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Abstract: Photoluminescence (PL) and photoinduced absorption (PIA) spectroscopy measurements were
performed on two lengthy oligothiophenes, G3-T11-G3 and G3-T17-G3, doubly end-substituted with third
generation poly-benzyl ether dendrons. These oligothiophenes form well-defined nanoaggregates in dichlo-
romethane solution upon cooling. The molecularly dissolved and aggregated phases interconvert reversibly in
a narrow temperature range. PL and PIA spectroscopy were used to investigate the optical signatures of
photoexcited singlet, triplet, and charged states as a function of aggregation. The extent of aggregation could
be controlled by varying the temperature. Both the fluorescence and the triplet absorption spectra of the
aggregated phase were significantly bathochromically shifted when compared to the spectra of the isolated
molecules in solution. These bathochromic shifts indicate that interchain delocalization of the singlet and triplet
photoexcitations occurs within the dendritic nanoassemblies. Charged states of G3-T11-G3 and G3-T17-G3
were selectively created by photoexcitation in the presence of an external electron acceptor (tetracyanoethylene).
The principal absorption bands of the charged states shift to lower energy upon aggregation. Surprisingly,
new high-energy bands are observed in the PIA spectrum of the aggregated phase. These transitions are clear
signatures of two-dimensionally delocalized polaronic charge carriers within the nanoaggregates (i.e.
intermolecular delocalization over the constituent molecules within the aggregate).

Introduction molecular materials, the electronic and optical properties are
fundamentally different from inorganic semiconductors or
metals, due to weak intermolecular interactions, and research
on semiconducting molecular nanocomposites has been gaining
momentum only recentl§.

Semiconducting molecular nanocomposites can be regarded
as a combination of molecular, polymer or inorganic semicon-
ductors that are constructed through self-organizing mechanisms
that make use of either mesogenic grofipsmplementary and
antagonistic interactions (e.g. block copolyméreic interac-
tions® hydrogen bonding, or z-stacking!® In this regard,
dendrimers provide a very unique opportunity to study well-

Functional properties of organic molecules and polymer
materials continue to attract enormous attention in contemporary
chemistry and physics. This interest is motivated by the
continuing interest for miniaturization of devices to molecular
dimension& and by the numerous opportunities that arise for
employing molecular electronic and photonic materials in light-
emitting diodes, transistors, and photovoltaic devideascinat-
ing opportunities arise where molecular and bulk dimensions
meet. Especially for inorganic semiconductor nanocrystals and
metal quantum clusters, properties begin to differ greatly as one
escapes the bulk and begins to examine materials at the
nanoscale, thus providing the impetus to miniaturize devices to (4) Some general references on nanoparticlestié@yibook of Adanced

molecular dimensiond* However, in the case of organic  Electronic and Photonic Materiala/ol. 6, Nanostructured Materials: Nalwa,
H. S., Ed.; Academic Press: London, 2001.Kandbook of Nanostructured

T Eindhoven University of Technolog. Materials and Nanotechnologilalwa, H. S., Ed.; Academic Press: London,
* University of California. 2000. (c)Physics and Chemistry of Metal Cluster Compouyrigis Jongh,
(1) (a) Joachim, C.; Gimzewski, J. K.; Aviram, Alature 200Q 408 L. J., Ed.; Kluwer: Dordrecht, The Netherlands, 1994. N@noparticles
541. (b) Gimzewski, J. K.; Joachim, Gciencel999 283 1683. (c) Tour, and Nanostructured Films=endler, J. H., Ed.; Wiley-VCH: Chichester,
J. M. Acc. Chem. Re200Q 33, 791. (d) Reed, M. A,; Tour, J. M5ci. Am UK, 1998.
200Q 282 86. (e) Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. 8tience (5) Fu, H.-B.; Yai, J.-N.J. Am. Chem. So001, 123 1434.
1999 286, 1550. (f) Petty, M. C.; Bryce, M. R.; Bloor, Dntroduction to (6) (@) Adam, D.; Schuhmacher, P.; Simmerer, Jius#ing, L.;
Molecular Electronics Oxford University Press: New York, 1995. Siemensmeyer, K.; Etzbach, K. H.; Ringsdorf, H.; HaarefBture1994
(2) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J. H.; 371 141. (b) van de Craats, A. M.; Warman, J. M.; FechtéikpA.; Brand,
Marks, R. N.; Taliani, C.; Bradley, D. C. C.; Dos Santos, D. A/} &as, J. J. D.; Harbison, M. A.; Mien, K. Adv. Mater.1999 11, 1469. (c) van de
L.; Logdlund, M.; Salaneck, W. RNature 1999 397, 121. Craats, A. M.; Warman, J. M.; Mien, K.; Geerts, Y.; Brands, J. DAdv.
(3) (a) Alivisatos, A. PSciencel 996 272, 933. (b) Murray, C. B.; Norris, Mater. 1998 10, 36.
D. J.; Bawendi, M. GJ. Am. Chem. S0d993 115, 8706. (c) Schmid, G.; (7) (a) Ruokolainen, J.; Mdnen, R.; Torkkeli, M.; M&elg, T.; Serimaa,
Chi, L. F. Adv. Mater.1998 10, 515. (d) Schmid, GChem. Re. 1992 92, R.; ten Brinke, G.; Ikkala, OSciencel998 280, 557. (b) Li, W.; Maddux,
1709. (e) Kiely, C. J.; Fink, J.; Brust, M.; Bethell, D.; Schiffrin, D Nature T.; Yu, L. Macromolecules1996 29, 7329. (c) Hempenius, M. A,

1998 396, 444. (f) Brust, M.; Bethell, D. J.; Schiffrin, D. J.; Kiely, C. J. Langeveld-Voss, B. M. W.; van Haare, J. A. E. H.; Janssen, R. A. J.; Sheiko,
Adv. Mater. 1995 7, 795. (g) Murray, C. B.; Kagan, C. R.; Bawendi, M.  S. S.; Spatz, J. P.; Mler, M.; Meijer, E. W.J. Am. Chem. S0d.998 120,
G. Sciencel995 270, 1335. 2798.
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defined molecules having nanoscale dimensidifr instance, A well-known example of the changes that can be expected

dendrimers have been used to apply nature’s site-isolationwhen interchain interactions occur has been established for
principle from biomimetics to materials scieA¢and highly substituted polythiophenes. In these conjugated polymers a
efficient intramolecular light harvesting and energy transfer transition between molecularly disordered polymer chains and
within a dendritic scaffold has been demonstrdfe@®oth aggregated, more ordered, possibly microcrystalline, chains
concepts were recently combined in an attempt to prepare colorresults in a color change. Not surprisingly, the two phases exhibit
tunable, single layer OLEDs, in which dyes of varying band markedly different absorption specfrarhe transition between
gaps were isolated within the core of dendrimers bearing the two phases and the associated color change that results from
peripheral hole-transporting moieties capable of energy trans-a change in temperature is commonly referred to as thermo-
fer.1 chromism and it can be observed in thin films as well as in
Self-organization phenomena may represent a novel approactsolution”
to control intermolecular interactions as well as the size of  Recently, we described the synthesis of well-defined oligo-
molecular assemblies, thus resulting in functional materials with thiophene-dendron triblock copolymers having a dumbbell
new properties and/or enhanced performance in optoelectronicarchitecturé®® The thermochromism of these triblock copoly-
devices. In particular, supramolecular self-organization of
s-conjugated polymers has been shown to be of fundamental Pol(lé)e(ras)'\:gﬁ;l:aﬁos-lngc?ha%?;'f fg ﬁéggg{grcar&dti%%;\('?/'gftgeé ﬁgdter
importance, since the traditional one-dimensional (1D) electronic 15.3&)) Rughooputh, . D. D. V.. ,Yi'otta’ S Heeger, A J. Wud, F'.olym‘.)
properties are modified by an increase in interchain coupfifg). Sci. B Polym. Phys1987, 25, 1071. (c) Salaneck, W. R.; Ing)a0.;
These interactions are a crucial parameter that affects the chargghémans, B.; Nilsson, J. O.; Sjeen, B.; Gterholm, J. E.; Breas, J. L ;

i ility in 7r- i i i i Svensson, Sl. Chem. Physl988 89, 4613. (d) Nilsson, J. O.; Gustafsson,
carrier mobility in z-conjugated semiconductors, which is G.: Ingaris, O.: Uvdal, K. Salaneck, W. R €@erholm, J. E.: Laakso. J.

currently limited by interchain (2D) hole transport and mesoscale synth, Met1989 28, C445. (e) Ingar® O.; Gustafsson, G.; Salaneck, W.
bulk morphology® R.; Osterholm, J. E.; Laakso, $ynth. Met1989,28, 377. (f) Zerbi, G.;
Castellani, L.; Chierichetti, B.; Gallazi, G.; Ing&)aD0.Chem. Phys. Lett.
(8) (a) Decher, GSciencel997, 277, 1232. (b) Mattoussi, H.; Rubner, 199Q 172, 143. (g) Tashiro, K.; Ono, K.; Minagawa, Y.; Kobayashi, M.;
M. F.; Zhou, F.; Kumar, J.; Tripathy, S. K.; Chiang, L. Xppl. Phys. Lett. Kawai, T.; Yoshino, KJ. Polym. Sci. B Polym. Phy$991 29, 1223. (h)
200Q 77, 1540. (c) Clark, S. L.; Handy, E. S.; Rubner, M. F.; Hammond, Daoust, G.; Leclerc, MMacromoleculesl991, 24, 455. (i) Zerbi, G;

P. T.Adv. Mater. 1999 11, 1031. Chierichetti, B.; Ingais, O.J. Chem. Physl991], 94, 4637. (j) Zerbi, G.;
(9) (a) Schoonbeek, F. S.; van Esch, J. H.; Wegewijs, B.; Rep, D. B. A.; Chierichetti, B.; Ingais, O.J. Chem. Physl991 94, 4646. (k) Roux, C.;
de Haas, M. P.; Klapwijk, T. M.; Kellog, R. M.; Feringa, B. Angew. Leclerc, M. Macromoleculesl992 25, 2141. (I) Roux, C.; Bergeron, J.-

Chem., Int. Ed. Engl1999 38, 1393. (b) Wuthner, F.; Thalacker, C.; Y.; Leclerc, M.Makromol. Chem1993 194, 869. (m) lhn, K. J.; Moulton,
Sautter, A.Adv. Mater. 1999 11, 754. (c) El-ghayoury, A.; Peeters, E.;  J.; Smith, PJ. Polym. Sci. B Polym. Phy$993 31, 735. (n) Mardalen, J.;
Schenning, A. P. H. J.; Meijer, E. WChem. Commurn200Q 1969. (d) Samuelsen, E.; Pedersen, A. 8ynth. Met.1993 55, 378. (0) Fad, K.;
Rispens, M. T.; Sanchez, L.; Knol, J.; Hummelen, JGBem. Commun Leclerc, M.J. Chem. Soc., Chem. Comm@893 962 (p) Roux, C.; Fa,
2001, 161. (e) Gonzalez, J. J.; de Mendoza, J.; Gonzalez, S.; Priego, E. K.; Leclerc, M.Makromol. Chem., Rapid. Commur293 14,463. (q) Roux,
M.; Martin, N.; Luo, C.; Guldi, D. M Chem. Commur2001, 163. C.; Leclerc, M.Chem. Mater1994 6, 620Q (r) Fell, H. J.; Samuelsen, E.
(10) (a) Davis, A. M.; Teague, S. Angew. Chem., Int. Ed. Endl999 J.; Mardalen, J.; Carlsen, P. H.Synth. Met1994 63, 157. (s) Bouman,
38, 736. (b) Lahiri, S.; Thompson, J. L.; Moore, J.5.Am. Chem. Soc. M. M.; Havinga, E. E.; Janssen, R. A. J.; Meijer, E. Wol. Cryst. Liq.
200Q 122 11315. (c) Shetty, A. S.; Zhang, J.; Moore, JJSAm. Chem. Cryst.1994 256, 439. (t) Ahlskog, M.; Paloheimo, J.; Stubb, H.; Dyreklev,

Soc.1996 118 1019. P.; Fahlman, M.; Ingai®g O.; Andersson, M. R]. Appl. Phys1994 76,

(11) (a) Ffehet, J. M. JSciencel994 263 1710. (b) Bosman A. W.; 893. (u) Fad, K.; Frechette, M.; Ranger, M.; Mazerolle, L.; Levesque, |.;
Janssen H. M.; Meijer E. WChem. Re. 1999 99, 1665. (c)Dendritic Leclerc, M.; Chen, T. A.; Rieke, R. BChem. Mater.1995 7, 1390. (v)
Molecules: Concepts, Synthesis, PerspestiNewkome, G. R., Moorefield, Yang, C.; Orfino, F. P.; Holdcroft, Slacromolecule4996 29, 6510. (w)

C. N., Vagtle, F., Eds.; VCH: Weinheim, New York, 1996. Yue, S.; Berry, G. C.; McCullough, R. DMacromoleculed996 29, 933.
(12) Hecht, S.; Frehet, J. M. JAngew. Chem., Int. EQR001, 40, 74. (x) Langeveld-Voss, B. M. W.; Janssen, R. A. J.; Christiaans, M. P. T;
(13) Adronov, A.; Ffehet, J. M. JChem. Commur200Q 1701. Meskers, S. C. J.; Dekkers, H. P. J. M.; Meijer, E. WAm. Chem. Soc.
(14) Freeman, A. W.; Koene, S. C.; Malenfant, P. R. L.; Thompson, M. 1996 118 4908. (y) Leclerc, M.; Fa, K. Adv. Mater.1997, 9, 1087. (2)

E.; Frechet, J. M. JJ. Am. Chem. So@00Q 122, 12385. Raymond, F.; Di Csare, N.; Bellet®, M.; Durocher, G.; Leclerc, MAdv.

(15) Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.; Mater. 1998 10, 599.
Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, R. ~ (18) Malenfant, P. R. L.; Groenendaal, L.; Enet, J. M. JJ. Am. Chem.
A.J.; Meijer, E. W.; Herwig, P.; de Leeuw, D. NNature1999 401, 685. Soc.1998 120, 10990.

(16) Csterbacka, R.; An, C. P.; Jiang, X. M.; Vardeny, Z. Stience (19) Apperloo, J. J.; Janssen, R. A. J.; Malenfant, P. R. L.; Groenendaal,
200Q 287,839. L.; Frechet, J. M. JJ. Am. Chem. So00Q 122, 7042.
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mers based on undeca- and heptadecathiophene cores attached
to generation three Febet-type poly(benzyl ether) dendrons
(G3-T11-G3 and G3-T17-G3, Chart 1) has been studied in
solution20-21 Self-complexation of G3-T11-G3 and G3-T17-G3

at low temperature in solution was shown to result in the
formation of relatively small, but well-defined supramolecular
nanoscale assemblies, driven by strong interactions
between the conjugated blocksThe dendritic substituents
considerably enhance the solubility of these materials and thus
allowed for a wide range of temperatures and concentrations to
be examined. The highly branched nature of the dendritic blocks
ensures excellent solubility for the ABA triblock copolymers,
despite the minimal substitution of the oligothiophene backbone.
In these triblock copolymers the oligothiophenes and dendrons
provide a subtle balance of rigid and flexible structural elements
that is required for the self-assembly in nanoaggregates. The
formation of these nanoaggregates is accompanied by dramatic
changes in the optical absorption spectra as a result of the
intermolecular interactions. The controlled evolution of this self-
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organization process in solution makes these well-defined
oligothiophene derivatives ideal candidates for a detailed
investigation of interchain effects on photoexcited states at
varying extents of aggregation.

Here we describe the novel spectral signatures observed for
photoexcited neutral and charged states that occur in oligothio-
phene-dendrimer nanoaggregates using variable-temperature 30
photoluminescence (PL) and photoinduced absorption (PIA) )
spectroscopy. Excitation of aggregates made up of either G3- Energy [eV]
T11-G3 or G3-T17-G3 results in a significant bathochromic shift Figure 1. Optical absorption changes upon cooling dichloromethane
of the fluorescence and of the triplet and radical cation (polaron) solutions of (a) G3-T11-G3 and (b) G3-T17-G3. The insets show
absorption spectra compared to spectra of molecularly dissolvednormalized sigmoidal curves obtained on fitting the intensities of the
molecules. Additionally, for the charged state, new high-energy absorbance at (a) 2.20 eV for G3-T11-G3 (®310°°, 1.0 x 10°°,
bands are observed in the PIA spectrum of the aggregated phase-2 X 107 and 50x 1(TGGM solutions) and (b) 2.11 eV for G3-T17-
that are characteristic of two-dimensionally delocalized polaronic &3 (1:0% 107, 4.5x 107, 2.0x 10°® and 5.6x 10> M solutions)
charge carriers. These effects demonstrate that a reversible an s a function of the temperature. Down trlang!es, up triangles, circles,

K . .. nd squares represent increasing concentrations.
controlled transformation between typical 1D characteristics of
free chains and 2D characteristic of nanoaggregates can be
created in molecular semiconductors by self-assembly processes.
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Results

Previous thermochromic experiments have verified the for-
mation of nanoaggregates of G3-T11-G3 and G3-T17-G3 in
dichloromethane solution and they are summarized in Figure
1.20 with decreasing temperature the-z* transition of G3-
T11-G3 (2.59 eV) and G3-T17-G3 (2.57 eV) initially shifts
slightly to lower energies because of intramolecular planarization
(Figure 1). At a certain temperature, however, depending on
the concentration and the length of the conjugated system, a
sudden and pronounced transition to a much more resolved
spectrum takes place (Figure 1). At this point, a new low-energy
aggregation band (2.20 eV for G3-T11-G3 and 2.11 eV for G3-
T17-G3) appears in the spectrum. The aggregation processng concentration. By combining thermodynamic equations
reaches completion within a relatively narrow temperature range related to both the concentration and the temperature depen-
(~30 K). The aggregation does not result in a significant dence, we have demonstrated that these compounds form well-
increase of viscosity and gelation does not occur. Plotting the defined nanosized aggregates upon cooling, containing a limited
normalized absorbance of the aggregation band as a functionnumber (5-6) of molecules® Transmission Electron Micros-
of the temperature results in a sigmoidal curve (Figure 1). The copy (TEM) photographs (Figure 2) confirm the formation of
transition temperatur€n,, at which half of the oligomers are in  the well-defined nanoaggregates in dichloromethane. The ag-

the aggregated phase, shifts to lower temperatures with decreasgregates exhibit a rather uniform size and rodlike shape with
dimensions on the order of 20 nm. The size determined from

TEM is larger than expected given the estimated number of
constituent oligothiophenes determined from the thermochromic
experiments. We tentatively assign this difference in size to the
different methods used to generate the nanoaggregates.

)
b

Figure 2. Transmission electron microscopy photograph of an ag-
gregate of G3-T17-G3. The grid was prepared by filtration of a
concentrated 273 K dichloromethane solution through the grid.

LT Sy y

(20) Apperloo, J. J.; Janssen, R. A. J.; Malenfant, P. R. L¢hee J.
M. J. Macromolecule200Q 33, 7038.

(21) For thermochomism in polythiophenes having dendritic side chains
see also: Malenfant, P. R. L.; Tateet. J. M. JMacromolecule200Q 33,
3634
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Figure 4. PL intensity of (a) G3-T11-G3 in dichloromethane at 2.02
eV (excited at 2.20 eV) (squares) and 2.19 eV (excited at 2.64 eV)
(circles) as a function of temperature and (b) G3-T17-G3 in dichlo-
romethane at 2.02 eV (excited at 2.11 eV) (squares) and at 2.18 eV
(excited at 2.61 eV) (circles). The concentrations a2 x 1075 M.

the molecules pack with an angle between the chain axes in
Energzy'?evl contrast to the linear packing of chains in poly(3-alkylthio-

Figure 3. Absorption and emission spectra of (a) molecularly dissolved phene)s. On the other hand, the Optl(_:al absorption spectra in
(PL excited at 2.64 eV, solid lines) and aggregated (PL excited at 2.20 the agg!’egated Pha?se are_ rather similar for the two systems,
eV, dashed lines) G3-T11-G3 in dichloromethane and (b) molecularly Suggesting that chain packing IS anabgOl{S- The regular length
dissolved (PL excited at 2.61 eV, solid lines) and aggregated (PL excited Of G3-T11-G3 and G3-T17-G3 in comparison to that of poly-
at 2.11 eV, dashed lines) G3-T17-G3 in dichloromethane. (3-alkylthiophene)s probably does not account for the different
guenching; e.g. oligo- and polphenylene vinylene) deriva-

Photoluminescence of Nanoaggregate$he PL spectra of tives give a similar increase in excited-state lifetime when going

the molecularly dissolved phase (at room temperature) and offrom solution to a thin filmg3

the aggregated phase (at low temperature) of G3-T11-G3 and By recording the PL spectra at different temperatures we
G3-T17-G3 in dichloromethane exhibit considerable differences confirmed that the aggregate emission emerges at the expense

(Figure 3). The molecularly dissolved phase shows maximum of the free chain emission and goes to completion within a rather
PL intensities at 2.18 and 2.19 eV, with shoulders at205 and narrow temperature range (about 30 K) In this temperature
2.03 eV, for G3-T11-G3 and G3-T17-G3, respectively. In  region, molecularly dissolved and aggregated chains coexist.
contrast, the nanoaggregates show two emission bands Ofpiotting the normalized intensities of both the free chain
comparable intensity (though much more resolved in the casefjygrescence (at 2.19 eV for G3-T11-G3 and 2.18 eV for G3-
of G3-T17-G3) at 2.02 and 1.88 eV for G3-T11-G3 and at 2.02 T17-G3) and the aggregate fluorescence (at 2.02 eV for G3-
and 1.85 eV for G3-T17-G3. Although Figure 3 shows the T11.G3 and 2.02 eV for G3-T17-G3) as a function of
normalized spectra it is important to note that the emission of temperature provides sigmoidal curves (Figure 4), whose

the aggregated phase is quenched by a factor of 2.4 compare@haracteristics display an excellent match to those obtained from
to that of molecularly dissolved oligomers. Interestingly, the ne absorption spectra (Figure 1).

PL quenching observed for these oligothiophenes is significantly
less than that of poly(3-alkylthiophene) aggregates in which a
quenching factor of 20 is observed upon going from a good to
a poor solvent2 While an obvious explanation for the dimin-
ished fluorescence intensity is intra-aggregate self-quenching,
the lifetime of the singlet-excited state is longer in the aggregate
than in the molecularly dissolved st&® Hence, self-
qguenching is not the major process and consequently the PL
quenching is generally attributed to a decrease of the radiative
decay constant in the aggregated phase, while the nonradiativ
decay constant remains the same or increases slitfhiig.a

result the lifetime of the singlet excited state increases. The H s btained b _ ;
increased natural radiative lifetime is a result of interchain fomMethane at different temperatures obtained by excitation o

interactions that create an excited state that is not radiatively €77—7* transition at 488 nm also show significant differences
coupled to the ground state. The lower PL quenching for G3- dué to the aggregation process (Figure 6). At 270 K (Figure
T11-G3 and G3-T17-G3 compared to poly(3-alkylthiophene)s 6a), where UV/vis and PL spectra indicate that the molecules
might indicate that, as a result of the bulky dendritic end groups, &'€ Molecularly dissolved, the,¥- T transition is at 1.51 eV.

1.5 20 3.0 3.5

Triplet Excited States in NanoaggregatesTo investigate
the influence of the different phases and the aggregation
phenomenon on photoexcitations other than the singlet excited
state we used near-steady state photoinduced absorption (PIA)
spectroscopy, which probes the optical spectra of excited states
with lifetimes in the micro- and millisecond time domain. It is
well established that oligothiophenes readily form triplef) (T
states via intersystem crossing from the singlet excitgdstate
(Figure 5). Triplet states of long oligothiophenes and poly-
%hiophenes have been identifi&tk>

The T, <— T, absorption spectra of G3-T11-G3 in dichlo-

(22) (a) Rumbles, G.; Samuel, I. D. W.; Magnani, L.; Murray, K. A.; (24) (a) Janssen, R. A. J.; Smilowitz, L.; Sariciftci, N. S.; Moses,) D.
DeMello, A. J.; Crystall, B.; Moratti, S. C.; Holmes. A. B.; Friend, R. H.  Chem. Phys1994 101, 1787. (b) Becker, R. S.; Seixas de Melo, J.;
Synth. Met1999 101, 158. (b) Samuel, I. D. W.; Rumbles, G.; Friend, R.  Maganita, A. L.; Elisei, F.Pure Appl. Chem1995 67, 9. (c) Janssen, R.
H. In Primary photoexcitations in Conjugated Polymers: Molecular Exciton A. J. In Primary photoexcitations in Conjugated Polymers: Molecular
versus Semiconductor Band Mop8hriciftci, N. S., Ed.; World Scientific: Exciton versus Semiconductor Band Mog&ariciftci, N. S., Ed.; World
Singapore, 1997; Chapter 7, pp 14073. Scientific: Singapore, 1997; Chapter 18, pp 55%8.

(23) Meskers, S. C. J.; Janssen, R. A. J.; Haverkort, J. E. M.; Wolter, J.  (25) Janssen, R. A. J.; Sariciftci, N. S.; Heeger, AJJChem. Phys
H. Chem. Phys200Q 260, 415. 1994 100, 8641.
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Figure 5. Schematic diagram describing the energy states of the species
that are formed via excitation of the oligothiophenes (see text): ground
state ($); singlet excited state g triplet state (T); charged state (CS); 0.0000
thermal decay (th); photoluminescence (pl); intersystem crossing (isc); S . -
and electron transfer (et). 1.0 1.5 20 25
Energy [eV]
[ a 'z H Figure 7. PIA spectra of the triplet state of G3-T17-G3 at (a) 290, (b)
0.006 - :\1 B 260, and (c) 220 K, where the molecules are in the molecularly
I 5 0 B | . ®eee, dissolved, mixed, and aggregated phases, respectively. The inset of part

0.003 a shows the ratio between the triplet absorptions at 1.23 and 1.49 eV

200 240 280 .
as a function of the temperature.

TIK

0.000
! . : : : . The different vertical scales in Figure 6a reveal that the
~ 0.0008 _b PIA intensity is reduced by nearly 1 order of magnitude upon
- 220K going from 270 to 190 K. Apparently, the decrease of PL
< [ intensity observed upon aggregation is accompanied by a
0.0000 . L . 1 decrease of triplet formation via intersystem crossing. The

decrease in intersystem crossing could be partly ascribed to a

c
0.0004 [ 190 K reduction of the spirorbit coupling, which reduces significantly

1 at small inter-ring torsion anglé$ Although the quenching of
0.0000 [ ) ) - PL and triplet formation could be taken as evidence for an

1.0 15 20 25 increased thermal decay in the nanoaggregates, it is important

Energy [eV] to recall that PL studies on poly(3-alkylthiophenes) have shown
that the nonradiative lifetime (i.e. the combination of thermal

220, and (c) 190 K, where the molecules are in the molecularly dhecay and I?teé‘zsésﬁrr? (gos.sm?)tk:s only Wiakl.¥.depenqt;ntton
dissolved, mixed, and aggregated phases, respectively. The inset of par{ € aggregatiorr- On the basis of these results, Itis possible (o

a shows the ratio between the triplet absorptions at 1.26 and 1.51 evargue that the decrease of intersystem crossing is compensated
as a function of the temperature. by an increase of thermal decay in the aggregates compared to
isolated molecules.

At 190 K (Figure 6c), the molecules are completely in the  Similar results were obtained for G3-T17-G3 in dichloro-
aggregated phase and thg<F T; transition has red-shifted to ~ methane (Figure 7). Here, the typical triplet absorptions for both
1.26 eV, similar to the red shift of the UV/vis and PL spectra. phases appear at slightly lower energies compared to G3-T11-
At intermediate temperatures (220 K, Figure 6b), where UV/ G3 as a consequence of the longer effective conjugation length.
vis and PL measurements signify the coexistence of both phasesfor G3-T17-G3, the J~— T, absorptions interconvert from 1.49
contributions from both types of triplet absorptions appear in eV for the molecularly dissolved phase to 1.23 eV for the
the PIA spectrum. The inset of Figure 6a shows the ratio of the aggregated phase.

triplet absorptions at 1.26 and 1.51 eV as a function of  The maximum bleaching at 290 K occurs at 2.36 eV, i.e.,
temperature. The sigmoidal shape confirms the interconversionshifted by about 0.10 eV compared to the value of 2.46 eV in
of triplet states formed via excitation of a dissolved chain at the absorption spectrum of dissolved molecules. At 200 K, the
high temperatures into triplet states formed in aggregates at lowbleaching consists of a single sharp peak located at the position
temperatures. If the red shift would arise from a continuing of the first (0-0) vibronic transition of the aggregate absorption
increase of intrachain order (i.e. planarization) upon cooling, a (see Figure 1), which suggests that the excitations migrate to
monotonic red shift would be expected rather than the observedthe most ordered domains in the aggregates (Figure 7).
sigmoidal interconversion. The significant red shift at low By varying the modulation frequencyw] in the PIA
temperatures suggests that in the triplet manifold, two- experiment and recording the change in transmissiehT) at
dimensional delocalization over several chains occurs (i.e. Wavethe position of the T T; transition, it is possible to determine
functions that extend intermolecularly). Since the lowest triplet the |ifetime of the triplet staterf) by fitting the data to an
state is known to be rather localiz&the delocalization is most  analytical expression for monomolecular dedy.

likely associated with the higher lying triplet states.

Figure 6. PIA spectra of the triplet state of G3-T11-G3 at (a) 270, (b)

(27) Dr. D. Beljonne, personal communication.
(26) Beljonne, D.; Cornil, J.; Friend, R. H.; Janssen, R. A. J/dBse (28) Dellepiane, G.; Cuniberti, C.; Comoretto, D.; Musso, G. F.; Figari,
J.-L. J. Am. Chem. Sod 996 118, 6453. G.; Piaggi, A.; Borghesi, APhys. Re. B 1993 48, 7850.




Photoinduced Neutral and Charged States in Nanoaggregates J. Am. Chem. Soc., Vol. 123, No. 2892001

N ¥ v T T T y a,
RC1 AC2 RC2 a A g, N
0.005- 4 0.0010 b
b, & 2 tacs
LUMO & LTk
>
>
~ 0.0001 +4 0.0000 wl AC3
<':1 A %) ? K TCT
) ] 3 | '\
i b —+*=
0.010 RC1 b1 ACH
4 0.0005 b, + ................... 2 | i
Q m—hed——
1 chain 2 chains
_ i Figure 9. Schematic molecular orbital diagram and symmetry labels
0.000 i 40.0000 . . . . . X
. 1 . 1 . L of an odd numbered oligothiophene radical cation, localized on a single
05 1.0 15 2.0 chain (left) and delocalized over two cofacial chains (right). The
principal optical transitions are shown as RC1, RC2, AC1, AC2, AC3,

Energy [eV]

Figure 8. PIA of the radical cations of G3-T11-G3 (a) and G3-T17-
G3 (b) generated in the presence of TCNE. The solid lines (left axes)
show the radical cation absorption spectra at temperatures where the
molecules are molecularly dissolved (290 K) and the dashed lines (right
axes) show the low-temperature spectra where the molecules are
aggregated (200 K)RC1, RC2, AC1, AC2, AC&and AC3 denote

and AC3.

specific transitions as indicated in Figure 9. The RC (Radical Cation) §
transitions are associated with a charge confined to a single chain, =]
whereas the AC (Aggregate Cation) transitions relate to a single charget 8
delocalized over more chains. '<_J §
lgt,, c

“AT=—rn 1) Z

A1+ a)zrmz

In (1), 1 is the intensity of the pump beam agdhe efficiency
of generating the photoinduced species. The frequency-depend- . 4 . L
ent changes of-AT reveal that the photoinduced triplet states 1.0 E 1.5
have lifetimes on the order of 0.10 ms for a molecularly nergy [eV]
dissolved oligothiophene and about 0.20 ms for an interchain Figure 10. Comparison of the PIA spectrum of G3-T11-G3 radical
delocalized triplet state in a nanoaggregate. The slight increasecations photogenerated in dichloromethane in the presence of TCNE
of the triplet-state lifetime in the nanoaggregate compared to (/id lin€; left axis) and the formation of radical cations via chemical

. . . doping with thianthrenium perchlorate in solution at very low doping
the molecularly dissolved state confirms that intra-aggregate self- |, s (~1%) (dashed line: right axis).

quenching is not the primary cause for the decrease in the

formation of triplet states. . . are molecularly dissolved, and the dashed lines (right axes) show
.Chafged Sta“?s In Nanoaggrega_tesRadmal cations of . the spectra at 200 K where the molecules are aggregated.
oligothiophenes in solution are readily formed via photoexci- When the excitation takes place on free chains at 290 K, we
tation in the presence of an external electron acceptor such a%ig photoinduced absorptions at 0.68Q1) (RC symbolizes’
tetracyanoethylene (TCNE.In this reaction the photoexcited Radical Cation) and 1.41 e\RC2 forlG3-T11-GS and at 0.61

S, state of the oligothiophene is transformed into a triplet T (RCY) and 1.40 eV RC2 for G3-T17-G3. TheRC1band is
state via intersystem crossing, which is subsequently oxidized assigned to é transition from the highest .doubly occupied level

by TCNE via an intermolecular electron transfer reaction to - . . -

. . ) . to the singly occupied electronic (polaron) level, while R@2
generate t_he rao!|cal cation of the oligothiophene and the TCNE band is a%s);/ignedao a transition #:)m the)singly occupied level
radlcal anion (Figure 5). Because thg eIeptron transfer OCCUIS5 the lowest unoccupied electronic level (Figure®®kigure
intermolecularly and the generated radical ions can diffuse freely 10 illustrates that the absorption spectra of G3-T11-G3 radical
in solution, the charge-separated state has a long lifetime before

the radical ions eventually recombine to the neutral Sbecies Theca'[ions in solution, obtained by either photoexcitation in the
catl ventuatly : u pecies. presence of TCNE as electron acceptor or chemical oxidation

photoinduced absorption spectra of the charged states of Gs’with thianthrenium :
. . perchlorate, are essentially the same and

T11-G3 (Figure 8a) and G3-T17-G3 (Figure 8b) recorded at : . L

290 and 200 K in the presence of TCNE show that this process confirm the assignmenrf.Although the onsets of the transitions

; . . are very similar in both cases, it can be seen in Figure 10 that

ISI' Effﬁq'vﬁ for b_?:]h mc:_lgclylarly d;gsolved ?ng[ aggregﬁted the transitions obtained by chemical oxidation are broader. Upon

?hleg(?;ollicz:gl ir;?iso'n ak?szf Itiorllr;e:tIQQOlg}grsvf?ef’: thzxﬁlsg;cglvevs going to higher levels of chemical oxidation, significant shifts
P ’ to higher energies take place for tR€1andRC2transitions,

(29) (a) Scaiano, J. C.; Evans, C.; Arnason, J. Photochem. Photobiol. ~ being the most distinct for G3-T17-G3. Moreover the width and
B 1989 3, 411. (b) Wintgens, V.; Valat, P.; Garnier, F. Chem. Phys.
1994 98, 228. (c) Janssen, R. A. J.; Moses, D.; Sariciftci, NJSChem. (30) Van Haare, J. A. E. H.; Havinga, E. E.; Van Dongen, J. L. J;
Phys.1994 101, 9519. Janssen, R. A. J.; Cornil, J.; Bredas, Jdhem. Eur. J1998 4, 1509.
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function of the modulation frequencyd) to the expression
derived for bimolecular decadp:

AT= @( o tanha ) @)

a + tanha,

Here,( is the bimolecular decay constant, while= 7t/(wty),
with 7, = (gl3) %5 the bimolecular lifetime under steady-state
conditions. It is important to note that, depends on the
experimental conditions such as concentration and pump-beam
intensity.

The lifetime of the photogenerated radical cations of G3-
T11-G3 (Figure 11, open circles) and G3-T17-G3 (Figure 11,
280 "o solid squares), determined using eq 2, increases exponentially
from 1 to 2 ms at temperatures where the oligothiophenes are
in a molecularly dissolved phase to about 30 ms at temperatures

Modulation Frequency (Hz) where the molecules are completely aggregated. Hence, the
Figure 11. Modulation frequency dependence of the normalized change recombination rate is significantly red_uced Tdt IO\_Ner temper_a-
in transmission at 0.65 eV of the charged state of G3-T17-G3 at 290 tures. The observed decrease of PIA intensity with decreasing
K (open squares) and 200 K (open circles). The inset shows the lifetime temperature (Figure 8) is in part due to the modulation frequency
of radical cations of G3-T11-G3 (open circles) and G3-T17-G3 (solid of 275 Hz at which the spectra were recorded (causing
squares) as a function of temperature. overmodulation), and in part due to the reduced formation of
the triplet state, which is the precursor to the charged state.

-AT (normalized)

200 240
T K]
Prar e | dd s 2 a sl

100 1000

0.01

MU

the shift of theRC1 and RC2 transitions show pronounced _ _
concentration dependence and are currently under investigationDiscussion

When charged oligothiophenes are formed in an aggregated The thermochromic changes in the triplet spectra of G3-T11-
phase at 200 K, the PIA spectrum of the radical cations differs G3 (Figure 6) and G3-T17-G3 (Figure 7) show that interchain
drastically (Figure 8, dashed lines). The initRC2transition interactions in aggregates not only cause significant changes in
has been replaced by a new bardiC2 (AC symbolizes  the absorption and fluorescence spectra but also affect the
Aggregate Cation), which is red shifted by about 0.12 eV to excitations in the triplet manifold. In a preliminary account on
1.29 eV for G3-T11-G3 and to 1.28 eV for G3-T17-G3. The the thermochromic changes of the triplet excited state of poly-
RCltransition, which was observed for dissolved molecules, (3-octylthiophene) in 2-methyltetrahydrofuran solution, we
apparently has lost a significant part of its intensity, but most previously reported a shift of the, - T; transition from 1.50
likely the AC1band, for the aggregated phase, has red-shifted eV for free chains at 295 K to 1.25 eV for aggregated chains at
to a position below 0.5 eV, outside our detection range. The 190 K, similar to changes observed hé&t&he origin of these
red shift of the spectrum is similar to the observed red shifts in spectral changes can now be unambiguously attributed to
the UV/vis absorption, fluorescence, and triplet absorption interchain interactions that occur in the aggregates, but the extent
spectra. Again, the red shift &C2 does not occur gradually,  of the interchain delocalization of the, Btate or the higher-
but an interconversion betwe®&C2andAC2takes place in a  lying triplet states that are involved from these interactions is
limited temperature region. Interestingly, additional transitions not directly revealed by these experiments.

(marked with an asterisk in Figure 8) at higher energy appear The changes in the optical signatures of the charged states
in the spectrum at the onset of aggregation. For G3-T11-G3, upon aggregation are similar to recent experiments on charge
these new bands are found at 1.77 and 1.92 eV and for G3-carriers in thin films of regioregularly substituted poly(3-
T17-G3 at 1.69 (with a shoulder at 1.75 eV) and 1.91 eV. The hexylthiophene) exhibiting high charge carrier mobilities.
possible nature of these new transitions will be discussed in Regioregular poly(3-hexylthiophene) self-organizes via inter-
detail below. chain stacking in a lamella layer structure with two-dimensional

The frequency dependence of the normalized photoinducedconjugated sheets. Optical charge modulation spectroscopy was
change in transmission-AT) at 0.65 eV for G3-T17-G3 at  used to demonstrate that polaronic charge carriers of poly(3-
290 (RClopen squares) and 200 KC1, open circles) provides  hexylthiophene) possess a two-dimensional interchain character
insight into the lifetime of the intermolecular charge-separated and exhibit lower relaxation energies than the corresponding
state formed by photoexcitation of G3-T17-G3 in the presence radical cations on isolated one-dimensional chétrighe two-
of TCNE (Figure 11). At 290 K, where dissolved molecules dimensionally extended polarons in poly(3-hexylthiophene) are
are excited~ AT changes just half an order of magnitude over characterized by a strong transition just below the optical band
the frequency range studied. In contrast, at 200 K, where 9ap at a position similar to thAC3 and AC3_transitions
molecules in an aggregate are excitedAT decreases by 2  observed here for charged aggregates of G3-T11-G3 and G3-
orders of magnitude in the same frequency range. This denotesT 17-G3 (Figure 8}>1°On the basis of these similarities, we
a significantly longer lifetime of the charge-separated state under consider that the wave functions of positive charges in nano-
these conditions. The charge-separated state decays to the grourggregates of G3-T11-G3 and G3-T17-G3 are spread over
state via recombination of the positive charge on molecularly Several chains. The appearance of new optical signatures upon
dissolved or aggregated oligothiophene radical cations and thedggregation is corroborated by theoretical calculations, which
negative charge of the TCNE radical anions. This is a bimo- Suggest that new transitions with energies located a2
lecular recombination reaction and the associated lifetirge ( Of the isolated radical cations appear in the presence of interchain
of the charge-separated states can be obtained from fitting the™ 31y Christiaans, M. P. T.; Langeveld-Voss; B. M. W.; Janssen, R. A. J.
changes in transmissior-(AT) at the radical cation bands as a Synth. Met1999 101, 177.
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interactions’? Recent quantum chemical calculations on the by marked differences in the optical signatures of PL and of
optical signatures of a polaron in a two-chain aggregate of a long-lived photoexcitations recorded using PIA spectroscopy.
five-ring oligomer of polyp-phenylene vinylene) confirm these  The emission of the nanoaggregates is shifted to lower energies
spectral chang€es. For this aggregate cationAC) with a and exhibits increased vibronic resolution. Likewise, the triplet
symmetric cofacial arrangement of chains, both INDO/SDCI and radical cation absorption spectra of the nanoaggregates are
and AM1/FC1 quantum chemical calculations reveal that the also bathochromically shifted compared to those of isolated
molecular orbitals are completely delocalized over two conju- molecules. The shift to lower energy is interpreted as a result
gated chains, which consequently carry half a unitary charge of extended delocalization of the excited states in the aggregates.
each. In the dimer configuration teC1transition shifts 0.% In addition, new high-energy bands appear in the charged
0.2 eV to lower energy (relative RC1for the single molecule), aggregate PIA spectra. We propose that these new bands arise
and theAC2 transition becomes symmetry-forbidden, while a from transitions among the polaronic levels, which become
weak charge transfe€(l) transition polarized along the packing allowed in the presence of interchain interactions, similar to
axis appears in the infrared region (Figure*9At the same results recently obtained for thin films of poly(3-hexylthiophene)
time, theAC3andAC3 electronic transitions undergo configu- and supported by quantum chemical calculatity#:33The new
rational mixing, providing two new transitions of which the transitions are clear signatures of charged, interchain delocalized
higher energy transition is more interiSe. states.

These calculations and an analysis of the optical excitations  With these experiments we have extended thermochromism
using group theory can be used to interpret the PIA spectra of in conjugated systems to triplet and charged photoexcitations.
charged oligothiophene nanoaggregates. In an all-transoidWe conclude that in well-defined nanoaggregates composed of
conformation, the long oligothiophenes and a cofacial dimer a limited number of G3-T11-G3 or G3-T17-G3 molecules, a
thereof haveC,, symmetry. In the single chain oligomer, the favorable interchain alignment of molecules gives rise to an
molecular orbitals therefore possemsand b, symmetry and interchain delocalization of the photoexcited singlet, triplet, and
transitions between these molecular orbitals are symmetry-charged states. On the basis of the present results we feel that
allowed and polarized along the long axisakxis) of the single interesting novel properties may arise when full control over
chain oligomer. In a cofacial dimer cation, dimer molecular the magnitude of interchain interactions and the size of
orbitals will form with symmetries as depicted in Figure 9. In  nanoassemblies can be obtained. The latter can be obtained by
the dimer four polaronic levels can be distinguished within the carefully engineering the molecular building blocks, i.e. length
HOMO-LUMO gap (1 doubly occupied, 1 singly occupied, 2 of the conjugated core and/or the size of the dendrons.
empty). TheAC3andAC3 transitions, which occur among the
four polaronic levels of the cofacial dimer, are dipole-allowed Experimental Section
and polarized along the longaxis. We assign the new bands
observed in Figure 8 (labeled with an asterisk) to states involving
these tran_s _itions. Th_e same Sym_metry analy_sis rgveals that th nitrogen atmosphere and deoxygenated by multiple frepaep—thaw
ACL1 transition remains allowed in the cofacial dimer cation. cycles before being stored an inert Atmosphere glovebox<s ppm
The observed shift 0AC1 to lower energy upon aggregation  y 5 ang<5 ppm Q). UVivisinear-IR spectra were recorded using a
(Figure 8) is supported by the theoretical calculatiths Perkin-Elmer Lambda 900 spectrometer equipped with an Oxford
decrease oAC2intensity, which becomes symmetry-forbidden  optistat CF cryostat for variable-temperature experiments and 10 mm
in the dimer cation, however, is not observed experimentally or 1 mm near-IR grade suprasil quartz cells. Temperature was kept
(Figure 8). The same feature was found to remain present in constant within+-0.3 K. For the temperature-dependent optical absorp-
optically excited poly(3-hexylthiophene) films where similar 2D  tion experiments the concentration was in the range of® 110
charged excitations were identifié¥In the present case, this 107*M.
deviation may arise from the fact that the aggregation phenom- Photoluminescence spectra were recorded on a SPEX spectrometer,
ena in solution result in a more dynamic interaction. Addition- USing & 3 nmbandwidth and optical densities of the solutions-df.1
ally, it can be expected that the actual alignment of G3-T11- at t_he excitation Wavelengt_h and an Oxford Optistat DN cryostat for
G3 and G3-T17-G3 molecules differs from that of a fully variable-temperature experiments.

symmetric cofacial dimer, which could affect the selection rules - 1otoinduced absorption (PIA) spectra were recorded between 0.5
. e and 2.5 eV by exciting with a mechanically modulated continuous wave
for the optical transitions.

Ar-ion laser pump beam (488 nm, 25 mW, diameter 2 mm) and
. monitoring the resulting change in transmiss{@&T) of a tungster
Conclusions halogen probe light focused on the sample with a phase-sensitive lock-

: : . : in amplifier after dispersion by a triple-grating monochromator and
Variable-temperature UVjvis absorption spectroscopy has detection using Si, InGaAs, and (cooled) InSb detectors. The photo-

.been used to show that G3-T11-G3 ?‘nd.GS._T:W_GS 0rganiz€; ced absorption-AT/T is directly calculated from the change in
Into nanoscale aggregates upon 000"“9 in dilute solution. The transmission after correction for photoluminescence, which is recorded
absorption spectra of both molecularly dissolved and aggregatedp 4 separate experiment. The PIA spectra were recorded with the pump
phases interconvert reversibly with stepwise changes in tem-peam in an almost parallel direction to the probe beam. Samples for
perature, instead of shifting gradually. The transition is con- PIA were prepared in sealed cells in a glovebe% (ppm HO and<5
centration dependent and occurs in a rather narrow temperaturgpm Q) using deoxygenated dicholoromethane. The samples were
range (about 30 K), where molecularly dissolved and aggregatedstudied at different temperatures, using an Oxford Optistat CF cryostat.
chains coexist. The well-defined nature of the nanoaggregatesGenerally, the concentrations used for PIA are on the order Gfi0

of these oligomers was confirmed by TEM. For the m'eas.uremgnts in the presence of TCNE, the molar TCNE

The presence of two interconverting phases of G3-T11-G3 concentration is 10 times higher than that of theonjugated oligomer.

R ) - . - Transmission Electron Microscopy of unstained samples was
and G3-T17-G3 in dichloromethane solutions is also reflected performed using a JEOL 100 CX operated at 80 kV. A droplet of a 1

(32) Blackman, J. A.; Sabra, M. K2hys. Re. B 1993 47, 15437. mg/mL dichloromethane solution of G3-T17-G3 afO was placed
(33) Beljonne, D.; Cornil, J.; Sirringhaus, H.; Brown, P. J.; Shkunov, ©on a Cu-grid (200 mesh, carbon covered) followed by immediate
M.; Friend, R. H.; Bféelas, J. L.Adv. Funct. Mater.2001, 11, 229. drainage.

The synthesis of G3-T11-G3 and G3-T17-G3 has been described in
éietail elsewheré&?® Dichloromethane was dried and distilled under
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