testing of dye encapsulation while removing the issues of
solubility and crystallization that earlier plagued film coating
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Figure 1. Fluorescent dyes, Coumarin 343 (C343)1 and pentathiophene dicarboxylic ester (T5)2, used as cores for the dendrimers of this study. The
surrounding dendrons architecture and periphery are shown with a third generation dendron3 that features hole transporting (TAA) and solubilizing (alkyl
ether) end-groups.
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processes, affected device construction, and limited performance.
For example a coumarin 343 laser dye could be encapsulated
with 3 generation three [G-3] or generation four [G-4] dendrons
to form [G-3]3-C343, 5, and [G-4]3-C343, 6, as shown in
Scheme 1. Given the elongated structure of the pentathiophene
chromophore and the availability of new, highly soluble elec-
troactive dendrons, we targeted better encapsulation by capping
both ends of the T5 with high generation dendrons (Scheme
2). An efficient synthesis was chosen, which simultaneously
forms the T5 core and links properly functionalized dendrimers,
forming the target bis [G-3], [G-4], and [G-5] T5 “dumbbell-
shaped” dendrimers (7, 8, and9, respectively). As a result of
the dendron design with its peripheral energy donating/hole
transporting TAA and solubilizing alkyl ether groups, all the
C343 and T5 dendrimers were fully soluble in common organic
solvents and formed homogeneous uniform films suitable for
OLED’s.

Photo and Device Emission Spectra.As the main objective
of this study was a determination of the site isolation provided
by our synthetic blueprint, solid-state thin film photolumines-
cence (PL) and device electroluminescence (EL) studies of the
dendrimers were conducted utilizing different mixtures of C343
to T5 dendrimers of varying sizes and used in different ratios
as outlined in Table 1. The C343 has an absorptionλmax at 446
nm with an extinction coefficient of 44 000 cm-1M-1, and
T5 absorbs at 425 nm with an extinction coefficient of

49,000cm-1M-1. As mentioned earlier these absorptions overlap
well with the emission maximum of TAA at 425 nm (Figure
2). The dyes emit at∼470 nm for C343, and at∼525 nm for
T5, via Förster resonance energy transfer.13 PL emission is
produced by selective excitation of the peripheral TAA groups
at 350 nm and energy is efficiently transferred into both the
C343 and T5 cores. The Fo¨rster radius between the C343 and
T5 dyes was calculated to be about 3.8 nm, due to a significant
overlap of the T5 absorption band with the emission of the C343.
It is the prevailing occurrence of such long-range Coulombic
interactions that makes large dendrimers necessary to spatially
separate the dyes and prevent energy transfer from C343 to T5.
Dendrimers films with film thicknesses ranging between 1100
and 1300 Å were spun onto glass substrate using chloroform
as the solvent. Upon inspection under a microscope, the films
appeared to be consistent and uniform without any observable
morphological features over the area of the substrate. The alkyl
surface groups interspersed between the TAA moieties in our
new dendron design provide the desired solubility enhancement,
preventing crystallization, and leading to good properties for
the spin-coated dendrimer films. Thin film photoluminescence
experiments conducted with the various mixtures of C343 and
T5 dendrimers of Table 1 clearly demonstrate that site-isolation
increases as the size of the dendrons surrounding the cores

(13) Turro, N. J. Modern Molecular Photochemistry; University Science
Books: New York, 1991, p 302.

Scheme 1
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increases. The PL spectra of dendrimer mixtures 1 and 2 (Figure
3) display emission at∼525 nm corresponding primarily to the
T5 with a very small contribution from C343 at∼470 nm, which
increases slightly as the molar ratio of5 to 7 increases. As
expected, the smaller generation 3 (G-3) dendrons provide only
modest isolation and significant energy transfer occurs from
C343 to T5. Therefore, a second series of films were prepared
using mixtures of the larger dendrimers6 and 9 in the same
1:1 and 5:1 molar ratios (mixtures 7 and 9, Table 1). With the
higher generation dendrimers, the increase in the degree of site
isolation can be seen from the noticeable increase of C343
emission compared to that observed for the corresponding third
generation dendrimers. In a 1:1 molar ratio of6 and 9, the
observed emission for the higher energy C343 chromophore far
exceeded that of a 5:1 molar ratio of5 and7 giving a strong

indication that there is increased average spatial separation
between the two dendronized dyes.

A further set of experiments was done in order to investigate
the effect of changing dendrimer size at a constant 5:1 molar
ratio of C343 to T5. Figure 4 shows the PL spectra of the third
and fourth generation C343 dendrimers (5, 6) with third, fourth,
and fifth generation T5 dendrimers (7, 8, and9). These results
clearly demonstrate the effect of increasing isolation via an
increase in dendrimer size. In the cases where the C343 is

Scheme 2

Table 1. Mixtures of C343 and T5 Dendrimers

composition

mixture C343 T5 C343:T5

1 5 ([G-3]) 7 ([G-3]) 1:1
2 5 7 5:1
3 5 8 ([G-4]) 5:1
4 5 9 ([G-4]) 5:1
5 6 ([G-5]) 7 5:1
6 6 8 5:1
7 6 9 1:1
8 6 9 3:1
9 6 9 5:1

Figure 2. Normalized PL emission of6 (blue downward-pointing triangle)
and9 (green upward-pointing triangle). Dendrimer mixture: PL absorbance
(black square) and emission (red circle) spectra of a single layer mixture
of 6 and9 in a 1:1 molar ratio of C343: T5 dye cores.
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changed from third to fourth generation with each size thiophene
(mixtures 2 and 5, 3 and 6, 4 and 9), a large increase in the
C343 emission is observed, an indication of increased site-
isolation for the fourth generation C343 (resulting in a decrease
in the C343 to T5 energy transfer). A similar trend is also seen
for increased generations of thiophene dendrimers, but in this
case only a very small increase in C343 emission is seen
between the third and fourth generation T5’s (mixtures 2 and
3, 5 and 6), whereas a much larger increase in C343 emission
is measured between the fourth and fifth generations (mixtures
3 and 4, 6 and 9).

It follows that T5 dendrimers only begin to have adequate
site-isolation after the fifth generation while an appreciable
amount of isolation is already observed for fourth generation
C343. This finding is not unexpected as the elongated shape
of the T5 moiety makes encapsulation difficult, even when
both ends of the T5 are capped in a “dumbbell” arrangement.
Therefore, with G-3 or G-4 dendrons the T5 core remains
exposed, whereas the more compact C343 core is relatively well
shielded by three G-4 dendrons.

To measure the spectrum of a dendrimer mixture in the
absence of interdendrimer energy transfer, we have also
examined the PL spectra of dendrimer mixtures diluted into a
glassy polystyrene matrix. All of the polystyrene samples studied

contained a 1:1 molar mixture of6 and9. Figure 5 shows the
PL spectra of samples ranging in concentration from 0.35 to
4.2%, as well as a neat film of a mixture of dendrimers6 and
9. As the polystyrene solution is made more dilute, thereby
reducing interdendrimer interactions, the T5 contribution to the
spectrum decreases. At the highest dilution (0.36% dendrimer
by weight in PS), the intensity of the C343 emission is about
twice that of the T5 emission, whereas it is roughly a third of
the T5 emission in the neat dendrimer film. The ratio of6 to 9
emission is not thought to involve different absorption charac-
teristics for the two, since the principal absorber for the
dendrimers are the TAA groups, which are present in relatively
similar numbers in the two dendrimers (24 TAA groups for6
compared to 32 for9). The imbalance in C343 and T5 in the
most dilute sample can be attributed to differences in the
quantum yields of emission for the coumarin and thiophene.
Theφem of C343 is 0.63,14 whereas that for T5, estimated from
related pentathiophenes, is approximatelyφem ) 0.15.15 To
provide a perspective for the PL measurements made with the
0.36% mixed dendrimer film, a simulated PL spectrum was
created by summing the emission spectra of pure6 and 9,
weighted by their relative quantum yields. Although photoin-
duced electron transfer between TAAs and the C34316 could
be a possible reason for the reduced C343 emission in the
mixtures, the absence of noticeable quenching16a of the C343
in the most dilute samples compared to the weighted relative
quantum yields suggests that electron transfer is not a significant
factor for the dendrimers of this study. As shown in Figure 5,
the weighted simulated spectra very closely match that of the
highly diluted PS film, showing that a spectrum rich in C343
emission is expected for a sample with complete site isolation.
Hence, alhtough not completely isolating the dyes from energy
transfer in neat films, these higher generation dendrimers do
provide a considerable degree of site-isolation when compared

(14) Adronov, A.; Gilat, S. L.; Fre´chet, J. M. J.; Ohta, K.; Neuwahl, F. V. R.;
Fleming, G. R.J. Am. Chem. Soc. 2000, 122, 1175-1185.

(15) Donat-Bouillud, A.; Mazerolle, L.; Gagnon, P.; Goldenberg, L.; Petty, M.
C.; Leclerc, M.Chem. Mater. 1997, 9, 2815-2821.

(16) (a) Nad, S.; Pal, H.J. Photochem. Photobiol. A: Chem. 2000, 134, 9-15.
(b) Lor, M.; Thielemans, J.; Viaene, L.; Cotlet, M.; Hofkens, J.; Weil, T.;
Hampel, C.; Mu¨llen, K.; Verhoeven, J. W.; Van der Auweraer, M.; De
Schryver, F. C.J. Am. Chem. Soc. 2002, 124, 9918-9925.

Figure 3. PL emission of mixtures of “small” dendrimers5 and7 (mixtures
1 and 2, Table 1), and “large” dendrimers6 and9 (mixtures 7 and 9, Table
1), in both 1:1 and 5:1 molar ratios of C343: T5 dye cores.

Figure 4. PL emission of different size mixtures of C343 and T5
dendrimers at 5:1 molar ratios of C343: T5 dye cores, normalized to T5
emission. (See Table 1 for the compositions of the various dendrimer
mixtures).

Figure 5. PL emission of6 and9 at 1:1 molar ratios neat and diluted with
polystyrene (showing the % dendrimer by weight), normalized to T5
emission. The offset (upper) spectrum was generated by summing the spectra
of pure samples of6 and 9, weighted by their PL quantum efficiencies
(i.e., 0.63× 6 + 0.15× 9).
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to the free dye11 or to the lower generation dendrimers (mixtures
of dendrimers5 and7 give mostly T5 emission).

OLED devices were fabricated using the same molar ratios
and spin casting parameters used for the previously described
thin film PL spectra. ITO substrates were pretreated with a layer
of poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid
(PEDOT:PSS) which is known to facilitate hole injection and
provides for planarization of the substrate.17 Additionally, an
electron transporter, 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-
1,3,4-oxadiazole (PBD), was incorporated in the dendrimer
solutions using 1:1 molar ratio of PBD to peripheral TAA
moiety. The purpose of the PBD is to transport electrons, which
should help to balance electron-hole transport within the
device11,18The holes are expected to be transported by the easily
oxidized TAA groups, and exciton recombination is expected
to occur on the dye cores. Furthermore, a thin 100 Å thick film
of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) was
subsequently vapor deposited as a hole blocker to confine
exciton recombination, and prevent the loss of the faster moving
holes to the cathode.6,19 This was followed by a 150 Å electron
injecting layer of aluminum-tris(8-hydroxyquinolate) (AlQ3) and
a LiF/Al cathode. It was found that devices with BCP/AlQ3

layers were an order of magnitude more efficient than those
without these blocking and injecting layers, demonstrating their
importance in the device.

Figure 6 shows the electroluminescent (EL) emission spectra
of devices with only dendrimers6 and 9 (as well as varying
mixtures of the two), compared to a 5:1 mixture of the smaller
sized dendrimers5 and7. These measurements are in qualitative
agreement with those for PL spectra as site isolation is also
significantly enhanced in the EL spectra for dendrimers in which
the dyes are shielded by the larger dendrons. Interestingly, a
greater amount of T5 emission relative to C343 emission is
observed in the EL compared to the PL. Because the films used

for PL and EL were spin cast from the same stock solutions,
the observed differences in intensities are unlikely to be related
to differences in composition. It is believed that the difference
between EL and PL characteristics may be due to direct hole
or electron (carrier) trapping on the T5 core. Hence, if carrier
recombination were to occur more efficiently at the T5 than at
C343, it could result in preferential exciton formation at T5.
This carrier trapping process gives T5 an added pathway for
exciton formation that may not be present for C343, thereby
shifting the spectra further toward the lower energy T5 emitter.
This effect results in nearly equal emission intensities of both
T5 and C343 at a 5:1 molar ratio (mixture 9) whereas in the
PL, the same mixture gives a much higher relative intensity for
the C343.

The device performance data for a film obtained from mix-
ture 9 with its 5:1 ratio of C343 to T5, which affords balanced
EL intensities for the two chromophores, are shown in Figure
7. The maximum external quantum efficiency of the mixed
[G4]3C-343: [G-5]2T5 device was 0.2% with a power efficiency
of 0.1 lum/W. The device had a turn-on voltage of ap-
proximately 12 V and a maximum luminescence of only 22
cd/m2 at 20V. Device performance data for an OLED prepared
from the [G-5]2T5 (9) alone is shown in Figure 8. Interestingly,
while the turn-on voltages are comparable, the T5-only device
had much better performance characteristics. A maximum
luminance of 420 cd/m2 was recorded at 20V. The device had
a maximum efficiency of 0.59 lm/W (0.76% photon/electron)
at a brightness of 100 cd/m2.

(17) Lamansky, S.; Djurovich, P. I.; Abdel-Razzaq, F.; Garon, S.; Murphy, D.
L.; Thompson, M. E.J. Appl. Phys. 2002, 92, 1570-1575.

(18) Kido, J.; Shionoya, H.; Nagai, K.Appl. Phys. Lett. 1995, 67(16), 2281-
2283.

(19) (a) Baldo, M. A.; Lamansky, S.; Burrows, P. E.; Forrest, S. R.; Thompson,
M. E. Appl. Phys. Lett.1999, 75, 4. (b) Tsutsui, T.; Yang, M. J.; Masayuki,
M.; Nakamura, Y.; Wanabe, T.; Tsuji, T.; Fukuda, Y.; Wakimoto, T.;
Miyaguchi, S. Jpn.J. Appl. Phys. 1999, 38, L1502.

Figure 6. Device EL emission of6 and9 alone and in 1:1, 3:1, and 5:1
molar ratio mixtures. EL emission of 5:1 molar ratio mixture of5 and7
shown for comparison. (See Table 1 for the compositions of the various
dendrimer mixtures).

Figure 7. Efficiency (top) and IV/luminescence characteristics (bottom)
for ITO/PEDOT/G4C:G5T(5:1)-PBD/BCP/AlQ3/LiF/Al device.
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When the PL and EL spectra of a material are significantly
different, as is seen for the 5:1 mixture of6:9, the cause can
generally be attributed to carrier trapping affects. If one or both
of the carriers were preferentially trapped at the T5 core of9,
then a higher than statistical amount of hole-electron recombina-
tion will occur at9, leading to an EL spectrum which is richer
in T5 emission than expected, as is in fact observed. To
determine if a trapping assignment makes sense, a series of
solution electrochemical measurements were made to estimate
the hole and electron levels of the individual components. For
this study, model T51 and C3432 (Figure 1) compounds were
capped with benzyl esters to simulate the cores, and a G3 TAA
methyl ester dendron3 was used to simulate the characteristics
of the hole transporting periphery. Electrochemical measure-
ments were recorded in dimethylformamide (DMF) solution and
potentials are given relative to an internal ferrocene reference
(Fc/Fc+). In addition, all literature values were adjusted to
Fc/Fc+ for clarity. The T5 core had two reversible oxidations
at 0.62 V and 0.76 V and a reversible reduction at-1.79 V.
These oxidation values are consistent with two similar T5
containing polymers that were previously measured to have
single reversible oxidations in the solid state at 0.61 and 0.51
V.15 The reduction potential of the PBD electron transport
material is reported to be-2.34.20 Thus, it is expected that the
T5 core will trap electrons, from the electron transporting PBD

molecules. Unfortunately, the oxidation and reduction potentials
of both the C343 core and TAA dendron were irreversible, so
we cannot estimate their HOMO and LUMO energies reliably.
The irreversible oxidation of the TAA dendron was observed
at 0.49 V, which is greater than the 0.3 V oxidation potential
reported for the corresponding benzidine derivative (N,N′-
diphenyl-N,N′-bis-1-naphthyl-4,4′-biphenyl, NPD), a commonly
used hole transport material.21 This sort of difference is expected
when comparing a monoamine to a conjugated diamine. The
irreversible oxidation for C343 is between 0.49 and 0.59 V,
thus we do not expect either C343 or T5 to effectively trap
holes from the TAA groups. Hence, the likely explanation for
the enhanced performance of T5 involves the trapping of
electrons at the T5 core, followed by hole-electron recombina-
tion at that emitter. This gives an additional pathway for exciton
localization at T5, other than energy transfer from C343 or TAA,
leading to enhanced T5 emission in EL, relative to the PL
measurements.

Conclusion

The use of dendrons to site isolate chromophores capable of
electronic “communication” has been explored through their use
in organic light emitting diodes. The novel design of the
peripheral moieties of the dendrons allowed tuning of properties
for the casting of films that did not show a tendency to
crystallize thereby enabling both photoluminescence and elec-
troluminescence studies to be carried out. These studies confirm
that the size of the dendritic shell is critical to site isolation.
Although energy transfer between dendrimers still occurs to
some extent, even with the largest dendrimers we have prepared,
several important findings have emerged. First, it is clear that
the film forming properties of the dendrimers are critical and
the addition of peripheral alkyl groups to the electroactive but
low solubility TAA moieties helps with the formation of clear
films and solves the issues associated with the inherent crys-
tallinity of the TAA dendrons at higher generations. Further-
more, moderately efficient devices can be fabricated using these
dendrimers along with BCP/AlQ3 hole blocking/electron inject-
ing films. Best results based on these unoptimized dendrimer
systems were an external quantum efficiency of 0.2% for mixed
films containing two chromophores in the same layer, and 0.76%
for a fifth generation thiophene-only device.

These results also demonstrate a potential problem that may
occur in many dendrimer based OLEDs. Carrier trapping at the
dendrimer core can lead to significant changes in the properties
of the devices. This is evidenced by the different device
performances observed for the mixed dendrimer devices and
the T5-only device, as well as differences in PL and EL emis-
sion intensity for mixed films. Therefore, care must be taken
when choosing dye cores for such dendrimer-based devices.
Selective carrier trapping by one of the core components can
dramatically influence the effectiveness of other components
in the device. We believe that the high voltages required to
run these dendrimer based OLEDs was due, at least in part,
to carrier trapping at the T5 dye cores. When choosing dye
cores for dendrimers of this type it is important to select dyes
whose HOMO levels are below the hole transporting material,
and whose LUMO levels are above the electron transporting

(20) Wu, C.-C.; Sturm, J. C.; Register, R. A.; Tian, J.; Dana, E. P.; Thompson,
M. E. IEEE Trans. Elec. DeV. 1997, 44, 1269-1281.

(21) Koene, B.; Loy, D.; Thompson, M. E.Chem. Mater. 1998, 10, 2235-
2250.

Figure 8. Caption: Efficiency (top) and IV/luminescence characteristics
(bottom) for ITO/PEDOT/G5T-PBD/BCP/AlQ3/LiF/Al device.
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materials, to prevent charge trapping within the dendrimer. In
addition, even at large generations, complete site-isolation
remains a difficult problem for chromophores with large Fo¨rster
radii. It is believed that once these issues are understood,
dendritic systems such as these could provide access to color
tunable solution processed large area displays.
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