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Abstract: Interactions between lumophores have a critical influence on the photophysical properties of
conjugated polymers. We synthesized a new series of light-harvesting polymers (poly-D9B9, of
dialkyloxy- or dialkyl-substituted distyrylbenzene (the substituents being methoxy, 2-ethylhexyloxy, and
cyclohexyl) with short aliphatic linkage (methylene or ethylene) and examined the effects of interactions between
lumophores and of chemical structures on the absorption, emission, and excitation spectra. The proximity
between distyrylbenzene lumophores was shown to be critical to the interactions between lumophores and to
the energy-transfer processes. In concentrated solutions and solid films, intermolecular aggregates exist resulting
from different extents of interactions between lumophores and are found to involve at least three species:
loose, compact, and the most aligned aggregates as observed by photoluminescence and excitation spectroscopies.
We also found, for the first time, sequential energy transfer from individual lumophores to the most compact,
aligned aggregates via the looser intermolecular aggregates, as observed directly by time-resolved fluorescence
spectroscopy. Such a process mimics energy transfer in photosynthesis units and is so efficient such that the
fluorescence color can be red-shifted drastically by the presence of comparatively few aggregates and that the
light evolved from concentrated solutions and films of poly-D3$B$V is entirely or almost the aggregation
emission. Although the sequential energy-transfer process in fully conjugated electro-/photoluminescent polymers
due to inhomogenity other than distributed conjugation lengths has never been directly observed at room
temperature, we suggest that events similar to those observed in poly-DSBs in conjugated polymers could
occur but on a much shorter time scale, i.e., a few picoseconds.

Introduction the excited state and the other in the ground state. Such a dimer
exists only under excitation but is dissociative in the ground
state. (A dimer that behaves the same as excimers but consists
of different lumophores is specifically termed an excited
complex or exciplex.) In contrast, an aggregate involves

Since the first polymer light-emitting diode (PLED) was
demonstrated in 1990 conjugated polymers such as poly-
(phenylene vinylene)s (PPVs), palyphenylene)s (PPPs), poly-
(thiophene)s (PTs), and poly(fluorene)s (PFs) have been widely
investigated for their electroluminescent (EL) properfitisvas (3) (@) Jenekhe, S. A.; Osaheni, J.Sciencel 994 265 765. (b) Nguyen,
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found that both the photophysical properties of the polymers 3-H.: Fann, W. S.. Tsao, P.-H.; Chuang, K.-R.. Chen, SJ-Rhys. Chem.

and carrier injection/mobility in the device determine the EL A 1999 103 2375. (d) Yan, M.; Rothberg, L. J.: Kwock, E. W.; Miller, T.
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quantum efficiency of photoluminescence. An excimer is a Zhu, D.J. Photochem. Photobiol. A: Chemistipg 116, 143.
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intermolecularly mutual interaction between two or more (a) (b) (©)

lumophores in the ground state by extending the delocalization Energy

of w-electrons over these conjugated segments. Emission from "D\’i:l\
aggregates can result from direct excitation and/or energy Ee{gy Energy

transfer from corresponding excited monomeric species, de-
pending on the wavelength of excitation.

The presence of intrachain or interchain interactions within
the aforementioned polymers would inevitably change their
emitting colors, which is usually not desirable for most optical
and optoelectronic applications. However, intentional change
of emitting color is frequently made by doping a small amount
of emitting guest material into host polymer matrix by physical
blending or by chemical linking as side group&oth methods © Ener
involve an energy-transfer process between different emitting '/\gy
species or groups. The light that finally evolves is almost or
entirely the emission from the lower-energy species. Such a m %
process is particularly important in PLEDs and OLEDs (small-
organic-molecule LEDs) because the device performance canrigure 1. Schematic diagrams of the environments for energy
be significantly improved this wa§? transfer: (a) in a photosynthesis multipigment array; (b) in polymers

Energy transfer is a process in which excitation energy is with different pendent chromphores; (c) in polymers with segments of
released from one species to another. It plays an important rolethe same chemical structure but different conjugation lengths; (d) in
in photosynthesis, by which almost all life activities are sustained Polymers capable of forming intramolecular associates between con-
directly or indirectly. In a photosynthesis unit, energy is jugated_ segments; (e) in polymers _with intraT and intermolecul_ar
harvested by antenna pigments and then transferred to reactior"€ractions between chromphores; (f) in fully conjugated polymers with
centers where redox reactions then take ptddorphologi- oxadiazole side groups linked by long aliphatic spacers; (g) in

v th i lecul d like shells of . _conjugated polymers with oriented segments in mesoporours silica
cally, the antenna molecules are arranged lixe shells of an Onlon'(:hannels; and (h) in the polymer under investigation where aggregates

in order of excitation energy, around the reaction center. AS @ ith various extents of interactions between lumophores are formed
result, energy can be harvested and then transferred sequentiallygequentially and energy is transferred in a cascade from individual
directionally, and efficiently (Figure 1a). Energy transfer in conjugated segments to the most aligned, compact intermolecular
artificial molecules and polymer systems has been extensively aggregates via intramolecular associates and less strongly interacted
investigated, but sometimes its process is not as clearly statecaggregates. (The shell structure in (a) represents the array of antenna

as that in the photosynthesis.

Polymers with a high density of lumophores are known as
“light-harvesting” or “antenna” polymers.Common examples
involve polyvinylaromatics with pendant lumophores as side
chainst! Such polymers are capable of efficient light collection

pigments. The curved arrow represents the direction of energy transfer.
The square and circle in (b) represent chromophores with different
chemical structures. The squares with different lengths in (c) indicate
of the same chromophores but with different conjugation lengths. The
region defined by dashed lines stands for associates or aggregates. The
heavy lines in (f) and (h) represent the conjugated segements of

and long-range energy transfer. In most instances, energy isyo\ymers, and their conjugation lengths are depicted as the length of

transferred intramolecularly between different lumophores in
the direction of decreasing band gaps or from a lumophore to
an exciplex-forming site (Figure 1B}.In conjugated polymers

lines. The pentacycles and light lines between them and the conjugated
main chains in (f) stand for the oxadiazole groups and the aliphatic
spacers linked to main chains as pendant side chains. The hexagonal

such as PPVs, randomly distributed tetrahedral defects unavoid-tube in (g) represents the channel in the porous silica.)

ably form during the Gilch-type polymerizati&ior result from

incomplete elimination of the Wessling-type precursor poly-
merl* They act as conjugation interrupters in the polymer
chains, and energy is found to transfer from shorter to longer

(6) (a) Uchida, M.; Ohmori, Y.; Noguchi, T.; Ohnishi, T.; Yoshino, K.
Jpn. J. Appl. Physl993 32, L921. (b) Tasch, S.; List, E. J. W.; Hochfilzer,
C.; Leising, G.Phys. Re. B 1997, 56, 4479. (c) Zheng, H.; Zhang, R.
Wu, F.; Tian, W.; Shen, Bynth. Met1999 100, 291. (d) List, E. J. W.;
Creely, C.; Leising, G.; Schulte, N.; S¢im, A. D.; Scherf, U.; Milen,
K.; Graupner, WChem. Phys. Let200Q 325 132.

(7) Morgado, J.; Cacialli, F.; Friend, R. H.; Igbal, R.; Yahioglu, G.;
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325, 552.

(8) (&) Yu, G.; Nishino, H.; Heeger, A. J.; Chen, T.-A.; Rieke., R. D.
Synth. Met1995 72, 249. (b) Kang, I.-N.; Hwang, D.-H.; Shim, H.-K.
Macromleculesl 996 29, 165. (c) Jang, M.-S.; Song, S.-Y.; Shim, H.-K_;
Zyung, T.; Jung, S.-D.; Do, L.-MSynth. Met1997, 91, 317.

(9) (a) Tang, C. W.; VanSlyke, S. A.; Chen, C. H.Appl. Phys1989
65, 3610. (b) O'Brien, D. F.; Baldo, M. A.; Forrest, S. Rppl. Phys. Lett.
1999 74, 442.

(10) Porter, G. InProceedings of the NATO Adnced Research
Workshop on Applications of Picosecond Spectroscopy to Cherttist
at Acquafredda di Maratea, Italy, June 80, 1983); Eisenthal, K. B., Ed.;
D. Reidel Publishing Co.: Dordrecht, Holland, 1984; p 3.

(11) Webber, S. EChem. Re. 199Q 90, 1469.

(12) (a) Watkins, D. M.; Fox, M. AJ. Am. Chem. S04994 116, 6441.
(b) Watkins, D. M.; Fox, M. A.Macromolecules 995 28, 4939.

(13) Becker, H.; Spreitzer, H.; Ibrom, K.; Kreuder, Wlacromolecules
1999 32, 4925.
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conjugated segments (Figure 16}>The other example is poly-
(p-cyclophan-1-ene) and its derivitivds16 in which “intra-
molecular” aggregates of lumophores form and energy is
transferred from independent lumophores to the aggregates
(Figure 1d)6¢17 Moreover, intermolecular aggregates in con-
jugated polymers could also act as energy acceptors (Figure
1e)3th We have reported a series of PPVs with pendant
oxadiazole side groups linked to the conjugated main chains

(14) Padmanaban, G.; Ramakrishnan) SAm. Chem. So00Q 122
2244,

(15) (a) Samuel, I. D. W.; Crystall, B.; Rumbles, G.; Burn, P. L.; Holmes,
A. B.; Friend, R. HSynth. Met1993 54, 281. (b) Hong, Z.; Lu, S.; Wang,

D.; Ma, D.; Zhao, X.; Wang, L.; Minami, N.; Takada, N.; Ichino, Y.; Yase,
K.; Jing, X.; Wang, FSynth. Met1999 102 1134.

(16) (a) Miao, Y.-J.; Bazan, G. QMacromleculesl994 27, 1063. (b)
Miao, Y.-J.; Bazan, G. CJ. Am. Chem. Sod.994 116, 9379. (c) Miao
Y.-J.; Herkstroeter, W. G.; Sun, B. J.; Wong-Foy, A. G.; Bazan, GJ.C.
Am. Chem. Sod995 117, 11407.

(17) Lumophores may interact with one another within a single polymer
chain or between different polymer chains. We will define the former
“intramolecular associates” and the latter “intermolecular aggregates” to
make statements in the following text clear. The processes for such
interactions are termed “association” and “aggregation”, respectively.
However, interactions and the resulting species will be generlly described
as association and as associates for simplicity in the cases where doing so
does not cause misunderstanding.
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by long aliphatic spacefs$, by which the efficiency of elec- UV—vis absorption and excitation, steady-state, and time-
troluminescence can be greatly improved. In these polymers, resolved photoluminescence spectroscopy. We report the first
energy can also transfer from oxadiazole groups to conjugateddirect observation of energy-transfer process from individual
main chains to some extent (Figure 1f). Recently, energy transferDSB units to their aggregates and then between aggregates of
under control was found to occur from aggregated, randomly different extents of intermolecular interactions. The results of
oriented poly[2-methoxy-5-(2thylhexyloxy)-1,4-phenylene vin-  this study provide some fundamental understanding about
ylene] (MEH-PPV) segments to the isolated, aligned single energy-transfer processes among segmental lumophores and
chains in the channels of mesoporous silica (Figurég}ich their aggregates in fully conjugated polymers in which the light
are of lower energy to allow a reception of energy transfer. It emission mechanism is complicated and not well understood
is worth noting that, despite the various energy-transfer pro- and may provide useful information about the influence of
cesses that have been recognized, the process itself in conjugatechemical structures on luminescence properties.
polymers has never been directly observed by time-resolved
fluorescence spectroscopy, except for that between segment&xperimental Section
of different conjugation length®.The novel process for energy Syntheses of Monomers and PolymerSyntheses of the monomers
transfer proposed in this study is shown in Figure 1h. and polymers are outlined in Scheme 1 and are described in detail in
PPV copolymers with well-defined conjugation length were the Supporting Information. Conditions (solvent/monomer/base ratio,
first synthesized by Karasz and co-workers in 1998 these reaction timing and temperature, etc.) for all the polymerizations were

copolymers, saturated spacers such as aliphatic linRagje3 kept the same as much as possible to minimize possible influences of
and silicorz3 nitrogen?425and oxyge®® atoms confine the main- ~ Process variations on polymers structures.
chain conjugation in finite regions and provide additional Instrumentation. Gel permeation chromatography (GPC), thermo-

gravimetric analysis (TGA), differential scanning calorimetry (DSC),

solubility. For very short spacer length (less than three atoms), and spectroscopies of ultraviotetisible absorption (UV-vis), excita-

cha}l concentratlorls of Iumophores are very high. Accordingly, tion (PLE), and time-resolved as well as steady-state continuous wave
distinct phqtophysmal properties are Suppos_ed to take_place duEbhotoluminescence (CW-PL) are also described in detail in the
to the proximity of lumophores. However, little attention was  gypporting Information. All optical spectra of polymer solutions
paid to their photophysics, especially in relation to interactions presented in this work were measured using a 1-cm-path length cuvette.
between the lumophores. CW-PL, PLE spectra, and luminescence decay curves of polymer
Being complicated by a disordered environment and the solutions with concentrations higher than 0.01 mg/mL were recorded
aforementioned various photophysical processes, the identifica-from the front surface of a quartz cuvette to minimize the self-absorption
tion of energy migration mechanisms in fully conjugated effect.
polymers is usually difficult or ambiguous. Accordingly, it is
necessary to design polymers with appropriate structures to
simplify the situation. Therefore, we synthesized polymers of  All the polymersl —IV so synthesized are soluble in common
substituted distyrylbenzene (DSB) with well-defined conjugation organic solvents such as chloroform, dichloromethane, tetra-
length as repeating units linked by methylene and ethylene hydrofuran, and\,N-dimethylformamide. Results of polymer
linkages (polymer$—IV as shown below) in this study. With  characterizations are listed in Table 1. Due to the larger steric
hindrance imparted by cyclohexyl groups than 2-ethylhexyloxy
and methoxy groups, polymel$ andlV are more rigid than

@ Aj\/\ @ AYA } polymersl andll . Therefore, the glass transition temperatures
O \ (Ty) of polymerslll andIV are higher than those of polymers
\ O~ g
% O-en 5 O)-anen | and I, even if the weight-average molecular weights of
\

! " polymerslil andIlV are smaller. All polymers emit deep blue
light in dilute solutions and emit yellow ), yellowish green
(I, and sky blue IfI and IV) lights in the film state,
respectively.

1. Absorption and Steady-State Fluorescence (Emission)
Spectroscopies.Figure 2a shows UWvis spectra of the
polymers in dilute solutions (3< 1072 mg/mL), in which

Polymer HI polymersl andll exhibit a perfect correspondence to their small
molecular model compound, 2-methoxy-3-&hylhexyloxy)-
such architectures, confusion caused by the variation of 1 4-distyryl-benzené except for a red shift of 10 nm due to
conjugation lengths due to conformational distortion and the incorporation of methylene linkages. An elevated tail
tetrahedron defects is excluded. Therefore, the effects of - . — -
interactions between individual lumophores (DSB units) on the w(iz) &?%’Zﬁf{g%g'e’m""vﬁ;%r Eéé"é"{?zgé."ig)”,{%mg"'Z'i"\}fv'én"é""’%rf?’
photophysical properties and the effects of chemical structure ma, D.; Zhao, X.; Jing, X.; Wang. FSynth. Met.1997, 91, 321. (c)

on such interactions can be isolated and then investigated byBenfaremo, N.; Sandman, D. J.; Tripathy, S.; Kumar, J.; Yang, K.; Rubner,
M. F.; Lyons, C.Macromoleculedl 998 31, 3595.

Results and Discussion

Polymer 1T

(18) Lee, Y.-Z.; Chen, X.; Chen, S.-A.; Wei, P.-K.; Fann, W.JSAm. (23) (a) Garten, F.; Hilberer, A.; Cacialli, F.; Esselink, E.; Dam, Y. V.;
Chem. Soc2001, 123 2296. Schlatmann, B.; Frienf, R. H.; Klapwijk, T. M.; Hadziioannou, Gdv.

(19) Nguyen, T.-Q.; Wu, J.; Doan, V.; Schwartz, B. J.; Tolbert, S. H. Mater.1997, 9, 127. (b) Kim, H. K.; Ryu, M.-K.; Kim, K.-D.; Lee, S.-M;
Science200Q 288 652. Cho, S.-W.; Park, J.-WMacromoleculed998 31, 1114. (c) Kim, K.-D.;

(20) (a) Kersting, R.; Lemmer, U.; Mahrt, R. F.; Leo, K.; Kurz, H.;  Park, J.-S.; Kim, H. K,; Lee, T. B.; No, K. TMacromolecules1998 31,
Béssler, H.; Goel, E. O.Phys. Re. Lett. 1993 70, 3820. (b) Hayes, G. 7267.
R.; Samuel, I. D. W.; Phillips, R. TPhys. Re. B 1995 52, R11569. (c) (24) Kim, D.-J.; Kim, S.-H.; Zyung, T.; Kim, J.-J.; Cho, 1.; Choi, S. K.
Watanabe, A.; Kodaira, T.; Ito, @Chem. Phys. Lettl997, 273 227. (d) Macromolecules1996 29, 3657.
Kersting, R.; Mollay, B.; Rusch, M.; Wenisch, J.; Warmuth, C.; Kauffmann, (25) Rost, H.; Teuschel, A.; Pfeiffer, S.;"Hmld, H.-H.Synth. Met1997,
H. F. J. Lumin 1997 72—74, 936. (e) Warmuth, C.; Tortschanoff, A.; 84, 269.
Brunner, K.; Mollay, B.; Kauffmann, H. FJ. Lumin.1998 76—77, 498. (26) Barashkov, N. N.; Guerrero, D. J.; Olivos, H. J.; Ferraris, $yRth.
(21) Yang. Z.; Sokolik, I.; Karasz, F. Blacromoleculed993 26, 1188. Met. 1995 75, 153.
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Scheme 1. Synthesis Route of Monomers and Polymers

J. Am. Chem. Soc., Vol. 123, No. 46, PIgd1

i) MeONa/MeOH
MeO OH

ii) RBr
1 R =2-ethylhexyl-

MeO@OR

CH,Br
(HCHO)/HBr MeO OR
dioxane
BrCHy
<:>—MgBr p-dichlorobenzene O_@_O
Ni(dppp)2Cl2
4 5
CH;Br
(HCHO)n <:>
33 wt% HBr in HOAc
BrCH; 6
@(CHZ)X @ (HCHO)F Brcm@(cm)x@cmm
33 wt% HBr in HOAc
X=1 X=2 le 51(;2
7 8
i) HMTA/CHCI3 oHe (CHZ)X@CHO
1) HOAc
X=1 X=2
11 12
i) P(OEt)y THF 11or12
3or6 ) Heat it KOWo Polymer L, IL, LI, IV
Polymer I II 11 v
dibromide 3 3 6 6
dialdehyde 1 12 1 12

Table 1. Characterization of Polymeis-1V

Ty T UV Amax(NM)  PLAmax (nm)
polymer M, PDE (°C) (°C) solf film solnd film
| 12000 1.6 93 382 332 330 449
396 392 475 529
Il 35000 24 92 385 331 331 448 497
394 390 472 531
1 12000 1.7 209 425 345 344 413
438 470
\Y 6300 15 176 412 342 334 413
437 479

apDI: polydispersity index= M,/M,. ® Temperature at maximum
derivative of percentage weight loss with respect to temperétiliaken
from 3 x 1073 mg/mL chloroform solutions? Taken from 104 mg/
mL chloroform solutions.

between 450 and 490 nm appears in polymerhile such a
situation is not obvious in polymdr . Similarly, polymerlil
has a slightly longer and elevated tail than polyriér The

UV —vis spectra do not change as the concentration increases

These weak tails would suggest the presence of a very low
content of associates, which are evidenced by their photolumi-

Amax Of the methylene-spaced poly-DSBsandlll , are slightly
longer than those of their ethylene-spaced counterparesd

IV, by about 1 and 3 nm, respectively. The molar absorptivities
at Amax (emax) Of the methylene-spaced poly-DSBs are also larger
than those of the ethylene-spaced poly-DSBs (29 400 versus
27 600 based on the concentration of repeating units for
polymersl andll, respectively). The same phenomenon also
occurs in small molecules such as toluene versus diphenyl-
methane derivativ@$ (Amax red-shifted by £10 nm andemax
increased by 1 order), which was recognized as the effect of
homoconjugation between phenyl rings through a methylene
linkage. Since saturated-€C bond in ethylene linkage will
prevent the occurrence of such an interaction, additional electron
delocalization between adjacent conjugated segments across
benzylic carbons exists only in polymetsand Ill . The
differences inemax between polymerg andll or betweenlll

and IV are much smaller in comparison with those between
toluene and diphenylmethane derivatives. Hence, the contribu-

(27) Silverstein, R. M.; Bassler, G. C.; Morrill, T. CSpectrometric

Identification of Organic Compoungdsth ed.; John-Wiley & Sons: New

nescence excitation spectra, as to be revealed in section 2. Therork, 1991; p 309.
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Figure 2. (a) Normalized UV-vis absorption spectra of polymers in  gigure 3. (a) PL spectra of polymer in chloroform for different
chloroform: 3x 10" mg/mL (note: the absorption spectra of the films  concentrations (excited at 399 nm as indicated by the arrow; normalized
are nearly identical to these spectra) and (b) normalized PL spectra ofat peali except for the case of the film) and (b) normalized spectra of
the polymer solutions, 16 mg/mL (excited afimaxin (a) as indicated  the intermolecular aggregation emission of polyrhén chloroform

by the arrows). Normalized PL spectra of the polymer films are shown  so|utions (the total PL spectrum of the film is shown for comparigén).
in the inset in (b) with the same excitation wavelengths as for the

solutions. reveals that the monomeric and association luminescence overlap
significantly.

tion of homoconjugation to the whole electron delocalization  Itis observed that long-wavelength emission$00 nm) are

is less significant in the present poly-DSBs. always present in the PL spectra of polynhesolutions, even

Figure 2b shows the PL spectra of the polymers in chloroform at a low concentration down to8 10~7 mg/mL (~7 x 10710
(10~*mg/mL). All polymers emit blue light. As in the absorption M DSB, the detection limit of our instrument), and a dilution
spectra, the emissiohax of polymersl andll red-shift relative of the solution 10* mg/mL gives only a little change on the
to those of polymers$ll andIV, which result from a stronger ~ PL spectrum. Note that the decay rate of photoluminescence of
electron-donating effect by the alkoxy groups than the alkyl this emission tail is different from that of the short-wavelength
groups. The long-wavelength tail appears in the PL spectra of (<500 nm) emission in the time-resolved photoluminescence
all polymers and is more elevated in polymdrsand IlI measurement, as to be revealed in section 3. (The dilute solution
(methylene-linked) than in polymelisandIV (ethylene-linked), of lowest concentration used for the time-resolved measurement
respectively. The long-wavelength tail is the luminescence from is of 103 mg/mL, where both intra- and intermolecular
lumophore associates, as to be revealed in the following sectionsassociates are expected to present.) In addition, the presence of
Compared with the UV spectra, the PL spectra have a ground-state associates in the polymsolution (10 mg/mL),
significantly enhanced long-wavelength tail, which implies that which can be directly excited and emits at longer wavelengths
an unusually large portion of the luminescence comes from those(>500 nm), will be revealed in Figure 4a. Thus, these observa-
few lumophore associates. Accordingly, energy transfer from tions would indicate that the DSB lumophores interact to form
individual excited DSBs to their associates must occur. Evidence “intramolecular” associatésin the solutions. Similar behavior
for the energy-transfer processes will be provided in the section has also been reported in poly(paracyclophan-1-ene) and its
concerning time-resolved photoluminescence measurement. derivatives16Species formed by the interaction of lumophores

The PL spectra of polymel change drastically with  within a single polymer chain or between different polymer
concentration, as shown in Figure 3a. The spectra from the chains are termed as “intramolecular associates” and “inter-
solutions show structured peaks near 450 mmafd 470 nm molecular aggregates”, respectively. However, both will be

(i) and a low-energy shoulder at about 525 nim).( The regarded as associates for simplicity in the cases when the use
intensities of peak and shouldeiii relative to that of peak of “associates” does not cause any misunderstariding.
grow with concentration. For the solid film, peaklisappears, The drastic spectrum shifts and changes and the decreased

peakii becomes a weak shoulder, and péials the main peak. contribution of the monomeric emission with concentration in
Since the relative absorbances at 4880 nm are very low Figure 3a imply an occurrence of efficient energy transfer from
(Figure 2a) and the spectra were taken from the front surfaceindividual DSB units to their associates and an increased extent
of the cuvette, the changes of the PL spectra should not beof associations of lumophores with concentration. Since in-
attributed to the self-absorption effect. By comparing the PL tramolecular associates have already formed in the dilute
spectrum of the model compouitiemission of peaksandii solutions, the presence of such interactions in the concentrated
should originate from individual DSB units and is termed the solutions and solid films is expected also. To investigate the
monomeric luminescence. As the concentration increases, pealcontribution of energy transfer to the emission spectra, the total
iii grows up. Therefore, it must result from an emission of PL spectrum of the dilute (18 mg/mL) solution is subtracted
lumophore associates (the association luminescence) in polymefrom those of the more concentrated solutions by normalizing
I, as will be further confirmed in the later sections on excitation at 486 nn?8 In this way, the contribution from the emission of
spectra and photoluminescence decay. The growth of peak the monomeric lumophores and intramolecular associates (in-



Light Harvesting across Aggregates in Polymers

(a) —=—Exc by 350 nm (PL)
—O—Exc by 460 nm (PL)

—a—Em at 450 nm (PLE)
—<—Em at 524 nm (PLE)
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2. Photoluminescence Excitation Spectroscopylhe de-
pendence of the PL of the dilute solution (#Omg/mL) of
polymerl on excitation wavelength is shown in Figure 4a. A

typical spectrum for the monomeric emission with the peaks at
450 and 476 nm appears after exciting at the wavelength
corresponding to the absorption of individual DSB units (350
nm). Changing the excitation wavelength to 460 nm produces
a PL spectrum with the peaks at 496 and 524 nm, very similar
to that of the solid film. Since emission spectra of one-emitting-
species systems are insensitive to excitation wavelength, such
behavior would suggest an occurrence of interactions between
lumophores. Since excimers cannot be directly excited, DSB
lumophores must associate in the ground state to form “in-
tramolecular associates” in the polymesolutions to emit light

at longer wavelength, as revealed in the above section.

Figure 4a also shows the normalized photoluminescence
excitation (PLE) spectra of polymdrin the same solution
monitored at the monomeric (450 nm) and association (524 nm)
emissions (the two sharp peaks close to the asterisk result from
Figure 4. (a) PL and PLE spectra of polymesolution (10“mg/mL the excitation light and should not be considered as parts of the
in CHCIg). (Normalized; arrows and gsterlsks represent the excitation spectra). The PLE spectrum monitored at 524 nm shows a
and monitored wavelengths, respectively.) (b) PLE spectra of polymer .oy ely elevated luminescence intensity over that monitored
| solutions monitored at 525 nm for different concentrations (normalized . .
at 390 nm; arrow represents the wavelength monitored). .at .450. nm in Fhe longer wavelength reglorM(SO .nm),

indicating the existence of lumophore associates, which absorb
tegratedly described as single-chain emission) can be separatetight at longer wavelengths than the monomeric lumophores do.
from that of “intermolecular” DSB aggregatés.Note that Thus, this result further supports the inference that absorption
because normalization was made at 486 nm, the contributionat wavelengths longer than 450 nm in Figure 2a can be attributed
of the single-polymer-chain emission has been overestimatedto absorption by such associates.
to ensure a complete removal of it from the total PL spectra,  Figure 4b shows the PLE spectra normalized at 390 nm of
which results in negative intensities at wavelengths shorter thanthe polymer solutions of various concentrations monitored at
486 nm after subtraction. Therefore, the relative intensity of 525 nm (association emission). The band growing with con-
emission bands could inevitably be lower than what actually centration at long wavelengths 450 nm) originates from the
should be at the region close to single-polymer-chain emission.direct absorption of excitation energy by associates (and

Figure 3b shows the results of such subtraction after aggregates) of DSB units and hence is related to the number of
normalization with reference to the peak at about 505 nm. The associates formed. However, energy transfer from monomeric
treated spectra are similar: each has two characteristic peak$DSB units to associates would suppress the appearance of this
(500 and 530 nm) and a tail at the long-wavelength side. Note band in the PLE spectrum, which will be discussed later in this
that the relative intensities of emission bands change with section. The Stokes shift is approximately 22707¢110.28 eV)
concentration, which implies the involvement of more than one (taken by a comparison of 525 nm with the peak 469 nm of the
emitting species in the aggregation emission. The PL spectrum10 mg/mL solution), which is much smaller than those for
of the solid film of polymer is shown as well in Figure 3b for  excimers and exciplexes~0.5 eV)3a%29 This result further
comparison, and the same characteristics are also retainedsupports that the presence and growth of piéain Figure 3a
except that the peak at 500 nm now becomes a shoulder,are not contributed by excimers. An enhanced emission at 525
indicating that the emission originates mainly from the “inter- nm by excitation at wavelengths longer than 450 nm is observed
molecular” aggregates of DSB units. To the best of our in the solutions with concentrations higher tharraéng/mL.
knowledge, this could be the first report showing the imper- In contrast, there is no correspondently increased absorption at
ceptible contribution of single-chain emission to the fluorescence the low-energy side with concentrations in the Y¥s spectra,
of a polylumophore as a solid film. Further discussion on the indicating that the number of associates does not increase too
intermolecular aggregates will be given in section 5. much as concentration increases. It should be emphasized that

The emission spectra of polymdrs1V in the film state are a reproduction of the concentration-dependent PLE spectra of
shown in the inset in Figure 2b. The monomeric emission at polymerl like Figure 4b is possible only for a cuvette with a
shorter wavelengths, which appears for the solutions of eachlong enough path length, such as 1 cm, but not for a 0.1-cm
polymer, almost disappears now, and the emission colors of one. Because the absorption of polyrhat wavelengths shorter
the films are quite different from those of the solutions. From than 450 nm (absorbed mainly by the major component,
the preceding discussion for polymigremissions of the films ~ monomeric DSB units) is much higher than those at longer
for polymers I, 1, and IV should be mainly due to  wavelengths (absorbed mainly by the trace component, associ-
intermolecular aggregates of lumophores as well. ates), the penetration depth of the short-wavelength excitation

(28) Since the PL spectra of solutions with concentration lower thaf 10 light is smaller tha_n that of the long-wavelength one in the
mg/mL are almost the same, the PL spectrum of & 0g/mL polymer| concentrated solutions. Only in the 1-cm-path length cuvette
solution is assumed to result from single-polymer-chain photoluminescence can the short-wavelength excitation light be completely absorbed

and to contain only emission from individual distyrylbenzene units and j the concentrated solutions during transmitting of the cuvette.
strictly “intramolecular” associates of them. The PL spectra of polyimer . . . :

solutions and the film exclusive of single-polymer-chain emission were N such a situation, only the portion of DSB units close to the
obtained as follows. All the original PL spectra were normalized at 486
nm, and then the emission from the #amg/mL solution was subtracted (29) Aguiar, M.; Karasz, F. E.; Akcelrud, IMacromolecule4995 28,
from all other PL spectra of the solutions with higher concentrations. 4598.
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Figure 6. Normalized PL spectral dynamics of polymieas a film
and in chloroform with concentration of 10 or Tomg/mL. (The
emission from solutions was taken at 450, 470, 530, and 570 nm.) The
normalized continuous-wave PL spectra are also shown for comparison.
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Figure 5. Luminescence decay curves of polymen chloroform of are ve_ry limited.) . L
concentrations 16 (a) and 10 mg/mL (b) and as a film (c) monitored In Figure 5a, the monomeric emissions (at 450 and 470 nm)

at different wavelengths (excitation at 375 nm). in the dilute solution (10° mg/mL) of polymer| decay
monoexponentially (decay constant= 1.17 ns), and the
surface can be excited, and only the associates located in thisaSsociation emissions (at 530 and 570 nm) show a smooth
region can be indirectly excited by the energy released from growth followed by a simple decay (& 1.30 ns). In the more
directly excited monomeric DSB units. It follows that a concentrated solution (10 mg/mL, Figure 5b), the monomeric
relatively weak association emission, and therefore relatively €mission decays faster in a more complicated way. In the film,
weak PLE signals, are obtained by short-wavelength excitation. an extremely fast decay of monomeric emission is observed,

3. Time-Resolved Photoluminescence Spectroscofpjirect as shown in Figure 5c. The increased decay rate of emissions
evidence for energy transfer is provided by time-resolved at 450 and 470 nm would indicate the increased extent of

photoluminescence measurements. Figure 5 shows the deca onradiative processes and a more efficient energy transfer from

of emission at different wavelengths of polymesolutions and ndividual to associated lumophores. Since neighboring associ-
film excited by a laser pulse at 375 nm with a FWMH 200 fs ated lumophores are getting closer as concentration increases,

and a CW power of 0.7 mW. The decay dynamics of monomeric thg gnergy-transfer process i_n solid films would bPT the most
and association emission (450, 470 and 530, 570 nm respec_efﬂment. Therefore, the speeding decay of monomeric emission
tively) are quite different. The monomeric emissions decay faster v;/]ouldhbe Sartla}lly d#e toa f?ster energy trTnsfgr. We concluds
than the association emission, and the dynamics become verﬁ a|1t _t e r%St'Cl.g fz_ilnge ]9 elmlss"|onlvco or Im fconcgntLate
complicated for the concentrated solution and film. Besides, the SO utions and solid films of polymets-IV' results from bot
association emissions always decay behind the monomericthe formation .Of more associates and a more .eff|C|ent energy
emissions in the initial stage right after the excitation. A similar transfer from individual lumophores to these sites.
smooth grow-up phenomenon also occurs in amorphous inor- An initial decay foII_owed by a transient rise of the emission
ganic semiconductors and two-dimensiosaonjugated silicon at 450 and 470 nm in the 10 mg/mL. chioroform solution of

polymers and has been attributed to the hopping of optical polymerzl appears, as can peen seen frgm Figure 5b. Fugher-
excitations in a “bandtail-like” inhomogeneous distribution of MOre: the association emissions (530 and 570 nm) start to decay

electronic state® The delay should be the time needed for right after the time that 450 and 470 nm emissions reach their
sufficient energy transfer from individual excited lumophores t€mporal maximal values. The decay constants for the associa-

to the associates, because changing the excitation wavelengtﬁion emissions are 1761.7.ns, apd t.hat for the 450 or 4.70 nm

to 460 nm, where energy is solely absorbed by the associatesEMiSSion before its transient rise is ©G.6 ns, respectively.
afforded a much simpler exponential decay curve without a We foun_d th"’_‘t the decgy of emissions at 450 or .470 nm a_fter 1
growing-up region. Because the overlap between the emission”S €@" fit quite well with a biexponential equation W|th time

of individual DSB units (Figure 2b, PL of 18 mg/mL) and constants 0.55 and 1.65 ns. Therefore, the decay-then-rise curves
the absorption of associates (Figl,Jre 4b, PLE of 10 mg/mL observed probably result from a slight overlap of the association
which can be taken as the corresponding absorption spectrum)em'fls'on with lthe mor_lomefnc fm's?"on Iat .450 and 470 r:m

is very large, we believe that a long-range nonradiative (or _. The spectra dynamics of polymeim solutions and as so id
Forster-type) energy-transfer mechariiis involved in the film excited by a 375 nm laser shown in Figure 6 illustrates

emission process of polymer(The reabsorption energy transfer NOW the energy-transfer process is working. A continuously red-
might exist, but its contribution is relatively low because the shifted luminescence was observed in solutions and in the film

of polymerl due to the faster decay of monomeric luminescence
(30) (a) Fischer, R.; Gel, E. O.; Noll, G.; Thomas, P.; Weller, A. In  and the efficient energy transfer to the associates whose emission

Hoppinfg andeRE;]Iated Phenomertaitzsche, H., IPollak, M.,(Ii()is.; IWorld is at longer wavelengths. In the first instance, the emission

Scientific Publishing Co.: Singapore, 1990; Vol. 2, p 403. Wilson, W. ioti ; ;

L- Weidman. T. W.J. Phys, Cheml991 95 4568, spectrum _sh_ows thg c_haractensn_c of monomeric Iumlnesc_:ence
(31) Klessinger, M.; Michl, JExcited States and Photochemistry of ~@nd association emission for solutions and the film, respectively.

Organic MoleculesVCH Publishers: New York, 1995; p 287. The dominance of association emission over monomeric lumi-
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() 10° mg/mL . polymerl than for polymelll (inset in Figure 2b). For polymers
—o— Il and IV, the cyclohexyl side groups are more bulky than
—&—1il 2-ethylhexyloxy side groups in polymeidsand Il, so that
v stacking between DSBs is more difficult, causing a lower extent
of association. Therefore, increasing the spacer length by one
methylene is not expected to change the extent of intramolecular
) association too much, as reflected in the superposed PLE spectra
of polymerslll andIV in the dilute solutions (Figure 7a). A
similar steric effect on the interaction between lumophores also
operates in other systerfidn contrast to the case for polymers
[ andll, the UV (and the PLE) spectra of polymehs andIV
(Figures 2a and 7a, respectively) are almost identical. Therefore,
X the difference between PL spectra of polymBisandIV in
. . Y ‘. the dilute solutions (Figure 2b) results mainly from a decreased
300 400 500 600 700 extent of energy transfers in polymdY. In concentrated
solutions, the intermolecular aggregation of DSB units takes
Figure 7. Excitation spectra of polymeis-1V in chloroform: 103 place to a larger extent in polymét than in polymenV, as
and 10 mg/mL. (Solid and dashed arrows: the monitored wavelengths eflected in Figure 7b. Therefore, the PL spectrum of the
for polymersl, I andlll , IV, respectively.) polymerlll film is slightly red-shifted compared to that of the
. L . polymer IV film (inset in Figure 2b). All the results above
nescence rlg_ht afte_r the excitation illustrates the decay dy”am"?sunambiguously reveal that the proximity between lumophores
of monomeric émissions, and the energy-transfer Process ISyf the same chain and of neighboring chains is critical to the
much faster in the film than in the solutions. In the'ng/  .ciprence of intramolecular association,  intermolecular
mL solution, it takes a long time, e.g., 6 ns, for the aggregation aggregation, and energy-transfer processes.
emission (530 and 570 nm) to match the strength of monomeric "5 Emitting Species from Intermolecular Aggregates.
emission. In contrast, the dynamics is so fast in the 10 mg/mL Aggregates can strongly affect the photoluminescence properties

solution that the monomeric luminescence (450 and 470 nm) 4 conjygated polymers by red-shifting their fluorescence spectra
loses its dominance in the emission spectrum within 2 ns. 5.4 lowering photoluminescence quantum efficiedgge 3435
Moreover, the luminescence at 6 ns after the excitation in all 5, the other hand, aggregates are found to improve the

cases is even more red-shifted from the initial spectrum than yeformance of photovoltaic devices and polymer light-emitting
the continuous-wave (CW) PE. These results confirm the diodes33436 probably by improvement of interchain charge
energy-transfer processes from individual DSB units to associ- transport (at the expense of lowering PL efficiency). However,
ates of DSB unit§? o little is known about the nature of the aggregates in polylumo-
4. Effects of Steric Hindrance and Spacer Length on  yhores and conjugated polymers. We have found that the

Extents of Aggregation and FluorescenceThe effect of  gleciroluminescence (EL) spectrum of poly-DSBs is the same
chemical structures on emission behaviors of the associates cans the PL spectrum of the solid film, indicating the equivalent

be deduced from the emission and excitation spectra. In theimportance of the aggregates to EL and PL.

(b) 10 mg/mL

PLE Intensity (a.u.)

Wavelength {(nm)

dilute polymer solutions (1G mg/mL), where the intramolecu- Figure 8 shows that the treated PL spectra in Figure 3b, which
lar association of DSB units plays an important role, the UV o qresent the intermolecular aggregation emissions in polymer
vis, PL, and PLE spectra of polymer(Figures 2 and 7a) all | "can pe fitted very well by the three Gaussian curves A, B,

show an elevated low-energy tail over those of polythethis and C that peak at 505, 530, and 565 nm, respectively. It is
results from the higher local DSB density in polymethan in worth noting that the relative intensities of these peaks vary

polymer Il due to the shorter saturated linkages (methylene yith concentration and that fitting by only two Gaussian curves
versus ethylene) between lumophores, so that DSB units wouldgiyes very poor results. This strongly indicates the presence of
interact more strongly in polymer. From Figure 7b, the 5 |east three emitting species in the aggregates. The different
association interaction in the concentrated solution of polymer aggregates could result from various extents of interaction

I is so strong that aggregates so formed can even absorb lightyeryeen neighboring lumophores, which leads to formation of
of wavelength longer than 500 nm, where the dilute solution 5456 compact, and the most aligned aggregates characterized
almost has no absorption. The long-wavelength absorption tail by the three different emissiobnay in the solutions. Note that

of polymer| being more elevated than that of polymierin the PL spectrum dynamics of the film for polymieshown in
Figure 2a also discloses that aggregates formed in the formergig re 6 has provided the relative intensities of emission at

outnumber those in the latter. ?ince aggregates can SUrVivegitterent wavelengths at different times after the excitation. The
through the spin-coating proce¥sia relatively less-structured  time-resolved PL spectrum of the polymiefilm, which red-

PL spectrum of the film due to strong reabsorption at wave- gpjsis sjightly with time, is characterized by two emission peaks
lengths around 500 nm by associates, and more associate§s well as a long-wavelength tail whose positions are quite
emitting at wavelengths longer than 500 nm, are observed for gimilar to those in the PL spectra from intermolecular ag-

(32) The CW-PL spectrum represents an averaged emission weighteddregates, as shown in Figure 8. From the above deconvolution
b%/ Iﬁminescence_intensiw over time. Fgr pC;]Iyrmeﬂje extent of red tSJhift analysis, a clear assignment of the emission from loose, compact,
of the spectrum increases with time, but the emission intensity becomes ;
weaker. Therefore, a more red-shifted PL spectrum than the CW-PL one and. the. mQSt aligned aggregates can now be made for the PL
long after excitation is reasonable. of film in Figure 6.

(33) It is worth noting that the emission positions of the intramolecular (35) Chang, R.; Hsu, J. H.; Fann, W. S.; Yu, J.; Lin, S. H.; Lee, Y. Z;;
associates and the intermolecular aggregates overlap, so that to distinguistChen, S. A.Chem. Phys. LetR00Q 317, 153.
one from the other is difficult in the total emission spectra. We believe (36) (a) Nguyen, T.-Q.; Kwong, R. C.; Thompson, M. E.; Schwartz, B.
they function similarly in the energy-transfer processes. J. Appl. Phys. Lett200Q 76, 2454. (b) Shi, Y.; Liu, J.; Yang, YJ. Appl.

(34) Nguyen, T.-Q.; Martini, I. B.; Liu, J.; Schwartz, B.J.Phys. Chem. Phys.200Q 87, 4254. (c) Liu, J.; Shi, Y.; Ma, L.; Yang, YJ. Appl. Phys.

B 200Q 104, 237. 200Q 88, 605.
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Figure 9. Normalized excitation spectra of polymkin chloroform

Figure 8. Deconvolution of the PL spectra in Figure 3b for . . - . o
: : o ) solutions monitored at the intermolecular aggregation emission (525
intermolecular aggregation emission of polymierin chloroform P 9
- ; . nm) after removal of the contribution of excitation energy transfer from
solutions with concentrations (a) 0.01, (b) 0.1, (c) 1, (d) 10 mg/mL by S P
. the excitation spectra in Figure 4b(a) 0.01, (b) 0.1, (c) 1, and (d) 10

the three Gaussian curves that peak around 505, 530, and 565 nm. .

mg/mL. A, B, andC represent the three possible components of these

Squares: experimental results as shown in Figure 3b. Dashed lines:
spectra.

component Gaussian curves, B, andC). Heavy lines: fitting curves.
R? for curve fitting in (a), (b), (c), and (d) is 0.993, 0.996, 0.996, and

0.997, respectively. reveals the gradual growth of aggregates from the looser to the

more compact and aligned ones in the order ABC as the
In principle, the absorption and excitation spectra of an concentration increases. However, the relative intensities of the

emitting species should possess the same features. Therefordree components of spectra A, B, and C in Figure 8 (aggrega-
one can image the absorption spectrum of one species with thellon PL spectra) do not vary with concentration as much as those
aid of the more procurable excitation profile if ordinary v In Figure 9 (aggregation PLE spectra). Such a result could
vis absorption measurement is difficult or if the absorption Suggest a quick drop in the photoluminescence efficiency of
spectrum is heavily contaminated as a result of involving the adgregates as they form and grow gradually.
absorption profiles of other species. As shown in Figure 4b, 6. Sequential Energy-Transfer Processes across Intermo-
the excitation spectra of the association emission (525 nm) in lecular Aggregates.Figure 3a manifests that most DSB units
polymerl solution comprise two portions which originate from  act independently in the dilute solutions (below 4@ng/mL),
the absorption of aggregates (and associates) themselves andnd intermolecular loose aggregates of DSB units form first as
the excitation of monomeric DSB units followed by efficient the concentration increases to 261 mg/mL, some of which
energy transfer to the emitting aggregates, respectively. Thebecome more compact as the solution concentration increases
contributions of the directly excited aggregates to the PLE further (10 mg/mL). As the solvent is completely evaporated
signals should be higher in more concentrated solutions. Theduring the film preparation using the spin-coating method, some
PLE spectrum of the 1@ mg/mL solution should comprise  of the DSB units of neighboring chains can align to yield
mainly the contribution from energy transfer and the absorption intermolecular aggregates. The more tightly aggregated sites
of intramolecular associates to a lesser extent. On the other handyould be expected to absorb the light of lower energy and to
the PLE spectra of solutions with higher concentrations consist emit light with longer wavelengths. Accordingly, the morphol-
mainly of directly excited intermolecular aggregates. Therefore, ogy of the film can be pictured as a rather few aligned aggregates
the excitation profile and so the absorption spectra of intermo- surrounded by a few compact and loose aggregates distributed
lecular aggregates themselves can be isolated from the originarandomly in the DSB units matrix. Therefore, energy transfer
PLE spectra by subtracting the PLE spectrum of the*10g/ from individual lumophores to the most aligned aggregates via
mL solution from spectra of solutions with higher concentra- loose and compact aggregates is expected. Figure 1h describes
tions3” The resulting spectra are shown in Figure 9; each has asuch cascading energy transfer. This model predicts sequentially
characteristic peak at about 440 nm (A), a shoulder at aboutdelayed growth of the intermolecular aggregation luminescence
470 nm (B), and a tail at the long-wavelength side (C). after the monomeric luminescence in the time-resolved photo-
Unfortunately, further analysis of the aggregation excitation luminescence measurement. Figure 10 supports this consider-
spectra in Figure 9 by deconvolution is not reliable due to the ation in the solid film of polymet. Energy is clearly transferred
poor quality of the original PLE spectra. from individual DSB units (emit at 450 nm and decay

The three components A, B, and C in Figure 9 could suggest immediately after the excitation) to thg most.aligned aggregates
actual absorption profiles of the three different intermolecular (€mit at 570 nm and reach maximum intensity 0.38 ns after the
aggregates, which is the main cause for the elevated tail in the€Xcitation) via the loose aggregates (emit at 500 nm, maximum
original absorption spectrum of polymee(Figure 2a) at longer  intensity at 0.09 ns) and the compact aggregates (emit at 530
wavelengths. The red shift of the PLE spectra in Figure 9 clearly "M, maximum intensity at 0.27 ns}.
Influences of the sequential energy transfer across inter-

(37) A}_ procedure Sim”?i{;f to whgt rtmagl ?ﬁen do_tn? for obt?inin?”t]he molecular aggregates on the PL spectrum dynamics are clearly
sogrgaton emssion spects adcped, T xcision secs of 12 royealed in Figure 6. As menione n secion 3, the neighborig
lecular aggregates) in a 1bmg/mL solution and in solutions with higher ~ lumophores in the film state are so close that the decay of
concentration £10 2 mg/mL) (Figure 4b) were normalized at 390 nm.  monomeric emission is extremely fast. Therefore, the PL
Subtraction of the former from the latter is expected to afford the emission dspectrum of the film for polymer at the instant right after the
spectra of intermolecular aggregates themselves without being contaminate N . . LY

excitation is dominated by the aggregation emission. However,

by other species. The final results were obtained after normalization of the i e IJIE
treated spectra at their maximum intensity. the relative intensities of the emission peak at 530 nm and the
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to the chemical structures, for which the conjugation length and

fo_ogns 0.27ns 0.38ns ‘ - . . .
____ TN ‘ the extent of aggregation are just appropriate to result in a
g /??\ TT—% comparatively slow dynamics (hundreds of picoseconds) fo be
> - ‘ detected. We recently reporteq that the spectral dynamics of
g L 5 0 poly(2,5-dioctyloxyphenylene vinylene) (PdOPV) can be ob-
£ ’ ' served only at 20 K but not at room temperature, and a spectrum
g more red-shifted than the CW-PL is also observed long after
g 570 nm the excitatior’® Moreover, the PL spectrum of MEH-PPV in
& 530 nm tetrahydrofuran was found to have a strong red-shift with
3 500 nm concentration, but the excitation spectrum has only a little
& 450 nm change and is independent of the monitored wavelengths of
0 5 10 emissior® The fact that poly-DSBs behave in exactly the same
Time (ns) way implies a possible presence of the proposed light-harvesting
Figure 10. Luminescence decay curves of polynmeilm monitored process in the tetrahydrofuran solutions and in the spin-coated

at monomeric (450 nm) and aggregation (500, 530, and 570 nm) film of MEH-PPV. Additionally, aggregation could be more
emissions. The inset shows the initial region after the excitation and serious in PPVs than in poly-DSBs, so that such a light-
the time at which the aggregation emissions reach the maximal intenSity'harvesting process in PPVs is probably 1 or 2 orders faster in
The excitation light was at 375 nm. S

the solid film at room temperature.

tail at 570 nm increase continuously with time, at the cost of
decreasing the intensity of the peak at about 490 nm, indicating
:hatthenergytls F‘equgntlally tra?sfer'z\ed from tnetlﬁosgfggregates We have demonstrated the occurrence of intramolecular
0 t'e mosl algjneh_ﬂagg_rtehgtg es.F S 31 resut, te i dSp?Ct_rumassociation as well as intermolecular aggregation of lumophores
Cfg ;:u;)nﬂiy rem;s ! ﬁm P'[ne' Otrr rr? ?O?Ct?]n rrame nscr)nu ;Ion in the novel light-harvesting poly-DSBIs-IV and proposed
(. 9 .)’ aithough the L. Spectrum IS rather monomeric- energy-transfer process between the same kinds of lumo-
like at the instant of excitation, the emission finally comes to . . . o
. - - phores but with different extents of mutual interaction in the

closely match the CW-PL of the film, whose emission originates . .

ground state. Intramolecular association of lumophores is an

mostly from aggregates. Consequently, the proposed sequentiam'[rinsic roperty in these polymers, while intermolecular
energy transfer across aggregates is evidenced once again. The property poly ’

same situation also takes place in the dilute solution{hay/ aggregation occurs to a very small extent in concentrated

mL), but it takes a relatively longer time for the aggregation _solut|on_s and in films. Various extents Of intermolecular
emission to grow due to the slow decay of monomeric emission interactions between DSB lumophores result in loose, compact,

and the slow sequential energy-transfer process. However, the2nd the most aligned aggregates of lumophores. Sequential

monomeric emissions always dominate, even though the ag-€Nergy transfers, mimicking the light-harvesting process in
gregation emission can match the monomeric emissions in photosynthesis units from individual lumophores to the most

intensity at a time long after the excitation (6 ns). aligned intermolecular aggregates via loose and compact

It is worth noting that the energy-transfer processes in poly- intermolecular loose aggregates, are directly observed by time-
DSBs and in the array of antenna pigments in photosynthesisresowe‘j fluorescence spectroscopy..Therefore, the fluorescence
units are quite similar, as shown in Figure 1a. For instance, in c0lor of poly-DSBs changes drastically as a result of the
the photosynthetic algae nam@drphyridium cruentugenergy presence of intermolecular aggregates gnd the efficient energy
is transferred sequentially from the outermost shell of the array, transfer in concentrated solutions and films. The bulky cyclo-
B-phycoerythrin (PLAmax at 578 nm), to the innermost core, hexyl side groups ol andIV prevent neighboring DSB units
chlorophyll a (685 nm), via R-rhycocyanin (640 nm) and then from strongly interacting (intra- and inter molecualrly) with one
allophycocyanin (660 nnif>38 The same characteristic of the ~another. The extent of intra- and intermolecular interactions
time-resolved fluorescence reveals that the same strategy fooetween lumophores and the energy-transfer process are con-
efficient light harvesting is adopted by this algae and poly-DSBs. trolled by the proximity between the lumophores. Although the

It is reasonable to expect an occurrence of the same efficientenergy-transfer process in fully conjugated electro-/photolumi-
light-harvesting processes ir-conjugated polymers, such as nescent polymers due to inhomogenity other than distributed
PPVs, in which the presence of tetrahedral defects has beerconjugation lengths has never been directly observed, our results
evidenced? However, the proposed light-harvesting process suggest that a similar sequential energy-transfer process due to
could be masked by other energy relaxation events or is too various extents of aggregation, such as that in poly-DSBs, could
fast to be detected easily. For example, the segmental take place in fully conjugated polymers with ultrafast dynamics,
environment with a variation of conjugation lengths in PPV also Wwhich is probably masked behind other photophysical processes.
causes a sequential rise of luminescence intensity with wave-
length in the time-resolved fluorescence, though in a much  Acknowledgment. We thank the National Science Council
shorter subpicosecond regirffeThe sequential energy-transfer  of the Republic of China for financial aid through Project NSC-
events can easily be observed in the poly-DSBs, probably dueg89-2216-E-007-050 and Czek Haan Tan for the technical
assistance in the time-resolved fluorescence measurements.

Conclusions and Summary

(38) Porter, G.; Tredwell, C. J.; Searle, G. F. W.; BarbeBidchim.
Biophys. Actal978 501, 232. ) ] ) ) ]
(39) We found that polymeli , in which the linkages between lumo- Supporting Information Available: Instrumentation details,

phores are the longer ethylene spacers, shows more deferred growth ofyetajled experimental procedures, and characterizations for all
aggregation luminescence behind the excitation than polymees. Since !

the tetrahedral defects are much fewer in common PPVs than in polytbsB, ©Of the monomers and polymers (PDF). This material is available
a much lower deferred growth of the aggregation luminescence and thus afree of charge via the Internet at http://pubs.acs.org.

much faster energy transfer from individual chromophores to aggregates is

expected. JA011493Q



