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We report fluorescence measurements on gepiienylene vinylene PPV, and four derivatives of this
polymer, all of which show strong luminescence and can be used as emissive materials in electroluminescent
diodes. We measure the variation of the emission spectrum with excitation energy at low temperature, and find
a threshold energy above which emission is independent of excitation energy and below which the emission
energy tracks with the excitation energy. This information makes it possible to separate out the effects of
spectral diffusion by exciton migration from other forms of excited-state relaxation. We find that PPV and two
derivatives with asymmetric, branches side chains show little or no excited-state relaxation. In contrast, the
other two derivativegone with bromine and dodecyloxy attachments at the two and five positions on the
phenylene, the other with hexyloxy attachments at these sites, and cyano groups at the vinylic ciidens
further relaxation by about 0.25 eV. We consider that emission in these two polymers is from an interchain
excimer excited state. Supporting evidence for the cyano-PPV is seen in the differences between the dilute
solution and solid-state fluorescence sped®8163-18206)00523-1

INTRODUCTION 5-(2’ethyl)-hexyloxyp-phenylene-vinyleng MEH-PPV
(see Table)l, that there are polymer chains with a range of

The optical properties of conjugated polymers have beewgonjugation lengthgand hence excitation energieis any
of considerable interest in the past few years, since the disamplet!~* The PL spectrum is much narrower than the
covery of electroluminescence from pobtphenylene- absorption spectrum, and a redshift of the emission is ob-
vinyleng, PPV in a light-emitting diodgLED) structure!  servable over a few picoseconds after excitation, both of
An important feature of these materials is that their properwhich indicate that excitations migrate to lower-energy re-
ties can be tuned by chemical modification. At present, PP\gions before decaying.
and several alkoxy- and cyano-substituted derivatives of In SSF experiments, the emission spectrum is measured
PPV are being used to develop both higher efficiency LED’sas a function of the excitation wavelength. A threshold,
and structures that have emission over different ranges of thenown as the localization energy, occurs at a point fixed by
visible spectrum. Luminescence in these materials is prothe relative rates of exciton migration and decay. For photo-
duced after either photoexcitation, or charge injection in arexcitation above the localization threshold, the shape of the
LED structure, when a neutral singlet excited-state decays iemission spectrum is independent of the excitation wave-
an allowed transition back to the ground state. length as excitons quickly migrate to sites of lower energy

The nature of this excited state is however a contentioubefore decaying radiatively. As they move to chains of lower
issue. If the excited state does not have a significant bindingnergy, the probability of being able to hop to other seg-
energy, then a band model description may be appropriatenents decreases until the hopping rate becomes comparable
but there are strong indications that the electron and hole an® the exciton decay rate. This defines the localization thresh-
strongly bound, to form an intrachain exciton. In PPV, theold below which excitons do not migrate, and hence we ex-
best understood of these polymers, we consider that the bgbect the emission energy to begin to decrease linearly with
ance of evidence shows that an exciton model is more apexcitation energy, as emission occurs from the absorbing
propriate. The coincidence of the onset of photoconductivitysite’ =2 Similar experiments have been performed on amor-
with the onset of optical absorption has been used to argughous phosphorus,an inorganic system that exhibits many
that the exciton is not strongly bouRd® but this can also be of the features of organic polymer materials.
explained by the creation of bound excitons, and their sub- In conjugated polymer materials, the energy difference
sequent splitting to free carriet$.Also, the temperature de- between absorption and luminescence is substantially due to
pendence of the photoconductivity is consistent with an exexciton migration. Consequently, it is difficult to determine
citon binding energy of about 0.4 elRef. 6. Site-selective energy shifts due to any relaxation of the excited state prior
fluorescenc€SSH studies on PPVYRefs. 7—10 provide evi- to emission, a measurement which can give important infor-
dence that the photoexcited states in the polymer are mobilmation about the nature of the excitation. In SSF experi-
neutral excitons, moving in a hopping process between polyments, this difficulty is avoided as the excitation is localized
mer chains of different conjugation length. There is also di-to one site in the sample, and a measurement of the true
rect evidence from time-resolved photoluminesce(iek) energy shift between absorption and emission can be ob-
spectra in PPV and a soluble derivative, gahnethoxy, tained. In short, SSF measurements provide important infor-
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TABLE |. Structure, sample preparation details, and emission color of the polymers investigated.

Spin cast Thermal Emission
Polymer Structure from conversion color Refs.
PPV AN methanol 10 h green 1
250 °C
n
OC12Hzs
Br-PPV N chloroform 2 h red 25
250 °C
Br n
OR
N
MEH-PPV chloroform none red 24
OCH;, n
R=CH;CH(CzHs)}(CH,)3CH;
DHeO-CN-PPV 3 chloroform none red 26
MEH-CN-PPV <« toluene none orange / 27
red

Ry=CHj
R2=CH,CH(C;Hs)(CH2)3CH;

mation about the nature of the excited state responsible fdnterchain interactions are present in the ground state, with
luminescence in these polymer materials; for PPV, earlieabsorption below the intrachain absorption edge giving rise
measurements strongly suggest excitonic emissigh. to redshifted luminescence and photoconductivity, and are
In some other conjugated polymers, there is evidence fodescribed as aggregate state%
interchain excitationd®~° These have been interpreted in  For many of the derivatives of PPV used in LED's, rela-
terms of excimer formation in the photoexcited stdf@® tively little is known about the nature of the emissive excited
and in a cyano- derivative of PPV, DHeO-CN-PP{gege state. In this investigation, we look at site selective fluores-
Table |) Samuel, Rumbles, and Collision have recently sugcence measurements on five of these materials. The poly-
gested that luminescence comes from the decay of an intemers, which are summarized in Table | are MEH-PP\g
chain state, such as an excimriAn excimer can be formed bromine-substituted derivative of PPV, Br-PPV, which was
when an exciton on a polymer chain is stabilized by asynthesized with the intention of making a luminescent poly-
charge-transfer interaction with another chain to form ammer with a large spin-orbit coupling factor to demonstrate
excited-state complex. This complex will have different (spin forbidden triplet excited-state emissidi;two high-
emission characteristics to an exciton, and a broad emissiaglectron affinity cyano-substituted derivatives of PPV, which
devoid of vibronic structure and redshifted compared to exhave been used as electron transport and emissive layers in
citon emission is well-established in molecules such aefficient two layer LED’s2®?’ which differ in the selection of
pyrene?’ In other conjugated polymers, particularly the the alkoxy groups attached to the phenylene rings, DHeO-
ladder-type polgphenylengs there is clear evidence that the CN-PPV having a symmetric dihexyloxy substitution, and
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MEH-CN-PPV having the same asymmetric alkoxy groups S
as MEH-PPV; and PPV for comparison with the four deriva- [
tives. We discuss the results with reference to the nature of
the excited state in the polymers.

EXPERIMENT

All measurements were performed on films of polymer
spin cast from solution onto quartz substrates. PPV and Br-
PPV are insoluble in their fully conjugated form and were
hence spin cast as precursors and thermally converted to the
polymer. Room-temperature optical absorption was mea-
sured with a Perkin Elmer Lambda 9 spectrophotometer.
Low-temperature PL spectra were measured using a spec-
trograph coupled to a CCD arrd@RIEL Instaspec 1Y with
the sample in a helium flow cryostat at 15 K. The excitation
source was a monochromated 150-W xenon lamp with a full
width at half maximum(FWHM) of the spectral output of 7
nm. PL spectra were recorded with excitation wavelengths
ranging from 250 nm up to the tail of the optical absorption
for each polymer. The spectral shape of the emission was
found to be constant until excitation was in the tail of the
absorption where the PL spectra began to move to longer
wavelengths. The PL was weak here, so the CCD detector 2.0 25 3.0 3.5 4.0
was set to perform integrated scans for each spectrum over a Energy (eV)
time typically in the range of 1-10 min. For comparison,
some spectra were taken at room temperature using the samerIG. 1. The room-temperature solid-state optical-absorption
apparatus. spectrum for each polymer, normalized in height and offset for ease

In previous investigations of this type, tuneable dye lasersf comparison.
have been used as the excitation source, with the advantage

of a very narrow spectral output and high intendif?Using  widths and hence increase the m* gap? MEH-PPV and
a monochromated lamp, we have a lower spectral resolutiorepy show vibronic structure at room temperature, with, re-

MEH-PPV

DHeO-CN-PPV 4

Optical Density (arb. units)

MEH-CN-PPV

but the advantage of easier tunability. spectively, two and three distinct peaks. This structure be-
comes better resolved at 15 K. The other polymers have
RESULTS broad featureless emission spectra at room temperature with

some structure becoming apparent on cooling. DHeO-CN-

Figure 1 shows the room-temperature absorption spect®@PV and MEH-CN-PPV have two features with the higher
[shown as -lo@ransmissiopy with no correction for reflec- energy one appearing as a shoulder, and Br-PPV has a low-
tion] for each polymer. The position of the peaks in absorp-and high-energy shoulder around a central peak.
tion are 2.97 eV for PPV, 2.67 eV for Br-PPV, 2.51 eV for  Careful efforts were made to find evidence for triplet
MEH-PPV, 2.53 eV for DHeO-CN-PPV, and 2.61 eV for emission at lower energies in the Br-PPV, which had been
MEH-CN-PPV. All are within a small range, except PPV, designed to incorporate a high atomic number element with a
which has an absorption significantly blueshifted from thelarge spin-orbit coupling factor to facilitate the spin-
others. Vibronic structure is seen in the form of shoulders orforbidden triplet to ground-state electronic transition. There
the absorption band for PPV and Br-PPV, and arises fronwas, however, no evidence for such triplet state emission,
the coupling of the ring-stretching Raman-active mode thatvhich we would have expected to appear as a band of lumi-
couples the ground-state and excited-state geometries. Wescence at a lower energy than the main feaf@elcula-
note that the shape of the absorption spectrum for PPV ions for PPV suggest a value for such a transition from the
strongly dependent on the degree of order in the polymerdpwest triplet to the singlet ground state at about 0.6- to
and PPV prepared via a modified route, in which a mored.7-eV lower than the singlet emissidn
rigid precursor polymer is processed, shows the peak absorp- A series of PL spectra was measured at 15 K for each
tion near 2.5 eV, which is associated with the pure electronipolymer with the excitation wavelength ranging from 250
transition?® In contrast, the PPV used here shows a largenm up to the tail of the optical absorption. Figure 3 shows a
vibronic coupling, so that the peak absorption occurs fomumber of these spectra normalized in height, and offset for
transitions involving two or three vibrational quanta. clarity for; (a) PPV, and(b) DHeO-CN-PPV. These were

Figures 2a)-2(e) show PL spectra measured at roomrecorded with long integrations on the spectroméspikes
temperature and 15 K for each polymer, with the excitationon the spectra are due to cosmic rays incident on the CCD
energy near the peak of the optical absorption. In each warray). Figure 3 illustrates the trend that in each polymer the
see that there is a redshift in the PL when the temperature BL shifts to lower energies as the excitation moves further
lowered. In the case of PPV, this has been assigned to thato the absorption tail. For some spectra the excitation light
freezing out of ring rotation modes, which reduce thband  began to overlap the PL, thus obscuring the highest-energy
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FIG. 2. Solid-state PL spectra measured at room temperature and 15& RPV, (b) Br-PPV, (c) MEH-PPV, (d) DHeO-CN-PPV (e)
MEH-CN-PPV. The spectra are normalized, with the room-temperature curves half as high as those taken at 15 K.

vibronic feature. For this reason, in order to characterize théength, but below a threshold energy, the emission energy
variation of emission energy with excitation energy, webegins to decrease with decreasing excitation endhga-
chose to measure the position of the second highest-energyurements showing constant emission spectra were taken for
peak in each polymer, which we assign to the transition fromexcitation energies up to 4 eV in each polymer, but are not
the decay of a singlet electronic excited state with the loss ashown on the figure.At room temperature, no dependence
one phonon in the process. We use the notafign Sy, of the emission spectra on excitation wavelength was ob-
0—1 for this with S;— S; representing the electronic tran- served for any of the polymers.
sition, and G—1 the associated transition between vibra- The line indicating emission resonant with the excitation
tional levels. A further trend visible in DHeO-CN-PPV and light is marked on the figure for reference. Also shown is the
PPV is that structure in the spectra becomes more resolveshme line displaced by 0.18 eV, corresponding approxi-
with excitation at longer wavelengths. This is apparent inmately to the vibrational energy generated in the D pho-
PPV as the small shoulder on the central vibronic peak benon transition[see Fig. 8a) for PPV]. Straight lines have
comes visible as a distinct peak itself. been drawn by eye through the points for each polymer to
Figure 4 summarizes the variation of emission energyget an estimate of the gradient in each domain of response,
with excitation energy in each polymer. It shows the spectrabince this gives a measure of the rate of decrease of emission
position of the second highest-energy peak in the PL spectnaith excitation energy. We define the localization threshold
(the 0—1 phonon transitionplotted against excitation en- as the point at which the emission enerds, ;9 begins to
ergy. In each material we see that, at high excitation enerdecrease with excitation energ¥ 4, and the excitation
gies, the peak position is independent of excitation waveenergy at which this occurs the localization ener@y, ).
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FIG. 4. Variation with excitation energy in the spectral position
of the second highest-energy peak in the PL spectte
Sy— S$;/0—1 transitior) of each polymer for excitation in the tail of
the optical absorption. The solid line showing the position of emis-
sion resonant with the excitation light, and this line displaced by
0.18 eV (which represents the vibrational energy lost in the D
phonon transitionare displayed for comparison.

no emission occurs close to resonance. Table Il summarizes
Ejoc, the emission energy & ., the energy shiftE .-
Eemis between emission and resonance, and the gradient
AEqmis/ AEg,. for each polymer.

PPV, MEH-PPV, and MEH-CN-PPV all have a redshift
from excitation to emission for th§,— S;/0— 1 transition
of between 0.21 and 0.25 eV. Most of this is due to the
vibrational quantum generated in the emission process
[~0.18 eV—see Fig. @) for PPV], so that the Stokes’ shift
for these polymers is small. However, in the DHeO-CN-PPV
and Br-PPV the shifts are much greater, 0.45 and 0.43, re-
spectively.

The gradientd Eqnis/ AEeyc vVary widely between the dif-
ferent polymers. In PP\E,,,s decreases linearly witk,,.
below the localization threshold, and is in accord with earlier
work.” MEH-CN-PPV has a gradient slightly greater than 1,
but the other three materials show very different behavior.
MEH-PPV has a gradient of 2.0, i.&,,sdecreases twice as
much asEg,. below localization. DHeO-CN-PPV and Br-
PPV on the other hand both have shallow gradients, showing
that E.is IS NOt so strongly dependent @y, in the local-
ization regime.

DHeO-CN-PPV and MEH-CN-PPV differ only in the na-
ture of the alkoxy substituents attached to the phenyl ring,
and we see in Fig. 1 that they have similar absorption spec-
tra. In the solid state, however, their emission spectra are
very different, with DHeO-CN-PPV showing a redder lumi-
nescence, with an energy shift from absorption for the
S;— Sy/0—1 transition of 0.45 eV compared to 0.23 eV in
MEH-CN-PPV. Figure 5 compares the solid-state and dilute

FIG. 3. Solid-state PL spectra measured at 15 K, normalized iso|ytion luminescence of the two materials. In contrast to the
height and offset for clarity, with excitation moving further into the

tail of the absorption from top to bottom fofg) PPV, (b) DHeO-

CN-PPV. Some lower spectra are truncated where the excitatio
light began to overlap the PL. This is to avoid the large excitation

peak obscuring other spectra.

The vertical difference between the localization threshold

solid-state emission spectra, the solution spectra are almost
identical. An explanation for this is that the emitting species
for the two polymers are identical in solution, but are differ-
ent in the solid state. This possibility is explored further in
the following section.

DISCUSSION

and the resonance line is a measure of the energy shift be-
tween excitation and emission, note that we have considered The four derivatives of PPV studied in this work all have
the second highest-energy vibronic peak in each polymer s@-7* energy gapsindicated by the onset of the optical ab-
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TABLE Il. Summary of the localization energ¥(,.), the emission energy ther&{,J, the energy shift
between absorption and emissioR,{-E.nid, and the gradient in the localized regindE, s/ AEgyc,
obtained from the site-selective fluorescence measurements on each polymer.

Gradient
POlymer Eloc (eV) Eemis (eV) Eloc'Eemis (eV) A EemiS/AEexc
PPV 2.37 2.16 0.21 1.0
Br-PPV 2.24 1.81 0.43 0.39
MEH-PPV 2.05 1.84 0.25 2.0
DHeO-CN-PPV 2.11 1.66 0.45 0.29
MEH-CN-PPV 2.14 1.91 0.23 1.2

sorption, which are very similar to each other, but signifi- neous broadening effects, though the evidence for spectral
cantly lower than PPV itself. This is apparent in Fig. 1.diffusion aboveE,,. argues against this. Alternatively, this
Electron-donating substituents on the phenylene ring, such dsatureless emission could arise if it is due to the decay of a
alkoxy groups, which are present in all these derivatives, argifferent excited species, such as an interchain exctfé?.
known to lower the energy gap, giving a redshift in the ab-we consider that our site selective fluorescence measure-
sorption and emission as obsern@dhe addition of a cyano ments(Figs. 3 and 4, Table Jisupport the model of excimer
group onto the vinylic carbons, as in DHeO-CN-PPV andgmjssion for DHeO-CN-PPV and Br-PPV, although we are
MEI;|6§1N-PPV is not believed to effect the size of the optical ot yet able to explain all features of the data. The site-
gap-™ selective technique allows a measurement to be made of the

In these fluorescent polymers, the shape of the eMISSIOf e energy shift between absorption and emission for the

spectrum is determined by the nature of the emitting SPECIE3y cited state, a feature usually masked by exciton migration.
and the amount of inhomogeneous broadening. For emission The energy shift between absorption and emission as

from an excitonic state, we would usually expect some vi- easured herésecond vibronic band is measured for emis
bronic structure in the PL spectrum, whereas emission fron).

an excimer state would produce featureless emisiomho- sion) contains one vibratione}l guantum. It is known in PPV
mogeneous broadening is due to the emission from a rang%@at,the main phonons, which couple to tBg—S, elec-

of conjugation lengths in the sample. This could, if severe!fonic tra_nlsltlon, are phenyl ring-stretch modes at around
blue out vibronic structure in an emission spectrum. 1600 cm = (~0.2 eV), and the Stokes’ shift in PPV has

Among the materials studied here, PPV and MEH-PPVbeen found to be very small~(12 meV),’ or possible
have the most structured PL spectra, with well-defined vinonexistent. This therefore explains an energy shift of about
bronic features at low temperatures, suggesting excitonif-2 €V between absorption and emission for PPV. In Fig. 2
emission. The structure is much sharper in PPV, which igve can see that the vibronic bands or shoulders that are vis-
known to have a h|gh degree of Crysta"inity in the solid ible in the PL SpeCtra of the PPV derivatives are also sepa-
state® rated by around 0.18-0.2 eV, hence we expect the loss of a

The other three polymers studied have relatively featurePhonon to contribute this amount to the energy shift in these
less emission spectra. This could be due to large inhomogdolymers. In MEH-PPV and MEH-CN-PPV values Bf;-

E «misare similar to PP\(Table Il), suggesting similar modes
of excited-state relaxation and emission, i.e., excitonic emis-
sion with small Stokes’ shift.

DHeO-CN-PPV and Br-PPV however have a much larger
shift E;o- Eemis (Table 11), around twice that seen in the other
polymers. There are several possible explanations for this,
including the following.

(i) The S;— Sy/0— 0 transition may be very weak, so that
it is undetected in our spectra, so that we have measured the
S;— 5y/0—2 peak, but assigned it to ti& — Sy/0— 1 peak,
thereby accounting for the extra 0.2 eV. There is no reason to
=~ T suppose that the Frank-Condon factors should be very differ-
1.4 1.6 1.8 2 2.2 2.4 ent for these polymers, and we do not consider that this is a

Energy (eV) likely explanation here.
(i) The energy could be lost by relaxation of the excited-

FIG. 5. A comparison of dilute solution and solid-state PL spec-State geometry and the emission of low-energy phonons prior
tra measured at room temperature for DHeO-CN-FRM line) to emission. Such a process might be a substantial ring rota-
and MEH-CN-PPV(broken ling. The solutions were, DHeO-CN- tion. The smaller energy shifts seen for DHeO-CN-PPV in
PPV 25 mg ! in chloroform; MEH-CN-PPV 16 mg1? in chlo- solution (Fig. 5 are not, however, consistent with this
roform. Further dilution did not change the shape of the PL specmodel.
trum in either case. The excitation source for the solution spectra (iii) The formation of an interchain excited state with a
was the 457-nm line of an Ar laser. lowered energy, such as an excimer could also produce such

T T T T LI B
 Solld state Solution ]

PL (arb. units)
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an energy loss. The excimer state is a charge-transfer corohain excitations are less mobile than singlet excitSrad
plex between twdor possible morepolymer chains, which we consider for these states that since the large redshift in
is lower in energy than the exciton state where the excitatioemission is due to interchain electron delocalization, they
is confined to one chain. will be less sensitive to the extent of intrachain delocaliza-
We consider that the excimer modgi ) is the best ex- tion (conjugation length In these site-selective measure-
planation for the emission characteristics of Br-PPV andments if the absorption is to an exciton state strongly depen-
DHeO-CN-PPV. It explains not only the large energy shiftdent on conjugation length, but the emission from an
between absorption and emission, but also the broad featurexcimer less dependent, this would give a shallow gradient
less emission spectra. For DHeO-CN-PPV, time-resolved IUAE i/ AE,., such as we observe.
minescence measureméfitssupport this picture. Further We are not at present able to explain the gradient of
support is provided by the solution and solid-state PL spectrd E i/ AEc=2 for MEH-PPV. The Stokes’ shift would
shown for this polymer and MEH-CN-PPV in Fig. 5. Here seem to be increasing as we excite sites of lower energy in
we see that chemically similar polymers, with very similar this polymer. It is possible that when we are exciting far
solid-state absorption and dilute solution PL spectra, haveélown in the tail of the absorption, we absorb at sites that are
different solid-state PL spectra. A redshift in the PL as seewery distorted and show a large relaxation around the excited
here in MEH-CN-PPV on going from solution to solid state state.
is commonly observed for polymers of this type, and is at-
tributed to increased conjugation length from improved or-
dering in the solid stat& Intrachain exciton emission is re-
sponsible for the luminescence from both polymers in dilute  We have compared the emission characteristics of four
solution where the existence of interchain species is unlikely?PV derivatives with PPV, using site-selective fluorescence
due to large chain separation. We consider that the solidmeasurements, as well as contrasting dilute solution and
state PL is redshifted from the solution spectrum as a resubolid-state PL spectra for the two most chemically similar
of ordering in MEH-CN-PPV, but is still due to intrachain polymers. We believe that we have convincing evidence for
excitons, but is further redshifted in DHeO-CN-PPV as aemission from an interchain charge-transfer state such as an
result of excimer formation. The large redshift in DHeO-CN- excimer in Br-PPV and DHeO-CN-PPV. Both polymers
PPV cannot be explained in terms of a large increase imave broad featureless emission spectra with a large energy
conjugation length in the solid state, because this wouldoss between absorption and emission, and shallow
similarly affect the absorption. The fact that the energy shiftA E. s/ AE ¢, gradients in the localized regime. The conclu-
E oc-Eemis from absorption to emission in the two polymers is sion is supported for DHeO-CN-PPV by the observation that
very different shows that this is not the cafdote that this it has a PL spectrum very similar to MEH-CN-PPV in solu-
solution/solid-state comparison cannot be done on Br-PPMjon, but is considerably redshifted in the solid state. This
because films are prepared from a nonconjugated precursoomparison suggests that the different alkoxy side chains on
polymer] these two polymers effects packing of the chains in the solid
We comment also on the gradiems,,/AE. mea-  state to such an extent to allow excimer formation in DHeO-
sured in the localized regime for each polyn{@able Il).  CN-PPV, but not in MEH-CN-PPV.
For excitation belowE,,; the excited state is localized, and  Our results show that interchain interactions can have a
emission comes from the absorbing site, so we would expedtrong effect on luminescence in conjugated polymers and
it to shift linearly with Eq,.. This is what we observe in must be considered for the design of highly fluorescent ma-
PPV, in agreement with earlier measurements. The gradiemérials. Furthermore, the results suggest that tuning of the
in MEH-CN-PPV is also close to 1, and can be explained insolid-state emission characteristics of these polymers can be
the same way. The results in the other derivatives of PPV arachieved by altering side-group substituents, which affect the
more puzzling. DHeO-CN-PPV and Br-PPV both have gra-way the chains pack together, as well as the more traditional
dients less than 1, i.eE.siS not as strongly dependent on method of chemical modification of the band gap.
Ecxc @S we would expect. This could be explained in the
quel of excitonic e_mission with a large Stokes’. shift if the ACKNOWLEDGMENTS
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