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Abstract: Bichromophoric molecules can support two spatially separated excited states simultaneously
and thus provide novel pathways for electronic state relaxation. Exciton fission, where absorption of a
single photon leads to two triplet states, is a potentially useful example of such a pathway. In this paper,
a detailed study of exciton fission in three novel phenylene-linked bis(tetracene) molecules is presented.
Their spectroscopy is analyzed in terms of a three-state kinetic model in which the singlet excited state
can fission into a triplet pair state, which in turn undergoes recombination on a time scale longer than the
molecule’s radiative lifetime. This model allows us to fit both the prompt and delayed fluorescence decay
data quantitatively. The para-phenylene linked bis(tetracene) molecules 1,4-bis(tetracen-5-yl)benzene (1)
and 4,4'-bis(tetracen-5-yl)biphenylene (2) show intramolecular exciton fission with yields of ~3%, whereas
no delayed fluorescence is observed for tetracene or the meta-linked molecule 1,3-bis(tetracen-5-yl)benzene
3. Analysis of the temperature-dependent fluorescence dynamics yields activation energies for fission of
(10.0 & 0.6) kd/mol for 1 and (4.1 £ 0.5) kJ/mol for 2, with Arrhenius prefactors of (1.48 & 0.04) x 108 s7%
for 1 and (1.72 4 0.02) x 107 s7* for 2. The observed trends in activation energies are reproduced by ab
initio calculations of the independently optimized singlet and triplet energies. The calculations indicate that
electronic coupling between the two tetracene units is primarily through-bond, allowing differences in fission
rates to be qualitatively explained in terms of the linker structure as well. Our results show that it is important
to consider the effects of the linker structure on both energy relaxation and electronic coupling in
bichromophoric molecules. This study provides insight into the structural and energetic factors that should
be taken into account in the design of exciton fission molecules for possible solar cell applications.

Introduction generation (MEG) to increase the yield of excitations per
absorbed photon. In MEG, a single photon produces multiple
excitons that, in principle, can then be turned into multiple
electron-hole pairs. Two types of MEG have been observed.
The first type is a singlet> singlet splitting of a high energy
state S* into two or more low-energy excited states S

The dual pressures of global warming and dwindling fossil
fuel supplies are forcing society to search for alternative energy
sources. One of the most promising avenues for alternative
energy production is solar energy conversion, usually in the form
of photovoltaic conversion of photons into electricity. But
although solar_ph_otovoltaics provide a_n_enviror_1me_,ntally benign, S,+hr—S*—ns, 2=n 1)
potentially unlimited source of electricity, their high cost and
limited efficiencies prevent widespread adoptiofio drive
down the cost of photovoltaic materials, there is currently intense
interest in using organic semiconductors instead of the current
generation of inorganic materials. To increase solar cell ef-
ficiency, both new types of materials and new strategies for
the photon— electron-hole pair conversion process are being (o) Nozik, A. J.Ann. Re. Phys. Chem2001, 52, 193-231.
stughed. In terms of the latter effort, there is stron.g |ntere§t in % Qé’ﬁ;ﬁef\ Fg Bhyé;f;;lOsZeOIZP%éSlé%igg 2004 92, 186601/% 186601/
taking advantage of the phenomenon of multiple exciton

Originally proposed as a strategy to increase solar cell efficien-
cies?3 this process was first observed in PbSe nanocrystals
and has since been confirmed in a variety of other semiconductor
nanocrystal§-” MEG is theoretically capable of increasing the

5) Schaller R. D.; Petruska, M. A.; Klimov, V. Appl. Phys. Lett2005 87,
253102/1-253102/3.

T University of California. (6) Ellingson, R. J.; Beard, M. C.; Johnson, J. C.; Yu, P.; Micic, O. I.; Nozik,
#Max Planck Institute for Polymer Research. A. J.. Shabaev, A.; Efros, A. LNano Lett.2005 5, 865—-871.
§ University of Bielefeld. (7) Murphy, J. E.; Beard, M. C.; Norman, A. G.; Ahrenkiel, S. P.; Johnson, J.
(1) D.O.E. Basic energy needs for solar energy utilization. Presented at B.E.S. C.; Yu, P.; Micic, O. |.; Ellingson, R. J.; Nozik, A. J. Am. Chem. Soc.
Workshop, 2005. 2006 128 3241-3247.
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efficiency of a functioning solar cell by a factor of 2.0, filheéne( 1 Syn;he;i; or: 1,4|—Bis(tét)raceg—S—yl)benzene @),
i i ; ,A'-bis(tetracen-5-yl)biphenylene (2), an

although there is .Some dlsagreemgnt as to the maXImum1,3-bis(tetracen-5-yl)benzene (3), Starting from Monomeric

enhancement possilfié.A second variant of the MEG phe-  Tetracene®

nomenon is the singlet> triplet channel, where the relaxed ~
excited singlet state;$plits into a pair of triplets T “ _'” ' GGG
tet
SO + h'V . Sl* . Sl . 2Tl (2) etracene

This reaction has been known in organic solids for several

"-.,
decade¥!! and is commonly called “exciton fission”. The OO GGG
inverse of this process, exciton fusion, is also of interest to O OGG
enhance the photovoltaic response of organic matéfiidscent

theoretical work has shown that exciton fission is energetically
feasible in several broad classes of organic compotiidi&e gg
reaction 1, exciton fission is spin-allowed but with two additional
advantages. First, it can occur from the relaxed singlet state, so
there is no competition from other rapid intramolecular processes  * Reagents,__condltlons, and yl_eldS:_ () NBS (1 equiv), DMF, CH60
like vibrational relaxation. Second, exciton fission occurs 2CM3KZC98:/21 q(’“)E‘;"gLe”tglﬁfr?éog'gcacﬁ(r? 56%%"1‘3) 2538%?);@)?:55?20;
without the requirement for quantum confinement. Thus, the (3
two newly produced triplets are able to diffuse away from each
other into the bulk solid, which alleviates the self-annihilation racenes. In addition to measuring the absorption and fluores-
problem commonly seen in the inorganic nanocrystal systéms. cence spectra and prompt fluorescence decays, we also char-
Given these potential advantages, it is of interest to gain a betteracterize the dynamics of the delayed singlet fluorescence.
understanding of the photophysical dynamics that underlie this Intramolecular delayed fluorescence, occurring on a time scale
process, so that its potential to increase the efficiency of organic much longer than the singlet radiative lifetime, is a signature
solar cells can be evaluated. of triplet—triplet recombinatior¥* The presence of two triplets
The phenomenon of exciton fission has been proposed towithin an isolated molecule is the direct result of the fission
explain the anomalously low fluorescence vyields in crystalline reaction and thus delayed fluorescence provides a sensitive way
tetracené®6and tetracene remains the most extensively studied to monitor the fission process. Temperature-dependent rate
fission system. Unfortunately, crystalline tetracene is also a very measurements yield information about the activation energies
complicated material with delocalized singlet exciton states and and Arrhenius prefactors for both the forward fission and reverse
many types of defect statés!® A much simpler system consists  fusion reactionsAb initio calculations are used to explore the
of two tetracene molecules connected together via a covalentmolecular conformations of the dimers, as well as the depen-
linker. This type of covalent assembly is the smallest possible dence of the energy level spacing and electronic coupling on
fission system and provides a simple model which can be usedlinker structure. Our results lead to some general conclusions
to test our qualitative ideas about exciton fission. Varying the about how the linker structure can affect the fission reaction,
chemical nature of the covalent linker provides a way to highlighting complexities present even in these relatively simple
modulate the electronic coupling between the tetracene moietiesmolecules. Possible extensions of the work, as well as a
and possibly control the fission rate. Such molecules could comparison of our results to previous studies of fission in the
potentially be used as photosensitizers in hybrid solar cells, crystalline solid, are discussed as well.
where the two excited triplet states rapidly inject electrons into
a semiconductor substrae!®In Scheme 1, we show three such
bis(tetracene) molecules that we have synthesized, along with General."H NMR and™*C NMR spectra were recorded in deuterated
tetracene itself. In an earlier letter, we made a preliminary report Selvents on Bruker DPX250 and DRXS00 spectrometers, using TMS
of the room-temperature dynamics of 1,4-bis(tetracen-5-yl)- as the internal standard. Infrared spectra were obtained on a Nicolet
benzene 1).2° In this paper, we report a more complete study 320 FT-IR spectrometer. FD mass spectra were obtained on a VG

of the photophvsical br i f this family of linked tet- Instruments ZAB 2-SE-FPD. Elemental analyses were performed on a
p physical properties o S Tfamily 0 edte Foss Heraeus Vario EL in the Institute for Organic Chemistry at the

University of Mainz. All starting materials were purchased from

Experimental

(8) Schaller, R. D.; Sykora, M.; Pietryga, J. M.; Klimov, VNano Lett.2006

6, 424-429. Aldrich, Acros, or ABCR and used as received.
9 8Hanna, M. C.; Nozik, A. JJ. Appl. Phys2006 100, 074510/+074510/ 5-Bromotetracene.A solution of NBS (354 mg, 2 mmol) in dry
(10 éingh, S.: Jones, W. J.: Siebrand, W.: Stoicheff, B. P.; Schneider, w. . DMF (40 mL) was added durgnl h into a stirred at 60C solution of

J. Chem. Phys1965 42, 330-342. tetracene (456 mg, 2 mmol) in chloroform (200 mL). The resulting

(1) gﬁgr‘;’e';’;?Zﬁé"’:gb_eégx'fgdEﬁg&oggrlfrgggsgses in organic crystals and | tion was stirred at 68C for 3 h. After cooling to room temperature,

(12) Baluschev, S.; Miteva, T.; Yakutkin, V.; Nelles, G.; Yasuda, A.; Wegner, the reaction mixture was washed with waterx2200 mL) and then

13) %asih‘fs-j%%néﬁﬁ' 23003 '9éh1eér1190)<3/'1??la?1%03(/;4: Popovic. D David . £ cnioroform was evaporatéu vacua The residue was diluted with water
o b o T A J), ana, & sgeooé 128 16546~ (200 mL), and the precipitate was filtered and dried, giving an orange
16553. powder. For analytical purposes, it was purified by column chroma-

(14) Klimov, V. 1. J. Phys. Chem. B006 110, 1682716845.
(15) Swenberg, C. E.; Stacy, W. Them. Phys. Lettl968 2, 327—328.
(16) Geacintov, N.; Pope, M.; Vogel, Phys. Re. Lett. 1969 22, 593-596.

tography on silica gel using dichloromethane as eluent. Yield: 552

(17) Lim, S.-H.; Bjorklund, T. G.; Spano, F. C.; Bardeen, CPHys. Re. Lett. (20) Miller, A. M.; Avlasevich, Y. S.; Mlilen, K.; Bardeen, C. Xhem. Phys.
2004 92, 107402/1-107402/4. Lett. 2006 421, 518-522.

(18) Piryatinskii, Y. P.; Kurik, M. V.Mol. Mat. 1992 1, 43—64. (21) Birks, J. B.Photophysics of aromatic molecuj&¥iley-Interface: London,

(19) Anderson, N. A,; Lian, TAnn. Re. Phys. Chem2005 56, 491-519. 1970.
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mg (90%)."H NMR (500 MHz, GD,Cl4, 25°C): 6 = 9.03 (s, 1H), platinum octaethylporphyrif? this procedure resulted in phosphores-
8.59 (s, 1H), 8.58 (s, 1H), 8.38 (4J)=8.5 Hz, 1H), 8.01 (d3J=7.4 cence lifetimes of>30 us, which shows that the lifetimes measured
Hz, 1H), 7.96-7.94 (m, 2H), 7.36-7.48 (m, 4H) ppm3C NMR (125 for the tetracene derivatives were not limited by quenching due to
MHz, C,D,Cls, 25°C): 132.63, 131.86, 131.61, 130.53, 130.39, 129.15, residual Q. Samples were prepared with a peak absorbance of less
129.07,129.02, 128.59, 128.19, 127.79, 127.74, 127.51, 126.67, 126.59than 0.2 to prevent self-absorption effects.

126.46, 126.35, 125.66 ppm; IR (KBr): = 1655, 1558, 1458, 1382, Steady-state U¥vis absorption and fluorescence data were recorded
1311, 1270, 944, 876, 732, 676 cinMS (FD): m/z (rel. int.) 308.3 using a Cary 50 Bio UV-Visible spectrometer and a Spex Fluorolog
(100%), M+; Anal. Calcd for GgH1:Br: C, 70.38; H, 3.61. Found: Tau-3 fluorescence spectrophotometer (excitation at 400 nm), respec-
C, 70.19; H, 3.47. tively. Fluorescence quantum yields were determined in non-degassed

Typical Procedure for the Suzuki Coupling of 5-Bromotetracene solutions using anthracene in ethanol as stantfafluorescence
with Arylene Diboronic Acids. 5-Bromotetracene (308 mg, 1 mmol) lifetimes were taken by exciting the samples with 200 fs pulses centered
and arylene diboronic acid (0.5 mmol) were dissolved in the mixture &t 400 nm. The pulses were generated using a 40 kHz regeneratively
of toluene (24 mL) and ethanol (2 mL) in a 50 mL Schlenk flask and amplified Ti:Sapphire laser system and frequency doubling in a Type
flushed with argon. After stirring at 80C for 20 min, Pé(dba); (tris- I BBO crystal. The fluorescence emission of room-temperature samples
(dibenzylideneacetone)dipalladiurf)( 25 mg, 13xmol), DPEPHos (no cryostat) was coIIec_teo_I at 9elative to the e>_<c_:itation, whereas
(bis(2-diphenylphosphinophenyl)ether, 50 mg, 0.1 mmol), and aqueous for cooled samples the incident angle of the exciting laser beam was
2 M K,COs (4 mL) were added to the solution. The reaction mixture 2aPout 10 relative to the cuvette surface normal. The excitation pulses
was stirred at 95C for 24 h under argon. After cooling, the resulting ~ €xhibited linear polarization, and the angle between the polarization
mixture was washed with water and extracted with toluene. The Of the collected fluorescence light and that of the excitation light was

combined organic extracts were evapordtedacuoand purified by adjusted to 54.7(magic angle), using a thin film polarizer, to eliminate
column chromatography on silica gel using petrol ether/dichloro- time-dependent effects due to molecular reorientation. The fluorescence

methane. 3:1 as eluent. was directed into a monochromator attached to a picosecond streak

1,4-Bis(5-tetracenyl)benzene (L)ield: 178 mg (67%)H NMR camera (Hamamatsu C4334 Streakscope), which provides both time-
(256 MHz, CDCl,, 25°C): & = 8.82 (s .2H) 8.79 (s ZH) 8.66 (s and wavelength-resolved fluorescence data, with resolutions of 15 ps
2H), 8.36 kdd 3\]:2% 6 Hz éH) _8 1:'3_7 98’ m 6H) . 86 (d3J’ :'7 s " and 2.5 nm, respectively, and 80 000 sweeps were averaged for each

sample.
Hz 2H), 7.55-7.38 (m, 10H) ppm3C NMR (125 MHz, CQCl,, 25 ) ) )
°C): 134.6, 132.5, 132.1, 130.8, 130.5, 129.8, 129.6, 129.3, 129.1, Calculations. All quantum chemical calculations were performed

L. o o7 15 1o 15 15 1, 1,6 e T v o7 s of gt e
125.6, 125.4 ppm: IR (KBr)» = 3442, 3043, 2922, 2852, 2366, 1629, _F P

e ; . )
895, 743 cm®: MS (FD): miz (rel. int) 530.4 (100%), M- Anal. of S.OPhIS.tlcatIOI‘?. No symme_try coqstralnt§ were applled_durlng the
optimization. The SV(P) basis set is considered as equivalent to the
Calcd for GoHo6: C, 95.06; H, 4.94. Found: C, 95.17; H, 4.83. . ) ) ) .
o ) ) 6-31g(d) basis set in accuracy. For all calculations, a higher grig (
4,4-Bis(5-tetracenyl)-1,1-biphenylene (2).Yield: 176 mg (58%). 4) was employed. The electronic excitations were throughout obtained

*H NMR (250 MHz, CDCl,, 25°C): 6 = 8.73 (s, 2H), 8.69 (s, 2H), from the adiabatic approximation of time dependent density functional
8.38 (s, 2H), 8.04 (fJ = 7.8 Hz, 4H), 8.01 (81 = 7.0 Hz, 2H), 7.97  theory (TDDFT)?

(d, 3 = 8.2 Hz, 2H), 7.80 (d3J = 8.1 Hz, 2H), 7.73 (d3J=8.7 Hz,
2H), 7.62 (d,%J = 7.8 Hz, 4H), 7.247.39 (m, 8H) ppmC NMR Results and Discussion

(125 MHz, CDCl,, 25°C): 140.52, 138.67, 137.05, 132.58, 132.00, . . o
131.81, 131.74, 130,55, 130.23, 129.09, 128.95, 128,51, 128.35, 127.65, ~\rylene-linked bis(tetracened)-3 were synthesized in two

127.49. 127.21. 126.89 126.00. 125.86. 125.74. 125.63. 125.39 Ime.steps: bromination of tetracene to 5-bromotetracene and Suzuki
IR (KBr): v = 3440, 3040, 2920, 2850, 2360, 1629, 895, 742tm coupling of 5-bromotetracene with corresponding arylene di-

MS (FD): mvz (rel. int.) 608.2 (100%), M-; Anal. Calcd for GgHag: boronic acids (Scheme 1). The modern popular approach for
C, 95.02; H, 4.98. Found: C, 95.12; H, 4.87. the monobromination of polycyclic arenes uses NBS in DVIF.
1,3-Bis(5-tetracenyl)benzene (3)Yield: 111 mg (42%)H NMR However, the low solubility of tetracene in DMF prevents direct

(250 MHz, CDCl,, 25°C): & = 8.77 (s, 2H), 8.73 (s, 2H), 8.67 (s,  application of this procedure. We used chloroform to obtain
1H), 8.61 (s, 2H), 7.938.08 (m, 8H), 7.77 (d3J=7.4 Hz, 2H), 7.68 better solubility of the tetracene and a small amount of DMF
(br.s., 1H), 7.39-7.46 (m, 8H) ppm{*C NMR (125 MHz, CQCl,, 25 for the NBS, which permitted the synthesis of 5-bromotetracene
°C) 139.50, 136.88, 135.01, 134.80, 131.81, 131.62, 131.54, 131.19,in high yield (90%). The Suzuki coupling of 5-bromotetracene
131.16, 130.36, 130.06, 129.16, 128.98, 128.88, 128.84, 128.27, 127.16yyith ary|ene diboronic acids using Pd(&ﬁhas a catalyst
127.07, 1_26.81, 125.93, 125.88, 125.75, 125.59, 125.26 ppm; IR formed the target compounds only in a low yield10%).
(KBr): v = 344.0’ 3040, 2920, 2852, 2360, 1629, 895, 7434MS Varying the reaction conditions did not improve the yield. The
(FD): mv/z (rel. int.) 531.2 (100%), M-; Anal. Calcd for G.Hzs: C, L . . .
. . . combination Pgldba) with DPEPhos (bis(2-(diphenylphos-
95.06; H, 4.94. Found: C, 95.13; H, 4.86. . . . ..
. ) phino)phenyl)ether) as a ligand was described as an efficient
Photophysics.Tetracene was obtained from TCI, benzene, toluene, . . . .
catalyst for the Suzuki coupling of sterically hindered, ortho-

and DMF (all spectroscopic grade) were obtained from EM Science, . . S . . .
and isopentane (spectroscopic grade) was obtained from Aldrich. All disubstituted benzen€¥The application of this catalytic system

samples were measured in solution in 1 cm path length quartz cuvettes.
P P gtha (22) Yang, J.; Cyr, P. W.; Wang, Y.; Soong, R.; Macdonald, P. M.; Chen, L.;
For temperature-dependent measuremertmx 1 cm quartz cuvette Manners, 1. Winnik, M. A. Photochem. Photobiol.2006 82,

filled with degassed solution (solvent mixture: 3 mL toluene, 3 mL - 2M62|?]267h- W. HJ. Phys. Chemi961, 65, 220-235
. . . elhuish, W. H.J. s. Che , .
isopentane, 2 mL DMF) and tightly closed with a neoprene stopper 5243 Ahlrichs, R.; Ba, M.; l-)llaser, M.; Horn, H.; Kdmel, C.Chem. Phys. Lett.

was placed in a home-built aluminum cuvette mount in a cryostat (Janis 1989 162, 165-169.

ST-100) with a temperature controller (LakeShore 321). The cryostat (25) 23507*‘7*9’ A.; Horn, H.; Ahlrichs, R.J. Chem. Phys1992 97, 2571~
was evacuated and cooled down to 175 K, using liquid nitrogen as the (26) Bauernschmitt, R.; Ahlrichs, FChem. Phys. Lettl996 256, 454-464.
cryogen, or heated to 325 K. With this setup, the solvent mixtures (27) Mitchell, R. H.; Lai, Y. H.; Williams, R. V.J. Org. Chem1979 44, 4733~
remained liquid at all temperatures. The samples were degassed by(zg) Yin?j_; Rainka, M. P.; Zhang, X. X.; Buchwald, S.L.Am. Chem. Soc.
bubbling argon through the solutions for 30 min. Using a solution of 2002 124, 1162-1163.

14242 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007
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600
time / ns

Figure 2. Time-resolved fluorescence decays of {ajb) 2, and (c)3 in
degassed (solid black lines) and oxygenated (dashed lines) toluene at room
temperature. Also shown are fits to the data in degassed toluene with a
function that contains the measured Gaussian instrument response convo-
luted with a biexponential decay (a and b) or a monoexponential decay (c)
(solid gray lines).

norm. absorption
0Ud2S340N|} "WIou

. This is in contrast to the widely studied bianthryl molecule,
oo where in nonpolar solvents there is measurable excitonic
coupling and in polar solvents a low-energy charge transfer state
dominates the fluorescenge3* The presence of an extra phenyl
T group in the linkage between the tetracenes is apparently
sufficient to prevent the strong electronic interactions seen in
. ey bianthryl, where the anthracene moieties are separated by only
400 450 500 550 600 a single bond. We attempted to synthesize the single bond linked
tetracene analog of bianthryl, but problems with purification
wavelength / nm and a lack of photostability prevented us from making reliable
Figure 1. _Normalized absorption (solid lines) and steady—s_tate fluorescence measurements on this molecule.
(dashed lines) spectra of (a) tetracene, Ib{c) 2, and (d)3 in toluene. Although the steady-state spectroscopy clearly indicates that
our bis(tetracene) derivativels-3 can be thought of as pairs
to the coupling of 5-bromotetracene with arylene diboronic acid of weakly coupled tetracene molecules, it provides no informa-
gave arylene-linked bis(tetracenes)-3 in 42—67% yield. tion about possible fission dynamics. Delayed fluorescence,
Agqueous potassium carbonate was used instead of potassiuntesulting from intramolecular triplet recombination or “fusion”,
phosphate in the original procedure to improve the yields of provides an indirect way to monitor triplet dynamics and has
bis(tetracenes). been used extensively to characterize exciton fission in solid
The steady-state absorption and fluorescence spectra fortetracen&> 38 The room-temperature fluorescence decays of
monomeric tetracene and molecules3 are shown in Figure  derivatives1l—3 are shown in Figure 2 for both ambient and
1. The spectra of all four molecules are remarkably similar. The degassed toluene solutions. In compouddand 2, a clear
only differences are a slight red-shift and broadening of the biexponential decay appears in the degassed solutions. In both
dimer spectra. One additional difference is that the high- cases, the long-time component decays on a time scale of more
frequency vibronic progression in all three dimers is slightly than 100 ns, much longer than the radiative lifetime of either
less pronounced than in monomeric tetracene. From Figure 1,molecule (26-30 ns). Furthermore, the spectrum of this long-

the ratio of the height of the-81 peak to the 80 peak in the lived component is identical to that of the initial singlet emission,
tetracene emission spectrum is about 0.70, whereas in the dimersis shown in Figure 3. Note that the 500 nm peak in these spectra
it is about 0.55. A similar decrease in the relativellintensity is diminished relative to that in the steady-state spectra in Figure

is also seen in the absorption spectra. The red-shift, broadeningl. This is because the wavelength response of the streak camera
and change in vibronic intensities are all consistent with what detection setup was not uniform across the spectrum due to the
has been observed for phenyl-substituted polyac&hésThe use of spectral cutoff filters. This long-lived emission was
spectral red-shift can be understood in terms of a slight increaseobserved in all solvents, regardless of polarity. The long-lived
in electronic delocalization due to the conjugated phenylene emission from moleculel and2 must be due to the temporary
linker. The spectral broadening may be due to conformational storage of the singlet energy in a long-lived dark state where
disorder in the dimers, where different conformers have slightly leakage back into the singlet state is allowed. The fact that the
different transition energies, or it may be that there are additional long-lived decay disappears when oxygen is present provides
low-frequency vibrational modes coupled to the electronic proof that it is not an artifact of the instrument response of our
transition in the dimers. The spectra are fairly insensitive to : : — - -

changes in solvent, shifting only a few nanometers as the solvent®? Eﬂ;zs Fégsnﬁt.“/%g\é\% ﬂ;ih'zy;‘g‘@zggfkada' T."Mer, U.; Mallen, K. J.
polarity is varied from toluene to Ci€l, to DMF. The lack of (33) Nishiyama, K.; Honda, T.; Reis, H.; Mer, U.; Mullen, K.; Baumann,

a pronounced solvatochromic effect in the dimer reveals the (34 \g;gl?n'ﬁfj%_;Tgfé(;ﬂ%;ie(,:’hf%éggé ioéhssg_séé%igga 102 689

absence of significant through-bond charge transfer interactions. _ 696. ) )
(35) Ern, V.; Saint-Clair, J. L.; Schott, M.; Delacote, Ghem. Phys. Letil971,

10, 287-290.
(29) Jones, R. NChem. Re. 1947, 41, 353-371. (36) Arnold, S.; Alfano, R. R.; Pope, M.; Yu, W.; Ho, P.; Selsby, R.; Tharrats,
(30) Zweig, A.; Gallivan, J. BJ. Am. Chem. Sod.969 91, 260-264. J.; Swenberg, C. El. Chem. Physl976 64, 5104-5114.
(31) Burgdorff, C.; Kircher, T.; Lbmannsfben, H. G.Spectrochim. Acta A (37) Arnold, S.; Whitten, W. BJ. Chem. Phys1981, 75, 1166-1169.
1988 44, 11371141. (38) Klein, G.Chem. Phys. Lettl978 57, 202—206.
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Table 1. Room-Temperature Energies of the Lowest Energy
Absorption and Highest Energy Fluorescence Bands, Prompt
Fluorescence Lifetimes, Quantum Yields, and Radiative Lifetimes

E of Tetracene and the Three Bis(tetracene) Molecules 1, 2, and 3
.% in Non-Degassed Benzene or Toluene Solution
= molecule tetracene 1 2 3
£ abs. band/cm' 21 050 20555 20575 20575
9 o.5f TN - fl. band/cnmt 20942 20 161 20222 20263
; /ns 3.88+£0.01 6.13+-0.02 5.44+0.01 6.13+0.02
okt | . < Y ol 0.17+0.02 0.31+0.01 0.42+0.02 0.35+0.03
500 550 600 (in benzene) (in benzene) (in toluene) (in toluene)
wavelength / nm Trad NS 23+ 3 19.8+ 04 12.9+0.7 17+1

Figure 3. Fluorescence emission spectra of {aand (b)2 in degassed
toluene in the 670 ns time window (solid lines) and the 20800 ns time T
1

window or the 86-270 ns time window (dotted lines) fot or 2, S
respectively. ..
\/ Ei®= E(2Ty) - E(Sy)

streak camera. Although s an effective triplet quencher, the T

fact that it quenches the long-lived fluorescence component is E(SD

not proof that this component is due to a triplet state. In the E(S1)
case of tetracene, Lactually quenches the singlet state more So

efficiently than the triplet stat&®. Our assignment of the stored \\ _/

energy to a triplet pair state is based O,n known energy levels of Figure 4. Energy level model for tetracene and the bis(tetracehgR)
tetracene and our calculated electronic structures. The absencgngs,
of any long time component in monomeric tetracene is expected,

since no triplet pair state is possible in this case. The steady-,[he measured fluorescence decay time, whekgaandkic+k;
. . 1 C SC

. . 3re obtained from the measured fluorescence quantumdield
for all the molecules are summarized in Table 1. The most in solution via the relation

notable fact is that the phenyl substitution decreases the radiative

lifetime, consistent with some electronic delocalization that Keag

enhances the transition dipole moment. Dy =— (6)
To analyze the bis(tetracene) dynamics measured in our time- ki

resolved spectroscopy experiments, we utilize the model outlined

in Figure 4. This model is the simplest one that captures the

essential physics of the fission procé%é! The populations of

the §, T1 and 2T (triplet pair) states are determined by a set

of three coupled linear differential equatiof¥s:

Since the triplet lifetime of monomeric tetracene-i§00us 3942
we setkyp = 1 ms when we simulate the data. At room
temperature, tetracene in degassed solution has nonradiative rates
ki = 4.6 x 10’ st andks. = 13 x 10’ s 142 whereas we
found a total nonradiative rate.+kisc = 4.5 x 10" s* for 1
8N51 f;]mdz Et roon;] tempera;]ture. SUbﬁti:]‘_Jt‘;d t(—;ltracenes like rubrene
- _ ave been shown to have much higher fluorescence quantum
(Kise + K + Koy KisdNg, KN, (3) yields than tetracene, so the reducged nonradiative ratcl: in our
N, substituted tetracenes is not too surprising. With these values,
t— _ktripNT + kischl (4) there are only two undetermined parameters in our model,
ot ! namelyksss and ks, The relative magnitude diss compared
aN2T1 to ky determines the point at which the initigl rapid fluoregcence
i ~(Kyip t KiugdNor, + KiseNg, 5) decay changes over to a second exponential decgy. ThIS. Iopger,
delayed fluorescence component then decays with the lifetime

In this system of equationBlg,, Ny,, andNzr, are the populations of the tripl(_et_pair state_, 2_1T which is determined l_)}(fus since_

of the excited singlet state, single triplet state per molecule, and kk‘]”p is negligible on tlk:|s tlkr]ne _scalle. dejystematlﬁally ;]/arylng .
triplet pair state, respectivelysc is the intersystem crossing these lt\g/o rates j‘o t at_t € sw;u ati ata _m_atc es the experi-
rate,kic is the internal conversion ratieaqis the radiative decay menta ata, W(_a e_termlrkass a_m Kius, the remalnlng parameters
rate kup is the triplet decay rate, aridss andkys are the fission in the scheme in Figure 4. Since very different parts of the data
and fusion rates, respectively. Note that since we only observed'® sensitive to the different rate constants, we can be sure that
fluorescence, the effect of internal conversion on the fluores- thg comblna_lthn ORiiss andlgus obtained using th's_ approgch IS
cence dynamics is indistinguishable from that of intersystem unique to within the experimental error. Simulations using eqs
crossing. This set of equations can be quickly solved by matrix 3-5 for the room-temperature fluorescence decay data are

diagonalization using a standard package in an analysis progranpverla'd W'th, the data in Figure 2. These §|mulat|ons involve
like MATLAB. In practice, ki = kag + ko + ke is fixed by the convolution of the measured Gaussian instrument response
' ' 2 o with a biexponential decay that is obtained from solving egs

(39) Murov, S. L.; Carmichael, |.; Hug, G. IHandbook of Photochemistry 3—5. Thanks to the high dynamic range of our streak camera
2nd ed.; Marcel Dekker, Inc.: New York, 1993.

ot

(40) Pope, M. Geacintov, N. E.. Vogel, Fol. Cryst. Lig. Cryst.1969 6, measurements, we are able to obtain reliable estimates of both
83-104.

(41) Swenberg, C. E.; Ratner, M. A.; Geacintov, N.JEChem. Phys1974 (42) Burgdorff, C.; Ehrhardt, S.; llonannstben, H.-G.J. Phys. Cheml1991,
60, 2152-2157. 95, 4246-4249.
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Table 2. Room-Temperature Rates for Prompt Singlet
Fluorescence (kag), Intersystem Crossing and Internal Conversion
(kisctkic), Phosphorescence (kuip), Exciton Fission (kfiss) and
Fusion (kus), Fission Activation Energies (E™%), Arrhenius
Prefactors (A) for Fission and Fusion, and Fission Yields (®yss) of

)

In(k /s )

Molecules 1 and 2 in Degassed Toluene Solution 114
molecule 1 2
Kad S7* (5.00+ 0.05) x 107 (7.70+ 0.05) x 107 L . Y
(kisc + kic)/s™t (4.50+ 0.05) x 107 (4.504+ 0.05) x 107
kmp/S_l 1% 10° 1% 108 3.54.04.55.05.5 ?335 47.10 4.55.05.5
Kriss/S™ 1 (2.840.2) x 10° (4.0+0.2) x 10° 1YT/(10°K)
kius/s™ (3.0+£0.2) x 10° (10+1) x 10° Figure 6. Temperature dependence of fissi®) @nd fusion M) rates of
Ea Jem 840+ 50 340+ 40 (a) 1 and (b)2. Also shown are linear fits to the fission (solid lines) and
Aisds? (1.48+0.04)x 10° (1.72+ 0.02) x 107 fusion (dashed lines) rates.
Ands (3.20+ 0.02) x 10° (8.9+0.1) x 1P
D 0,028+ 0.002 0,029+ 0.001 of this data for compounds and2 are given in Figure 6a and

b. In both compounds, the Ikgs) data undergoes a linear
decrease with 1/T, yielding activation energies of 84060
cm (10.0+ 0.6 kd/mol) forl and 3404+ 40 cnT! (4.14+ 0.5
kJ/mol) for 2. Thekss data, on the other hand, exhibit almost
no temperature dependence, suggesting a negligible barrier for
the reverse reaction in both molecules. This observation is
consistent with the energy level model in Figure 4. The
Arrhenius prefactors can be obtained from the data in Figure 6
as well. The fission prefactors differ by almost 1 order of
magnitude, 1.5« 10° s~ for 1 and 1.7x 10’ s* for 2. This
difference in prefactor values may be due to weaker electronic
coupling between the tetracene moietieg,ias discussed below.
) For the fusion reaction, the Arrhenius prefactors are-(B) x
time / ns 10° s 1 for 1 and (8% 3) x 1P s~1for 2. The values are almost
Figure 5. Time-resolved fluorescence decayslofn degassed solvent identical to within the range of experimental error. When fitting
r_nixture (tquene/isopenta_ne/DMF 3:3:2) as_afunctionlof temperature (dotted the temperature-dependent data, we also obtain values for the
lines). Also shown are fits to the data with a function that contains the | _ i : 7 -1
measured Gaussian instrument response convoluted with a biexponentialk'sc_‘—k|C nonradiative d_ecay.rate ranging from 610" s™* to
decay (solid lines). 1.0 x 10° s™1. By plotting this rate versus Tfrom 325 to 250
K, an estimate of the activation energy for the nonradiative
relaxation pathway of approximately 2000 chis obtained for
both1 and2. This value is consistent with values obtained for
phenyl-substituted tetracene derivativeé4®
Kiiss Our experimental results show that the bis(tetracene) deriva-
DPrigs = E ) tives 1 and 2 undergo thermally activated exciton fission, but
with low vyields. Molecule3, on the other hand, shows no
discernible signs of fission. To gain further insight into the
origins of the different behaviors seen in molecules3, we
turned toab initio calculations to address three main questions.
d he first concerns the conformation of the dimevehat are
the orientations of the tetracene rings with respect to the linker
and can they rotate freely in solution? The second question
concerns the energy levels in the compounds. Can the differ-
ences inE; for 1 and2, or the lack of fission ir8, be understood

Given a model that allows us to extragts andkis from the in terms of shifting energy levels? In the simple model outlined

i i ; i iss _
experimental data, we can now look at these rates as a function" Figure 4, the activation energs,™ = E(2T1) — E(Sy) can
of temperature to extract information about the energetics of P€ deduced from the calculated &d T, energies. Finally, is
the fission and fusion reactions. In Figure 5, we show the theré any indication that electronic coupling in the singlet
temperature dependence of the fluorescence decay of molecul&Xcited-state manifold plays a role in determining the size of
1in a toluene/DMF/isopentane solvent mixture that is formu- the Arrhenius prefactors in the fission and fusion rates?
lated to remain a liquid down to 150 K. Both the short-time ~ Figure 7a-c shows the energy minimized ground state) (S
decay component and the amplitude of the long-time componentStructures forl—3. In all three molecules., the linker phenyl
change over the temperature range 4335 K, whereas the ~ 9roups are rotated by-90 degrees relative to the tetracene

decay time of the long component remains essentially constant.M0ieties due to steric interactions. The lack of planatectron
Below 175 K, the long-time decay was so diminished that it pathways would be expected to prevent efficient through-bond

could no longer be reliably distinguished from the background €lectron delocalization and explains why the spectroscopy of

noise. Using the model outlined in Figure 4, we can determine

R X (43) Komfort, M.; Lthmannsfben, H.-G.; Salthammer, TJ. Photochem.
both kiss andkss as a function of temperature. Arrhenius plots Photobiol. A199Q 51, 215-227.

0 200 400 600

parameters even when smialls values lead to low fission yields
Dy, defined as

@5 is on the order of 23% for moleculesl and 2, with no
measurable fission yield iB. The kinetic parameters used to
fit the data are summarized in Table 2. Note that these
parameters have been used to fit the data for the degasse
samples in the cryostat and yield a quantum yield of 0.49 for
1. When adjusted for @singlet quenching? the quantum yield
falls to 0.32, consistent with the non-degassed sample data in
Table 1.
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Figure 7. Geometry optimized singlet ground state-( and relaxed first excited singlet state-{l structures (left: side view, right: top view) df(a,d),
2 (b,e), and3 (c,f).

the dimers is so similar to that of the monomer. Calculations energies of tetracene and its phenylene-substituted derivatives
on different conformers allow us to estimate a barrier for rotation listed in Table 3. In tetracene, the experimentaDabsorption
for the tetracene rings ih to be~4—8 kJ/mol, comparable to  peak is located at 21 050 crh) whereas the calculated energy
KT at room temperature. This is similar to the rotational barrier of the vertical transition is 19 822 crh a shift of about 1200
in biphenyl, which has a similar bonding situation and has been cm™ or about 0.15 eV. This is well within the typical accuracy
a topic of intensive investigatiol. The calculated barrier for ~ expected for TDDFT calculatiorf8,and we did not attempt to
rotation in this molecule is rather small, and for the planar scale the calculated energies to obtain better agreement with
conformation, the (repulsive) eclipsed hydrogétydrogen experiment. The calculated triplet energy is also slightly lower
interactions are counteracted by (attractive) dispersive interac-than the experimental value for tetracéfé%4’ The addition
tions, which in general are not properly accounted for by density of phenylene linkers to the 5-position of tetracene leads to a
functional calculations. This leads to some uncertainty in the small shift to lower energy for both the singlet and triplet states.
absolute value of the barrier, but probably not more than 4 kJ/ The singlet states are lowered in energy by about 300 &
mol. So it is likely that these molecules rotate easily in solution the first phenylene group. Similarly, the first phenylene group
and are not locked into a single conformation. Slight energy appears to lower the triplet energy by 200¢nFor both singlet
differences between rotamers would provide a qualitative and triplet states, there results are consistent with experimental
explanation for the broadened absorption and fluorescencedata for phenyl-substituted polyacenes, where the excited-state
spectra seen for the dimers in Figure 1. energies are typically lowered by a few hundred—&m3!

The second question is whether energy level shifts in the Subsequent additions to the linker have little effect on the
dimer molecules can help explain the different observed fission energies, with shifts of at most 100 cfn For all the single
and fusion rates. Analysis of the data in Figure 6 suggests thattetracene molecules, the calculations yield only a single state
the fission activation enerd* in 2 is about 50% of that iri. in the correct energy range and it is straightforward to identify
According to Figure 4, this could come about if the-S 2T; the strongly allowed singlet and triplet states that correspond
energy gap ir2 is lower than inl. The calculation of excited- ~ t0 the experimentally observed states.
state energies is less straightforward than that of ground state The situation becomes more complicated when the linker is
properties, but our hybrid TDDFT method produced good terminated by a second tetracene. The second tetracene has a
agreement with experimental transition energies, which was

encouraging. We first examined the) S> S;* absorption (45) Dreuw, A.; Head-Gordon, MChem. Re. 2005 105 4009-4037.

(46) Volcker, A.; Adick, H. J.; Schmidt, R.; Brauer, H. @hem. Phys. Lett.
1989 159 103-108.

(44) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; Tanabe,JK. (47) McGlynn, S. P.; Azumi, T.; Kasha, Ml. Chem. Phys1964 40, 507—
Chem. Phys1999 110, 2858-2861. 515.
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Table 3. Calculated Energies and Mixed Representations for that two triplet states can exist independently on the two
8S§:gab°rzr§féiggtgsl*°fsgg E&a{‘:{?ggesnfer??] éhgigzg&a’;ignseos)sft; tetracene moieties. The situation is different for the singlet states,
and 3, and Three Single Tetracene Molecules with which shift and Spllt Into multlple lines with the addition of the
Methyl-Terminated Linker Groups? second tetracene. This behavior is due to excitonic interactions,
molecule E(S;)/cm™ | osc. strength similar to what is seen in “super molecule” calculations on
dimers®951 where TDDFT has been successfully appféd.
0000 19,822+ 0.0634 These excitonic interactions will be discussed in more detail
below. For now, we simply point out that the results of the bis-
OOOO (tetracene) calculations require us to make two choices to

estimateE;iSS. First, given the multiplicity of states generated
by the calculations, we must choose which one to use for
19,109* 0.141 . : ) .
19,589 0.0804 calculating the relevant energy differences. Since the triplet
states appear unaffected by the excitonic interactions, the energy
of the 2T; state is just taken to bE(2T;) = 2 x E(T,). For the
S, state, we take the lowest energy state with appreciable
oscillator strength. This state is indicated for molecdle$ in
Table 3. The second question concerns the geometry to be used
for the calculation of the energy differences. Optical absorption
induces an instantaneous transition from the relaxestade to
the unrelaxed 8 state, as shown in Figure 4. Since the exciton
fission rate is much slower than the vibrational relaxation rate,
it is safe to assume that fission occurs from the relaxed S
geometry and not from the;Sgeometry. Experimentally, we
have found that there is no activation energy for the fusion
reaction, which suggests that the energy at the top of the barrier
is the same as that of the relaxed State. So the appropriate
energy difference B(T;) — E(S;) should be taken at two
different geometries, the relaxed &d the relaxed 1f both of
18,857 0.0710 which are distinct from the relaxedgoSstate from which
19,616 0.0910 absorption first occurs. This situation is illustrated schematically
in Figure 4 and the relevant energy parameters from the
calculations are summarized in Table 4.

When these different energies are evaluated, we find that the
trend in energies qualitatively follows the experimental results.
When the energy differendgl™> = E(2T;) — E(S,) is evalu-
19.516 0.0920 ated for moleculed—3, we find that moleculéel has a larger
E™S than 2, 851 cn! as opposed to 715 crh This is in
qualitative agreement with the trend in experimentally measured
Egss values, 840 cm® and 340 cm? for 1 and2, respectively.

We were unable to detect any delayed fluorescenc,fand

the Egss values in Table 4 provide one possible explanatin.
has a calculate@™ = 1675 cnTl, more than twice that of
and2. Even given the same Arrhenius prefactor, this increase
in the activation energy would be enough to decrease the fission
rate by a factor of 100, effectively making it undetectable. The
origin of the increaseEgSS in 3 appears to lie mostly with the
extra energy difference between the unrelaxgdstte accessed

by photon absorption and the fully relaxeds$ate where fission
occurs. All three bis(tetracene) molecules in the relaxest&e
undergo significant geometrical distortions as shown in Figure
7d—f, with 1 and3 showing the greatest changes from the initial
So(S1*) geometries in Figure 7ac. Since the energy of the
triplet state is insensitive to the presence of a second tetracene
and the structural details of the phenylene linker, these excited-

19,417* 0.238
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W
§ 9
O+
W

aThe lowest energy state with appreciable oscillator strength that is
considered in further calculations is marked with an asterisk.

negligible effect on the triplet state energy and does not result
in the appearance of extra allowed states in the calculations.(48) Robinson, G. WAnn. Re. Phys. Chem197Q 21, 429-474. )
. . . . . (49) Hochstrasser, R. M.; Li, T. Y.; Sung, H. N.; Wessel, J.; Zewail, A. H.
The insensitivity of the triplet energies to linker structure or Pure. Appl. Chem1974 37, 85-96. _
even to the presence of a second tetracene suggests that th&0) Bazan, G.; Oldham, W. J.; Lachicotte, R. J.; Trefiak, S.; Chernyak, V.;
)
)

. . : . . . Mukamel, S.J. Am. Chem. Sod.998 120, 9188-9204.
triplet state is localized on one side of the dimer. This is (51) Beljonne, D.; Cornil, J.; Silbey, R.; Millie, P.; Bredas, JJLChem. Phys.
i i i i i ; 200Q 112, 4749-4758.
consistent with the small triplet exciton bandwidths seen in (52) Clark, A E. Qin, C. Li, A. D. QJ. Am. Chem. So@007, 129, 7586

polyacene molecular crystafs'® and supports our hypothesis 7595.
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Table 4. Calculated Energies of the Relaxed First Excited Singlet State (S1), Relaxed First Excited Triplet State (T1), Calculated Energy
Differences between the Unrelaxed and the Relaxed First Excited Singlet State (E(S1*) — E(S1)), and Calculated Activation Energy for
Fission (Effs) of Tetracene and the Bis(tetracenes) 1, 2, and 3 (see State Diagram in Figure 4)

molecule E(Sylemt E(Tylem™! E(St¥) - E(Sy)lem™! E's = E(2T,) - E(Sy) cm™*
tetracene 18 478 9534 1344 590
1 17821 9336 1288 851
2 17 967 9341 1450 715
3 16 945 9310 1912 1675

state geometry changes appear to be the primary factorsobtain an interaction energy;, = 85 cnTl. Since the point

determiningE™®. It should also be pointed out that the choice
of molecular geometry plays an important role in the estimation
of the activation energies. If we had used the unrelaxgd S

energies in Table 3 to predict trends in the activation energies,

we would have obtained negativel* values for all three
molecules, as well as a smaIIEE‘ss value for1 relative to2,
the opposite of what is observed experimentally. Finally, we

dipole method tends to overestimate g interaction term,
this value should be taken as an upper bound/ie%-64 The
splitting of the absorption is given byV2; = 170 cnt?,
corresponding to about 4 nm in this wavelength range, which
is less than the observed line broadening. We can similarly
estimateVi; = 25 cnttin 2 andViz = 90 cntl in 3. These
analytical calculations can be compared to the resulébafitio

should note that all the energy differences discussed here arecalculations given in Table 3. These calculations predict that

comparable to or less than the amount of absolute ex©2Q0
cm1) in the energies calculated using our TDDFT method.

tetracene and both have only a single, strongly allowed singlet
absorption at energies of 19822 thand 19417 cmf,

Thus, the numerical values for the energies should not be takenrespectively. But for molecule$ and 3, where the tetracene

too seriously. The important point is that the calculations provide

rings are separated by only a single phenylene group, the

a qualitative way to explain the observed experimental trends calculations predict a pair of strongly allowed absorption peaks

and highlight some subtleties of the energetic factors involved.
A final question we tried to address using the calculations
was the role of interchromophore electronic coupling in

located at 19 109 cnt and 19 589 cm! for 1 and 18 857 cmt
and 19 616 cm! for 3, leading to estimates &f;» = 240 cnt?!
for 1 andV;, = 380 cnt? for 3. The smallV;, values obtained

determining the fission rate, presumably by affecting the from the “optimistic” through-space calculations using eq 8
Arrhenius prefactors. Some workers have speculated that thesuggest that the larger calculatég values are due to through-
presence of singletsinglet electronic interactions, accompanied bond interactions. For example, when the spectra of the
by the presence of delocalized intermolecular exciton states,conformers in Figure 7 are recalculated after removal of the
might enhance the singlet fission r&feWe begin with a linker phenyl, so the through-bond mechanism is no longer
discussion of the nature of the electronic coupling between the operative, the splitting disappears and the two lines are replaced
two tetracenes. Electronic coupling in the bis(tetracene) mol- by a single absorption at-20 000 cnt!. Furthermore, the
ecules can be of two types: through-space Coulomb coupling, calculated spectra for different phenylene conformers gives rise
and through-bond electron-transfer couplg?® We can to different splittings, and when the linker phenyl group is
estimate the magnitude of the through-space term by assumingwisted perpendicular to the tetracene rings, the splitting is
a point-dipole interaction between the two tetracene transition minimized. The physical origin of the splittings in the calcula-
dipole moment§8-57 tions can thus be assigned to through-bond interactions, but the
qguestion remains as to why these splittings are not seen
experimentally. One likely explanation is the conformational
flexibility present in all three molecules. Electronic delocaliza-
tion in biphenyl has been shown to be very sensitive to the
In this expressionM is the transition dipole moment (0.82 torsion angle between the phenyl rif§sand it is likely that
10722 C m for tetracene¥®5°r,, is the center-to-center distance €lectronic communication through the bis(tetracene) molecules
between the transition dipoles, which are assumed to be exactlycan also be disrupted by changes in twist angles. Facile rotation
centered in the tetracene rings and oriented perpendicular toof the tetracene rings would give rise to a distribution of

IM|?

47ter§2

V12

(cosa + 3 cog )

C)

the long molecular axise is the dielectric constant of the
medium € = 2.3&;, for toluene), with 4reg taken to be 1.11265

x 10710 C?s%kg~!m~2. a is the angle between the dipoles, and
0 is the angle made by the dipole with the center-to-center line.
For moleculel, where the tetracene rings are rotated°18h

interaction energies, and this distribution may be at least partially
responsible for the broadened lineshapes in Figure 1. For these
reasons, it is probably impossible to make quantitative state-
ments about the relative magnitudesva$ without performing

a thermal average over all possible conformations in the relaxed

respect to each Other, similar to what is seen in Figure 7, we S, state. What we can say is that the thrOUgh-bond interactions

(53) Swenberg, C. E., Geacintov, N. E., EBgcitonic interactions in organic
solids Wiley & Sons: Bristol, 1973; Vol. 1, pp 489564.

(54) Harcourt, R. D.; Scholes, G. D.; Ghiggino, K. .Chem. Phys1994
101, 10521+-10525.

(55) Scholes, G. D.; Harcourt, R. D.; Ghiggino, K. .Chem. Phys1995
102, 9574-9581.

(56) Thompson, A. L.; Gaab, K. M.; Xu, J.; Bardeen, C. J.; Martinez, T. J.
Phys. Chem. 2004 108 671-682.

(57) Kasha, M.; Rawls, H. R.; EI-Bayoumi, M. Rure. Appl. Cheml1965 11,
371-392.

(58) Klevens, H. B.; Platt, J. Rl. Chem. Phys1949 17, 470-481.

(59) Tanaka, JBull. Chem. Soc. Jafl965 38, 86—103.
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appear to be much larger than the through-space couplings, and

(60) Czikklely, V.; Fasterling, H. D.; Kuhn, H.Chem. Phys. Lettl97Q 6,
207-210.

(61) Krueger, B. P.; Scholes, G. D.; Fleming, G. R.Phys. Chem. B998
102, 5378-5386.

(62) Ortiz, W.; Krueger, B. P.; Kleiman, V. D.; Krause, J. L.; Roitberg, A. E.
J. Phys. Chem. BR005 109, 11512-11519.

(63) Beenken, W. J. D.; Pullerits, T. Chem. Phys2004 120, 2490-2495.

(64) Wong, K. F.; Bagchi, B.; Rossky, P.Jl.Phys. Chem. 2004 108 5752—
5763.

(65) Wang, J.; Cooper, G.; Tulumello, D.; Hitchcock, A.R Phys. Chem. A
2005 109 10886-10896.
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would be expected to be the main contributors to the fission significantly in the meta-coupled bis(tetracer®)By making
rate. Through-bond couplings that depend on conformation couldthe T; state lower in energy, the fission reaction can be downhill,
provide transient opportunities for exciton fission, in much the which both provides an extra driving force and also prevent
same way that solvent and conformational fluctuations lead to the loss of the triplet pair through recombination, which now
transient electron-transfer events in bianttfstihd which control becomes energetically unfavorable. Michl and co-workers have
electron transfer in phenylene-bridged donacceptor mol- done an extensive study of different organic molecule types and
ecules’” On average, the through-bond term in the meta-linked have identified several motifs in which exciton fission would
molecule3 would be expected to be smaller than that in the be energetically allowetf A simple example in the polyacene
para-linked dimerd and2. This expectation is not fulfilled by ~ family is pentacene, with roughly the same Davydov splitting
the largeVi, calculated foi3, but this in turn may be an artifact ~ as tetracen@72 but whereE(2T;) — E(S,) is estimated to be
of comparing single conformations instead of sampling over about —4000 cn1.39 In solid films, the fission reaction is
all possible conformations. The longer linker2ris expected estimated to take place on the order of 100%fas opposed to
to have a weaker coupling than in and this trend is indeed  ~150 ps in solid tetracene. The only problem with the approach
seen in the calculations and also in the experimental values forof lowering the triplet energy is that it leads to a loss of overall
the Arrhenius prefactors in Table 4. energy efficiency, since the excess energy left over after
The fission rates fofl and2 in Table 2 are much less than generating the triplet state pair is dissipated as heat and cannot
the literature values fdg;ss in solid tetracene, which range from  contribute to the electrochemical potential energy of an eleetron
1.2 x 1P to 8 x 1(P s71.36-38.68.69T¢ improve the fission yield,  hole pair.
one can imagine two approaches. The first is to improve the  Although not central to this work, it is worth speculating on
electronic coupling between the two tetracene moieties. Previ- the fate of the triplet pair state produced by exciton fission.
ously we speculated that the low fission yieldliwas due to Ideally, this state would be long-lived so that both states could
weak electronic coupling between the tetracene moiélies. be harvested and provide energy to produce two electhote
Intermolecular coupling in the solid is relatively strong, as pairs. In inorganic nanocrystals, exciteexciton annihilation
evidenced by the existence of a Davydov splittingia? in the rapidly removes the fission products on the picosecond time
absorption spectrum o650 cm 15970 This strong coupling  scale!* The decay of the delayed fluorescence in our bis-
gives rise to delocalized singlet exciton states that extend over(tetracene) molecules suggests that the triplet pair can survive
an average of 10 molecules in polycrystalline sampl&duch on the order of 100 ns in these compounds. We have so far
delocalized excitonic states would be expected to have goodassumed that the dominant decay channel is triplet fusierT T
spatial overlap with a doubly excited triplet state that spans two — S;. But in crystalline tetracene, the;¥T; — Ti* — Ty
molecules® To increase the tetracentetracene coupling in  annihilation channel has been found to play a significant role
our covalent molecules, we could either shorten the linker, as well3540 |t should be noted that solid tetracene has the
increasing the through-space interaction (as in the solid), or forceadvantage that the tripletriplet recombination yield is sup-
the tetracenes to remain planar, increasing the through-bondpressed by the ability of the triplet excitons to rapidly diffuse
interaction. As mentioned earlier, a single-bond variant was away from each other into the bulk sofitl.To accurately
synthesized but was not sufficiently stable for reliable spectro- determine the relative importance of these two channels in the
scopic measurements. Calculations suggest that such a moleculgecay of the triplet pair, it is necessary to monitor both the S
would have the tetracenes rotated @th respect to each other,  and T; populations simultaneously, for example using frequency
similar to the situation in bianthrytt A more promising linker resolved transient absorption. Such an experiment is impractical
group would be an ethynyl bridge, which would provide enough for the current family of compounds due to the very low fission
space for the tetracene rings to remain planar as well as a moreyields, but has been shown to be a valuable tool for detecting
robust pathway forz-electron communication. Planarity could the possible role of fission in conjugated polyefe¥.
be enforced by either choosing a constrained solvent environ-
ment, or by attaching additional functional groups to the Conclusion
tetracene rings to prevent large rotational displacements. Of

: _ ! A In this work, we have synthesized a series of bis(tetracene)
course, improving the through-bond coupling also carries the

' ’ ) molecules to investigate the phenomenon of intramolecular
risk that electron transfer across the bridge will lead to & low- o it fission, By characterizing the dynamics and temperature
energy charge-transfer state as in biantfiyfin this case, the  jenendence of both the prompt and delayed singlet fluorescence,
triplet pair state would not be the lowest relaxation energy \ o nhave shown that para-phenylene linked molectlaad 2
pathway, and the strong coupling would lead to the disappear- gy fission yields on the order 0f8%, whereas the meta-
ance of the fission chann_el aItog_ethe_r. o linked molecule3 shows no measurable fissiodb initio

A second approach to increasikgs is to make the fission 510 jations indicate that the molecules are conformationally

process more energetically favorable. One problem with tet- feyihje which can mediate the interchromophore interactions
racene is thaE(2T,) is very close tdE(S,), and we have seen
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and result in broadened lineshapes rather than clear excitonunderstanding of the fission reaction will be necessary for the
splittings. The calculations reproduce the trend in fission design of molecules that have exciton fission yields approaching
activation energies, which are largely determined by the the 50% level. At this threshold, it would be possible to achieve
energetics of the excited singlet state and in particular the a total quantum yield greater than unity, making this phenom-
position of the relaxed ;Sstate. The lowering of Sis most enon of practical interest for the design of organic solar cells.
pronounced in molecul@ and provides a possible explanation

for the lack of observed fission in this molecule. Finally, the ~ Acknowledgment. C.J.B. acknowledges the support of the
electronic interaction between the tetracenes appears to béNational Science Foundation, grant CHE-0517095.
dominated by through-bond interactions, leading to both the ] ) ) .

sensitivity to conformation and to reduced couplin@idue to ~Supporting Information Available: - Calculations and Carte-
its meta-conjugated linker. Thus, we can qualitatively explain Sian coordinates of optimized geometries. This material is
the relative trends in fission between molecules3 based on available free of charge via the Internet at http://pubs.acs.org.
the ab initio results and basic chemical principles. This is a

promising first step, although a more detailed theoretical JA073173Y
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