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Photoluminescence properties and exciton decay dynamics in a porphyrin side-chain polymer, poly[porphyrin

acrylate- acrylonitrile (abbreviated p[(por)A-AN]), have been investigated by femtosecond time-resolved photolumines-

cence spectroscopy. All the luminescences of p[(por)A-AN] films are due to the emissive decay of the photoexcited

singlet excitons in the porphyrins. The luminescence efficiencies and lifetimes are increased for samples from pure films

to dilute blend films. However, they are increased as the intrachain concentration of the porphyrin sidechain groups is

decreased. The intrachain rotation motions of porphyrin sidechain groups result in the initial ultrafast luminescence

decays, which are much faster than those due to the interchain interactions. All the samples show no significant red-shift

and broadening of the transient luminescence spectra. The interchain and intrachain nonradiative exciton relaxation

processes may play an important role in the luminescence dynamics in the p[(por)A-AN] films. The possible origin of

different intrachain and interchain dynamic behaviours in p[(por)A-AN] films is discussed.
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1. Introduction

Luminescent conjugated polymers have been ex-
tensively studied due to their use as active materials
in cheap and efficient light-emitting diodes (LED).!"?!
However, despite the fact that much exciting progress
has been made, a lot of work is still needed to develop
new polymers (or modified version of existing ones)
that can emit red, green and blue light. One con-
cern is that the emission spectra from polymer films
are relatively broad, which causes the emitting colours
to be impure.[>4 This is in part due to the presence
of a distribution of segments with distinct conjuga-
tion lengths, which is characterized in most conju-
gated polymers. As a result, the exciton dynamics
is strongly affected by the energy migration to lower-
energy sites within the inhomogeneously broadened
density of states.[>¢]

Doping of the emission layers in LEDs with lumi-
nescent dyes can control the colour of emission as well
as improve device efficiency.”) Porphyrins have poten-
tial applications in LED because of their pure red-light

emission and optimized efficiency over all other fluo-
rescent materials. However, there have been few re-
ports about their use in LEDs. This is due to their
poor processing and their propensity to @ — 7 stack,
which causes the material non-luminescent in the solid
state.[¥l These problems can be overcome by incor-
porating porphyrin chromophores as the sidechain
groups or a core of a dendrimer to control the
porphyrin-porphyrin interactions in solid states.1%]
Recently, weak pure-red electroluminescence has been

Ol How-

observed in porphyrin sidechain-PPV film.
ever, the nature of the luminescence dynamics in
these materials is not clear now. In the present pa-
per, we report an investigation on the photolumines-
cence properties and the exciton dynamics in a por-
phyrin sidechain polymer, poly(porphyrin acrylate-
acrylonitrile)(abbreviated p[(por)A-AN]).
search is motivated by a desire to understand the pho-

Our re-

tophysics of the porphyrin sidechain polymer and use
this knowledge to improve porphyrin-based LED de-
vices. The study is focused on the effect of interchain
and intrachain interactions of porphyrins on the lu-
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minescence efficiency and the relaxation dynamics of
photoexcited excitons in p[(por)A-AN] films.

2. Experiment

The p[(por)A-AN] was synthesized by the reac-
tion of porphyrin acrylate and acrylonitrile in the
presence of initiator, and the polymer obtained was
characterized by UV-visible, IR spectrography and nu-
clear magnetic resonance. Porphyrin is attached co-
valently to the polymer chain. The polymer monomer
also contained a cyano-substitution side-chain, which
can increase electron affinity and has been used in
poly(phenylene vinylene) (abbreviated PPV) based
electroluminescence polymers.l'!) The inset in Fig.1
shows the molecular structure of p[(por)A-AN]. Pure
film samples were prepared by spin-coating from N, N-
dimethylformamide(DMF') solution of p[(por)A-AN].
The blend films of dilute p[(por)A-AN] in polystyrene
host were prepared by spin coating from DMF solu-
tions of p[(por)A-AN] and polystyrene, with the thick-
ness of the resulting thin films being about 2um.
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Fig.1. Steady-state photoluminescence spectra of the pure

p[(por)A-AN] film(a), 60%(b) and 10%(c) blend films of
p[(por)A-AN] in polystyrene, respectively. The solid lines (a1,
b1, c1) and the dotted lines (a2, b2, c2) are of 8% and 15%,
respectively, porphyrin sidechain content compared with the
cyano-substitute side-chain content along the polymer back-
bone. Inset is the molecular structure of the p[(por)A-AN].

The transient luminescence measurements were
performed by employing a mode-locked Ti-sapphire
laser, which generated 100fs pulse with a wavelength
of 800nm and a repetition rate of 82 MHz. The laser
pulses were frequency-doubled in a barium metaborate
(BBO) crystal to produce light pulse with a wave-
length of 400nm and average power of 6 mW. They
were used to excite the sample films. The lumines-
cence was collected by a set of lenses and recorded in

a synchroscan streak camera.

3. Results and discussion

The steady-state absorption spectra of pure and
dilute p[(por)A-AN] films are almost identical. The
spectra consist of a very narrow absorption band
around 413nm (B bands) and a set of weaker long
wavelength absorption bands (Q bands) around 510,
550, 590, and 648nm, which are typical for porphyrin-
based systems.['12 The steady-state photolumines-
cence spectra of various p[(por)A-AN] films are
shown in Fig.1. All the samples show the spec-
tral features typical of porphyrins, namely the Q(0,0)
and Q(0,1) porphyrin transitions at about 650 and

[13] The luminescence yield is dra-

720nm,respectively.
matically increased for samples from pure films (a) to
the dilute blend films (c¢). The luminescence efficiency
of 10% p[(por)A-AN] blend films (c) is increased by
more than one order of magnitude as compared with
that of the pure films (a). A similar result has been
observed in MEH-PPYV film.[" It is interesting to note
that the luminescence yield is clearly decreased with
the decrease of the porphyrin content attached to the
polymer backbone. There is an approximately twofold
decrease of photoluminescence efficiency as the por-
phyrin content is decreased from about 15% to 8%
in comparison with the content of cyano-substitution
sidechains (from 85% to 92%). The results are illus-
trated by the curves aq, b1, c1 and ag, ba, co in Fig.1.
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Fig.2. Transient luminescence decay dynamics of the pure
film(a), 60%(b) and 10%(c) blend films of p[(por)A-AN] in

polystyrene at 650nm. The solid lines (a1, b1, c1) and the dot-
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ted line (a2, be, c2) are of 8% and 15% porphyrin content, re-
spectively. Inset is the comparison of the initial luminescence
decay between 15% (open dots) and 8% (solid dots) porphyrin
content for 10% p[(por)A-AN] blend film.

More insight into the reason for the changes in lu-
minescence efficiencies for p[(por)A-AN] films is pro-
vided by the measurement of the decay dynamics of
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the photoluminescence. Figure 2 shows the transient
luminescence decays of p[(por)A-AN] films at the main
emission peak of 650nm.

All the samples exhibit the nonexponential decay,
which can be well fitted by a triple exponential func-

tion convolved with the instrument response function.
The values of the time constants 71, 7o and 73 are
summarized in Table 1.

Table 1. Summary of the time constants of luminescence decay in p[(por)A-AN] films at the main emission

peak of 650 nm.

8% porphyrin content*

15% porphyrin content

71 /ps T2/ps 73/n8 T1/ps T2/PS 73/18

pure film 28.22 439.77 2.28 38.55 453.83 3.10
60%blend film 23.18 729.4 4.5 33.21 808.41 4.39
10%blend film 24.46 1088.07 4.97 35.33 1434.24 5.56

*porphyrin content is compared with the cyano-substitutions side chains attached to the polymer backbone.

The transient luminescence decays in p[(por)A-
AN] films are significantly slower for samples from
the pure films to the dilute blend films as shown in
Fig.2 and Table 1. It is evident that interchain 7 — 7
stack of porphyrin sidechain groups enhances the in-
terchain interactions of pophyrins, which provide an
efficient pathway for the nonemissive relaxation of the
photoexcited singlet excitons in porphyrins, and the
average decay time 7o increases from about 447 ps to
1.26 ns for the pure films and the 10% dilute blend
films.
content along the chain, the initial luminescence de-

However, with the decrease of the porphyrin

cay becomes faster. The average decay time 71 de-
creases from 35 to 25 ps as the porphyrin content
goes from 15% to 8%. The inset in Fig.2 shows the
comparison of the initial luminescence decays for the
10% dilute p[(por)A-AN] blend film with 15% and 8%
porphyrin contents, which suggests that the initial ul-
trafast decays of the luminescence are due to the in-
trachain nonemissive relaxations of the photoexcited

singlet excitons in porphyrins.

The migration of excitation to lower energy re-
gion and the formation of excimers or dimmer can
result in the ultrafast decay of luminescence in elec-
troluminescent polymers such as PPV.[6 At the same
time, the red-shift and the broadening of the transient
luminescence spectra in these polymers occurs.[6:7:15]
However, in our experiment, all the samples exhibit
no pronounced red-shift and broadening of the tran-
sient luminescence spectra, which are almost identical
to the steady-state luminescence spectra as shown in
Fig.1. Figure 3 shows the transient luminescence spec-
tra of the pure p[(por)A-AN] film with 15% porphyrin
content.
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Fig.3. The transient luminescence spectra of the pure
p[(por)A-AN] film with 15% porphyrin content for differ-
ent decay time.

The luminescence decays at 640, 650 and 670nm
are illustrated in Fig.4. The absence of the transient
red-shift and broadening of the luminescence spectra
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0.8
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Fig.4. The transient luminescence decays of the pure

p[(por)A-AN] film with 15% porphyrin content at 640, 650

and 670 nm.

suggests that all the
p[(por)A-AN] films are due to the radiative relaxation

photoluminescence from
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of the photo-excited singlet excitons formed in por-
phyrin chromophores. Therefore, the interchain inter-
actions may result in the formation of the nonemissive
interchain pieces, and the formation of spatial indi-
rect excitons is localized on adjacent pophyrin chro-
mophores, which competes with the radiative decay of
the photoexcited singlet excitons in porphyrins.

The porphyrins attached to the polymer back-
bone can easily adopt a syndiotactic arrangement, i.e.
the symmetrical substitution of porphyrins on both
sides of the main chain.[%!% These may have a ten-
dency to crystallize, giving cofacial chain packing of
the porphyrin chromophores and favouring the for-
On the
other hand, the porphyrin rings, as the highly flex-

mation of the interchain indirect excitons.

ible macromolecules, can rotate about all the single
bonds in the side chains, and the rotation usually
lasts tens of picoseconds before other nonradiative re-
laxation dynamics occurs.['%7 However, as the por-
phyrin content becomes relatively higher (about 15%),
the intrachain porphyrin—porphyrin distance becomes
shorter, resulting in the limitation of the rotation of
porphyrins. Therefore, in this case, the photo-induced
nonradiative relaxation of excitons in P[(por)A-S]
films is mainly dominated by the interchain 7= — 7 in-
teractions of porphyrins, and this relaxation process
should be more rapid in the pure P[(por)A-S] film than
in the dilute blend film. As the porphyrin concentra-
tion is lower (about 8%), more porphyrin side-chain
groups is allowed to rotate freely, which can result in
more rapid initial nonradiative relaxation of excitons
and luminescence decay, as shown in Fig.2. Similar re-
sult has been reported in other electroluminescence or-
ganic materials.!'8] Furthermore, this rotation towards
the intrachain co-facial m — 7 stack of porphyrins!!?!
may facilitate the formation of the intrachain indi-
rect excitons, which is confirmed by the faster lumi-
nescence decay (172 ~ 700 ps) at 8% porphyrin con-
tent than that (~ 950 ps) at 15% porphyrin content,
as estimated from Table 1. This is also consistent
with the requirement that the charges forming the
indirect excitons should be sufficiently close to have
large binding energy. If confined on separate conju-
gation segments of the main chain, the charges would
be tens of angstroms apart, whereas adjacent chains
are only spaced by a few angstroms.' In addition,
the electron transition between the porphyrin side-
chain groups and the cyano-substitution side-chain
groups with excellent electron affinity also may have
some contribution to the initial ultrafast dynamics in

p[(por)A-AN films. Similar result has been observed
in poly(cyano- phenylene vinylene)(abbreviated CN-
PPV).[20

Our experimental results show that the intrachain
rotations of porphyrins would compete with the inter-
chain interactions of the porphyrins in the nonemis-
sive relaxation processes of the photo-induced excitons
in p[(por)A-AN] films. The more obvious changes in
the transient luminescence dynamics from pure film
to dilute blend film, compared with the change of the
porphyrin concentration from 15% to 8%, as shown
in Fig.2, indicate that the luminescence dynamics of
p[(por)A-AN] films are dominated mainly by the in-
terchain interaction of the pophyrins. This can ex-
plain the much slower luminescence decay in 10% di-
lute blend film ( ~1.09ns, ~1.43ns) at the porphyrin
content of 15%, compared with the pure film (~439ps,
~453ps ) at the porphyrin content of 8%. Similar re-
sults have been observed in several electroluminescent
polymers.[15-20]

Anyway, the interchain and intrachain nonradia-
tive exciton relaxation can result in the ultrafast lumi-
nescence decay in the p[(por)A-S] films. Former stud-
ies have shown that the natural luminescence lifetime
of the free base porphyrin monomer is about 12.4ns.2"!
However, the emission lifetime 73 of the photo-excited
singlet excitons in p[(por)A-AN] films become shorter
because of the interchain and intrachain interactions
of the porphyrins. The average luminescence lifetime
of p[(por)A-AN] films is about 3.92 ns.

4. Conclusion

In summary, we have investigated the lumines-
cence properties and the exciton decay dynamics in
a porphyrin sidechain polymer, p[(por)A-AN]. The
luminescence efficiency and the decay time are in-
creased for samples from pure films to dilute blend
films. However, they are decreased with the decrease
of porphyrin content along the polymer backbone. All
the sample films exhibit no significant transient red-
shift and broadening of the luminescence spectra, in-
dicating that the luminescences are due to the ra-
diative decay of the photo-excited singlet excitons in
porphyrins. The interchain interaction of porphyrins
competes with the intrachain rotations of porphyrins
after photo-excitation in the p[(por)A-AN] films. Our
results suggest that the essential difference between
the effects of the interchain—intrachain and porphyrin—
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porphyrin packs should be the transient nonemissive
exciton decay. The more significant changes of the lu-
minescence decay for samples from pure film to dilute
blend film, as compared with the change of the intra-
chain porphyrin concentration (from 15% to 8%), indi-
cate that the luminescence dynamics of p[(por)A-AN]
films are mainly dominated by the interchain interac-

tion of the pophyrins. To this end, theoretical work
and further investigation are required to understand
the origin of the luminescence in p[(por)A-AN] films.
Our study may be helpful to the molecular engineer-
ing strategy in the design of new electroluminescent
polymers.
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