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            Excited state dynamics in solid and monomeric tetracene: The roles of superradiance and exciton ﬁssion Jonathan J. Burdett, 1,a Astrid M. Müller, 1,a,b David Gosztola, 2 and Christopher J. Bardeen 1,c 1 Department of Chemistry, University of California-Riverside, Riverside, California 92521, USA 2 Center for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, USA Received 26 July 2010; accepted 10 September 2010; published online 12 October 2010 The excited state dynamics in polycrystalline thin ﬁlms of tetracene are studied using both picosecond ﬂuorescence and femtosecond transient absorption. The solid-state results are compared with those obtained for monomeric tetracene in dilute solution. The room temperature solid-state ﬂuorescence decays are consistent with earlier models that take into account exciton-exciton annihilation and exciton ﬁssion but with a reduced delayed ﬂuorescence lifetime, ranging from 20–100 ns as opposed to 2 s or longer in single crystals. Femtosecond transient absorption measurements on the monomer in solution reveal several excited state absorption features that overlap the ground state bleach and stimulated emission signals. On longer timescales, the initially excited singlet state completely decays due to intersystem crossing, and the triplet state absorption superimposed on the bleach is observed, consistent with earlier ﬂash photolysis experiments. In the solid-state, the transient absorption dynamics are dominated by a negative stimulated emission signal, decaying with a 9.2 ps time constant. The enhanced bleach and stimulated emission signals in the solid are attributed to a superradiant, delocalized S 1 state that rapidly ﬁssions into triplets and can also generate a second superradiant state, most likely a crystal defect, that dominates the picosecond luminescence signal. The enhanced absorption strength of the S 0 → S 1 transition, along with the partially oriented nature of our polycrystalline ﬁlms, obscures the weaker T 1 → T N absorption features. To conﬁrm that triplets are the major species produced by relaxation of the initially excited state, the delayed ﬂuorescence and ground state bleach recovery are compared. Their identical decays are consistent with triplet diffusion and recombination at trapping or defect sites. The results show that complications like exciton delocalization, the presence of luminescent defect sites, and crystallite orientation must be taken into account to fully describe the photophysical behavior of tetracene thin ﬁlms. The experimental results are consistent with the traditional picture that tetracene’s photodynamics are dominated by exciton ﬁssion and triplet recombination, but suggest that ﬁssion occurs within 10 ps, much more rapidly than previously believed. © 2010 American Institute of Physics. doi:10.1063/1.3495764 I. INTRODUCTION The larger polyacenes anthracene, tetracene, and penta- cene have long served as prototypical conjugated organic semiconductors. Coherent bandlike charge transport has long been known to exist in highly puriﬁed polyacene crystals, 1 and these molecules and their derivatives form an important class of materials for organic electronic devices. 2 Recently, attention has focused on potential applications of this class of molecules in organic photovoltaic devices. Heterojunction solar cells based on tetracene and pentacene have displayed reasonably high 2% solar energy conversion efﬁciencies. 3–6 The combination of facile charge transport and exciton diffusion suggests that these materials have the potential to generate high photocurrents. In addition, these molecules also exhibit exciton ﬁssion EF, the spontaneous splitting of a singlet exciton into a pair of triplets that holds promise as a way to increase the overall efﬁciency of solar cells by as much as 30%. 7,8 Originally observed in anthra- cene crystals, 9 EF has been postulated to play an important role in the excited state dynamics of tetracene 10 and pentacene, 11 both of which fulﬁll the energetic requirement for efﬁcient EF that the energy of the relaxed singlet state ES 1  must be at least twice that of the triplet energy ET 1 , i.e., ES 1   2ET 1 . 12 Recent theoretical work is clarifying the conditions under which EF may optimized, 13,14 and ex- perimental work in our group has demonstrated that EF can occur in covalent tetracene dimers 15,16 while other groups have investigated a variety of other organic materials. 17–23 But in some sense the technological development of these materials has outstripped the fundamental understanding of their electronic states and how dynamic processes like relax- ation and transport occur. For example, recent experiments on pentacene-based photodetectors suggest that EF enhances carrier generation in this molecular solid. 24 Recent transient absorption TA experiments 25,26 and theoretical work, 27 on a These two authors contributed equally to this work. b Present address: California Institute of Technology Beckman Institute Pasadena, CA 91125. c Electronic mail: [email protected]. THE JOURNAL OF CHEMICAL PHYSICS 133, 144506 2010 0021-9606/2010/13314/144506/12/$30.00 © 2010 American Institute of Physics 133, 144506-1 
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Excited state dynamics in solid and monomeric tetracene: The rolesof superradiance and exciton fission
 Jonathan J. Burdett,1,a� Astrid M. Müller,1,a�,b� David Gosztola,2 andChristopher J. Bardeen1,c�
 1Department of Chemistry, University of California-Riverside, Riverside, California 92521, USA2Center for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, USA
 �Received 26 July 2010; accepted 10 September 2010; published online 12 October 2010�
 The excited state dynamics in polycrystalline thin films of tetracene are studied using bothpicosecond fluorescence and femtosecond transient absorption. The solid-state results are comparedwith those obtained for monomeric tetracene in dilute solution. The room temperature solid-statefluorescence decays are consistent with earlier models that take into account exciton-excitonannihilation and exciton fission but with a reduced delayed fluorescence lifetime, ranging from20–100 ns as opposed to 2 �s or longer in single crystals. Femtosecond transient absorptionmeasurements on the monomer in solution reveal several excited state absorption features thatoverlap the ground state bleach and stimulated emission signals. On longer timescales, the initiallyexcited singlet state completely decays due to intersystem crossing, and the triplet state absorptionsuperimposed on the bleach is observed, consistent with earlier flash photolysis experiments. In thesolid-state, the transient absorption dynamics are dominated by a negative stimulated emissionsignal, decaying with a 9.2 ps time constant. The enhanced bleach and stimulated emission signalsin the solid are attributed to a superradiant, delocalized S1 state that rapidly fissions into triplets andcan also generate a second superradiant state, most likely a crystal defect, that dominates thepicosecond luminescence signal. The enhanced absorption strength of the S0→S1 transition, alongwith the partially oriented nature of our polycrystalline films, obscures the weaker T1→TNabsorption features. To confirm that triplets are the major species produced by relaxation of theinitially excited state, the delayed fluorescence and ground state bleach recovery are compared.Their identical decays are consistent with triplet diffusion and recombination at trapping or defectsites. The results show that complications like exciton delocalization, the presence of luminescentdefect sites, and crystallite orientation must be taken into account to fully describe the photophysicalbehavior of tetracene thin films. The experimental results are consistent with the traditional picturethat tetracene’s photodynamics are dominated by exciton fission and triplet recombination, butsuggest that fission occurs within 10 ps, much more rapidly than previously believed. © 2010American Institute of Physics. �doi:10.1063/1.3495764�
 I. INTRODUCTION
 The larger polyacenes �anthracene, tetracene, and penta-cene� have long served as prototypical conjugated organicsemiconductors. Coherent bandlike charge transport has longbeen known to exist in highly purified polyacene crystals,1
 and these molecules and their derivatives form an importantclass of materials for organic electronic devices.2 Recently,attention has focused on potential applications of this class ofmolecules in organic photovoltaic devices. Heterojunctionsolar cells based on tetracene and pentacene have displayedreasonably high ��2%� solar energy conversionefficiencies.3–6 The combination of facile charge transportand exciton diffusion suggests that these materials have thepotential to generate high photocurrents. In addition, thesemolecules also exhibit exciton fission �EF�, the spontaneous
 splitting of a singlet exciton into a pair of triplets that holdspromise as a way to increase the overall efficiency of solarcells by as much as 30%.7,8 Originally observed in anthra-cene crystals,9 EF has been postulated to play an importantrole in the excited state dynamics of tetracene10 andpentacene,11 both of which fulfill the energetic requirementfor efficient EF that the energy of the relaxed singlet stateE�S1� must be at least twice that of the triplet energy E�T1�,i.e., E�S1��2E�T1�.
 12 Recent theoretical work is clarifyingthe conditions under which EF may optimized,13,14 and ex-perimental work in our group has demonstrated that EF canoccur in covalent tetracene dimers15,16 while other groupshave investigated a variety of other organic materials.17–23
 But in some sense the technological development of thesematerials has outstripped the fundamental understanding oftheir electronic states and how dynamic processes like relax-ation and transport occur. For example, recent experimentson pentacene-based photodetectors suggest that EF enhancescarrier generation in this molecular solid.24 Recent transientabsorption �TA� experiments25,26 and theoretical work,27 on
 a�These two authors contributed equally to this work.b�Present address: California Institute of Technology Beckman InstitutePasadena, CA 91125.
 c�Electronic mail: [email protected].
 THE JOURNAL OF CHEMICAL PHYSICS 133, 144506 �2010�
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the other hand, have cast doubt on whether the initially cre-ated singlet exciton actually dissociates into two triplets inpentacene. Alternative pathways include the formation ofcharge-transfer excitons or bound triplet pair states after sub-picosecond relaxation from the initially excited singlet state.
 Recent work in our group has centered on gaining aquantitative understanding of the delocalized singlet excitonsin both anthracene and tetracene using time-resolved photo-luminescence spectroscopy.28,29 Tetracene is similar to pen-tacene in terms of its crystal structure and its solid-state ab-sorption properties but has the advantages of greaterchemical stability and a large body of previous spectroscopicstudies. Tetracene’s energy levels are also favorable forstudying the interaction of singlet and triplet excitons. Inpentacene, E�S1��2E�T1� and once the triplets are formed,it is energetically impossible for them to recombine at a latertime into a singlet state. In tetracene, E�S1��2E�T1� whichpermits both singlet and triplet dynamics to be monitored viaprompt and delayed fluorescence signals, respectively.30 Theability to easily detect both species via fluorescence has al-lowed the extensive characterization of EF in crystalline tet-racene, and the dependence of singlet versus triplet yield onmagnetic field orientation has provided strong evidence thatEF plays a dominant role in this system.31–34 The establishednature of EF in this system makes tetracene an interestingsystem both for fundamental photophysical studies and as apotential EF material for photovoltaic applications. In thispaper, we study the excited state dynamics in polycrystallinethin films of tetracene using both picosecond fluorescenceand femtosecond transient absorption. We compare our solid-state results with those obtained for monomeric tetracene indilute solution. Our room temperature fluorescence decaydata are consistent with earlier models that take into accounta range of processes, including exciton-exciton annihilation�both singlet and triplet� and EF. The main difference be-tween our data and earlier data on single crystals is a drasti-cally reduced triplet lifetime in the polycrystalline films, aphenomenon that may have implications for devices basedon evaporated thin films. Femtosecond TA measurements onthe monomer in solution reveal several excited state absorp-tion features that overlap the ground state bleach and stimu-lated emission signals on the picosecond timescale. Onlonger timescales, the initially excited singlet state com-pletely decays due to intersystem crossing, and the tripletstate absorption superimposed on the bleach is observed,consistent with earlier flash photolysis experiments.35 In thesolid-state, the TA dynamics are completely different fromthose of the monomer, with a dominant stimulated emissionsignal that decays on a 10 ps timescale superimposed onweak excited state absorption features. We attribute this un-expectedly large signal to a superradiant S0→S1 transition.The initially excited S1 state rapidly partitions between EFand relaxation into a second superradiant state, most likelyassociated with a crystal defect, that is observed in the pho-toluminescence. The enhanced absorption strength of theS0→S1 transition, along with the partially oriented nature ofour polycrystalline films, makes it difficult to unambiguouslyobserve the weaker T1→TN absorption features in the solidfilm. In order to confirm that triplets are the dominant excited
 state species after photoexcitation, we simultaneously mea-sure the delayed fluorescence �due to triplets� and groundstate bleach decay. The fact that they decay on identical ti-mescales is consistent with the picture that the excited statedynamics are dominated by EF followed by triplet diffusionand recombination. Our experimental results clarify some ofthe complexities inherent in the spectroscopy of large poly-acenes in the solid-state, including the roles of superradiantexcitons and defect states. We find no evidence, however,that the overall picture of solid-state tetracene photodynam-ics being dominated by EF and triplet recombination requiressignificant revision.
 II. EXPERIMENTAL
 Tetracene from two different sources was used for theseexperiments and gave identical results. Tetracene purchasedfrom TCI was purified via sublimation prior to use, whiletetracene purchased from Aldrich �sold as benz�b�anthracenesublimed grade, 99.99% trace metals basis� was used as re-ceived. Monomer samples of tetracene for the TA experi-ments were made by dissolving tetracene into toluene tomake solutions. Several different methods were used to gen-erate tetracene polycrystalline samples. For the growth of thethin solid films, glass slides were cut into �1 cm by 3 cmpieces and cleaned in tetrahydrofuran before being placed ina base bath. After the base bath, the substrates were rinsedwith deionized H2O and dried in an oven at 200 °C. Poly-crystalline films were grown by evaporating tetracene in aPelco vacuum evaporator under pressures less than 1.5�10−5 torr onto cleaned glass substrates. Thin films werealso grown under flowing argon by horizontal physical vaporgrowth,36 with a source temperature of 180 °C, and a depo-sition temperature ranging from 140 to 160 °C. A thirdmethod utilized reprecipitation from a tetrahydrofuran solu-tion to form an aqueous suspension of nanoparticles.37
 Samples grown using all three methods gave very similarresults for the fluorescence experiments, but only the ther-mally evaporated films were used for the TA measurementsdue to their greater homogeneity and lower scattering. Tet-racene single crystals were grown by sublimation over 14 h,then carefully placed onto cleaned glass slides and affixedwith vacuum grease.
 Steady state absorption spectra of the solid samples weretaken under vacuum in a Janis ST100 cryostat using anOcean Optics SD2000 spectrometer. Absorption spectra ofliquid samples were taken in a 1 mm quartz cuvette in a Cary50 spectrometer. Steady state fluorescence spectra were mea-sured with a Fluorolog 3 spectrofluorimeter with 400 nmexcitation and front face detection.
 Fluorescence lifetimes were taken using front face detec-tion with a Hamamatsu C4334 streakscope picosecond streakcamera. The 400 nm excitation was generated by frequencydoubling the 800 nm pulse from a 40 kHz Spectra-PhysicsSpitfire Ti:sapphire regenerative amplifier. Scattered pumplight was removed by placing a 450 nm long wave pass filterand 420 nm color filter on the input lens before the streakcamera. The fluorescence was detected at 54.7° relative tothe pump to eliminate rotational diffusion effects. A power
 144506-2 Burdett et al. J. Chem. Phys. 133, 144506 �2010�
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dependence on the samples was done in order to determinethe fluences where exciton-exciton annihilation became afactor. The onset of singlet-singlet annihilation was observedat 4.05�10−5 J cm−2, and triplet-triplet annihilation startedat 1.22�10−5 J cm−2. All the fluorescence lifetimes weremeasured at fluences of 4.0�10−6 J cm−2 or below. Nosample damage was observed at any of these fluences.
 Broadband transient absorption data were taken with anultrafast systems Helios transient absorption spectrometer,both at Argonne National Laboratories and at UC Riverside.At Argonne National Laboratories, a Spectra-Physics Tsu-nami Ti:sapphire 75 MHz oscillator was used to seed a 1.666kHz Spectra-Physics Spit-Fire Pro regenerative amplifierwith150 fs pulsewidth. 95% of the output from the amplifier isused to pump a Topas optical parametric amplifier, which isused to provide the pump beam in the Helios transient ab-sorption setup. The remaining 5% of the amplifier is focusedonto a sapphire crystal to create white light continuum toserve as the probe beam. The pump beam was depolarizedand chopped at 833 Hz and both pump and probe beamswere overlapped in the sample. The probe beam is then fo-cused onto an optical fiber to direct the beam to the spec-trometer. At UC Riverside, both pump and probe pulses weregenerated by a Quantronix Integra Ti:sapphire regenerativeamplifier, operating at 1 kHz with 1 mJ output at 790 nm,which was seeded by a Spectra-Physics MaiTai Ti:sapphireoscillator operating at 80 MHz. The pump pulse at 400 nmwas created by pumping a Quantronix Palitra optical para-metric amplifier with 99% of the pump power. The probebeam was generated by taking 1% of the power to generatewhite light continuum in a sapphire plate. The pump beamwas chopped at 100 Hz before the two beams were over-lapped in the sample, and the probe beam went on to focusinto an optical fiber which directed the beam to the charge-coupled device of the spectrometer. The time resolution ofthe TA systems was determined to be 250–300 fs by thewidth of the cross-correlation peak in the pure solvent. Solidsamples were kept in the Janis ST100 cryostat under vacuum��5�10−4 torr�. Solution samples �7�10−4M in toluene�were flowed through a 0.5 mm path length cell, with a re-placement rate of 3 mL/s. All samples were excited usingpump fluences of 1.5�10−3 J cm−2 or less, and repeatedscans showed no sample damage over the course of 30 minscans.
 For the long delay transient absorption experiments, thepump and probe were polarized parallel to each other. Theprobe and a reference beam were directed to balanced pho-todiodes with 10 nm bandpass 532 nm interference filters.The two signals were fed into a lockin amplifier and subtrac-tion was used to obtain the �T signal. The first 2 ns of delaywere achieved using the same stage used in the broadbandtransient absorption experiments, and longer delays wereachieved by increasing the distance the probe beam traveledbefore generating continuum. For this purpose, two gold-coated mirrors were set up parallel to one another with aseparation of 2 m, forming a cavity. The 800 nm pulse wasdirected into this cavity so that it bounced back and forthbetween the two mirrors, undergoing multiple round trips.
 The beam was picked off on different passes in this setup toextend the delay from 0 to 87 ns. After going through thisdelay, the beam was then used to generate continuum in thesapphire plate for use as the probe pulse. The transient ab-sorption signal was then averaged with and without the probein order to calculate �T /T signal levels. Each point wasnormalized according to pump power before being plotted.
 III. RESULTS AND DISCUSSION
 A. Film morphology and steady state properties
 In order to facilitate comparison with our solid tetracenedata, the solution-phase absorption and fluorescence spectraof monomeric tetracene, along with its molecular structure,are shown in Fig. 1. Figure 2�a� shows a typical atomic forcemicroscope �AFM� image of an 80 nm thick tetracene filmprepared using thermal evaporation under a 10−5 torrvacuum. Most of the film consists of submicron tetracenecrystallites evenly distributed across the substrate. As thefilm thickness is increased, either by extending the deposi-tion time or by using a larger amount of tetracene in theevaporation boat, the density of the crystallites increases andlarger crystallites begin to appear. The crystallites tend toalign with their ab planes parallel to the substrate surface,and this fact, along with the large Davydov splitting in tet-racene, has a strong influence on the optical properties of thethin films. Hofberger showed that the changes in optical line-shape observed with increasing film thickness could be un-derstood in terms of differential absorption of the a and bDavydov components of microcrystallites randomly orientedin the ab plane, combined with scattering.38,39 We observethe same phenomena in our evaporated thin films, as shownin Fig. 2�b�. The increased intensity of the high energy bDavydov peak and sharpening of the absorption features areboth purely optical effects and should not be mistaken forchanges in electronic states. The other important effect ofincreasing film thickness is to distort the fluorescence spec-trum due to self-absorption. While peak absorption values upto �0.5 appear to give rise to undistorted fluorescence spec-tra, higher absorptions lead to an apparent redshift of thefluorescence peak as well as enhancing the 0–1 and lowerenergy vibronic peaks in the fluorescence spectrum, asshown in Fig. 2�c�. This distortion of the true fluorescence
 FIG. 1. Normalized steady state absorption �black� overlapped with thesteady state fluorescence �red� of the tetracene monomer in toluene illustrat-ing the vibronic structure and small Stokes shift of monomeric tetracene.
 144506-3 Excited state dynamics in tetracene J. Chem. Phys. 133, 144506 �2010�
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spectrum by self-absorption is a significant concern when thelineshape is used as an indicator of exciton coherence length.For all our fluorescence measurements, the peak optical den-sity was 0.2 or less, resulting in undistorted emission spectra.The two undistorted spectra clearly demonstrate the en-hanced 0-0 peak that is a signature of the J-type delocalizedexciton in the crystalline state.40 The lack of long-range crys-tallinity and relatively broad absorption lineshapes �i.e., shortT2 dephasing times� means that refractive index effects, suchas polariton formation, are not a concern. Our physical pic-ture of the films is that they consist of crystalline aggregates,with the ab plane parallel to the substrate, but otherwisebehaving independently, much as they would if isolated as adilute suspension in an inert liquidlike water.
 B. Time-resolved photoluminescence
 The fluorescence decays of monomeric and polycrystal-line tetracene show dramatic differences. In Fig. 3�a�, the
 fluorescence decay of tetracene in toluene solution is a singleexponential with a time constant �fl=4.2 ns, similar to whathas been observed for tetracene in other solvents.41,42 Thesolid film, on the other hand, exhibits a biexponential decaywith �90% of the fluorescence decaying with a �prompt=80 ps and a second, much longer-lived component with�delayed=55 ns. In previous work, the subnanosecond decayof the prompt fluorescence is usually assumed to result fromrapid EF, while the longer-lived component arises from de-layed fluorescence �DF� arising from triplet-triplet recombi-nation that repopulates the emissive singlet state. Thus theDF lifetime reflects the triplet exciton lifetime and is ex-pected to depend sensitively on sample morphology. In Fig.3�b�, we compare the fluorescence dynamics of a vacuumevaporated thin film with those of a single crystal. The crys-tal DF is essentially flat in this time window, and we estimateits lifetime to be 5–10 �s. This value places it within therange of other measurements in single crystal tetracene butbelow the longest measured DF lifetimes of 50 �s orgreater.43–47 The inset in Fig. 3�b� compares the transientphotoluminescence spectra for early time �0–1 ns� and latetimes �100 ns–1 �s� for the evaporated film, confirmingthat the DF originates from the same singlet state as theprompt fluorescence. The dependence of triplet lifetime oncrystal quality has been noted by earlier workers, but the55 ns lifetime of the DF decay in polycrystalline films ismuch shorter than the shortest lifetime �2 �s� reported forsingle crystal samples. We have found that the lifetime of the
 FIG. 2. �a� 40 �m square image from tapping mode AFM of an 80 nm thickvacuum evaporated film. �b� The absorption spectra of 40 nm �black�, 80 nm�red�, and 215 nm �blue� thick vacuum evaporated films, showing shapechanges due to optical effects. �c� The normalized fluorescence spectra ofthe same films.
 FIG. 3. �a� The normalized fluorescence decays of monomeric tetracene intoluene �black�, which gives rise to a single exponential decay, and a 60 nmthick vacuum evaporated polycrystalline film �red� which exhibits promptand delayed fluorescence decays. �b� Comparison of the decays of a subli-mation grown single crystal �black� and the 60 nm thick vacuum evaporatedpolycrystalline film �red�. Inset in �b�: the spectra of the film at early�0–2 ns� and late �500–1000 ns� times during the decay.
 144506-4 Burdett et al. J. Chem. Phys. 133, 144506 �2010�
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DF ranges from 20–100 ns for polycrystalline samples pre-pared by reprecipitation in water as well as for thick versusthin films grown by either evaporation method. Hence thisdrastic shortening of the triplet lifetime appears to be a gen-eral feature of polycrystalline tetracene grown by random,nonequilibrium assembly.
 To further examine the fluorescence dynamics, and alsoto make contact with previous kinetic models for tetracenefluorescence, we examine the intensity-dependent dynamicsand quantitatively model them using the kinetic schemeshown in Fig. 4. For tetracene solid, there are a variety ofprocesses that affect the population of the singlet excitedstate, which is what is monitored by our fluorescence mea-surements. We consider both the triplet and singlet popula-tions:
 dNS1
 dt= − �krad + kic + kisc + kfiss + kee�NS1 + kTSNT1
 2 , �1a�
 dNT1
 dt= − ktripNT1 − kTSNT1
 2 − kTTNT12 + �kisc + 2kfiss�NS1,
 �1b�
 where krad is the radiative decay rate, kisc is the intersystemcrossing rate, kic is the internal conversion rate, kfiss is thefission rate, ktrip is the triplet decay rate for an isolated triplet,and kTT and kTS are the triplet-triplet annihilation rates toform higher energy triplet or singlet states, respectively. Us-ing this model, we can reproduce the intensity-dependentfluorescence decays in thin tetracene films shown in Fig. 5�a�for excitation densities of 4.5�102, 5.4�103, and 3.0�104 �m−3. To model this data, we numerically solve thecoupled differential Eqs. �1a� and �1b� using the parametersktrip=6.7�106 s−1, kfiss=9.3�109 s−1,31,48–51 krad=1.2�108 s−1,29 kTT=2.0�10−10 cm3 s−1, kTS=5.0�10−10 ns−1,and kee=1.0�10−8 cm3 s−1, while assuming that kic and kiscare negligible. We note that the literature values for theexciton-exciton annihilation rates �kee ,kTS ,kTT� 43,44,46,48,52–54
 vary by at least an order of magnitude, and our values arewithin the middle of these ranges for all three parameters. In
 accordance with the work of Pope and co-workers,55 wefound it necessary to have a nonzero kTT in order to repro-duce the trends with intensity. We also convoluted the decayswith a Gaussian instrument response function with a 1/e timeof 12 ps. The traces shown in Fig. 5�b� reproduce the quali-tative trends in the data, but we did not attempt to quantita-tively overlap the simulations with the data for the followingreasons. First, there is considerable uncertainty in the actualexcitation density, perhaps as much as a factor of 2, due tothe difficulty of measuring the absorption of such thin filmsaccurately. Second, as mentioned above, many of the param-eters of this model have not been independently measured tohigh precision, making it difficult to find a unique solutionfor this multidimensional problem. Lastly, as we will showbelow, the presence of defects and other complicationsmeans that the model outlined in Fig. 4 is probably insuffi-cient to capture the full photophysical behavior of our thinfilms due to its neglect of defects and trapping sites. Themain point of this exercise is to demonstrate that our mea-surements are consistent with previous work that modeledthe fluorescence dynamics under the assumption that the ex-cited state relaxation is dominated by EF. The results in Fig.5 should not be taken as validation for the simple model inFig. 4, but rather as a consistency check to show that ourfluorescence data can be parametrized in the same way as
 FIG. 4. Schematic of simple three-level kinetic system used by previousworkers to analyze fluorescence dynamics in crystalline tetracene. The sin-glet state is localized on a single tetracene molecule. Only the dominantkinetic processes are shown. The initially created S1 state can relax either tothe ground state S0 via kfl�108 s−1 or can fission into two T1 states with arate kfiss�1011 s−1. The T1 states can decay back to S0 with a rate ktrip�107 s−1.
 FIG. 5. �a� The fluorescence decays from an evaporated tetracene thin filmat three different excitation densities: 750 �black�, 5400 �red�, and 30 000�blue� exc �m−3. As the excitation density increases, the delayed fluores-cence becomes a larger fraction of the decay, but at the highest intensitiestriplet-triplet annihilation accelerates the decay of the delayed fluorescence.�b� Simulated fluorescence decays generated by using Eqs. �1a� and �1b� andthe experimental excitation densities. The parameters for the model are kr
 =1.2�108 s−1, kic=kisc=0 s−1, ktrip=6.7�106 s−1, kee=1.0�10−8 cm3 s−1,
 kfiss=9.3�109 s−1, kTT=2.0�10−10 cm3 s−1, and kTS=5.0�10−10 cm3 s−1.
 144506-5 Excited state dynamics in tetracene J. Chem. Phys. 133, 144506 �2010�
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previous single crystal data, indicating that there is no largediscrepancy between the physical behaviors of the two sys-tems.
 The DF lifetime deserves special mention, since it is atleast a factor of 10 shorter than what has been reported formacroscopic single crystals. Given the simple three-statemodel outlined in Fig. 4, one would expect the decay of theDF to be exactly twice as rapid as the triplet decay, since atany point in the triplet decay, the singlets and triplets are inquasiequilibrium and we can set dNT1 /dt=0 and show
 NS1 � NT12 � exp�− 2ktript� . �2�
 Thus the DF decay time is half the triplet lifetime, i.e., thetriplets survive for only 40–200 ns in the thin films. Thisshortened lifetime is probably due to rapid diffusion of thetriplets to the crystallite boundaries, where they are expectedto encounter a high density of structural defects that can actas quenching sites. We can calculate a three-dimensional dif-fusion length
 LDtrip = �6D�delayed. �3�
 Given a diffusion constant D=1�10−4 cm2 /s, taken as anaverage of literature values,43,53,56–58 and �delayed=55 ns, wecan calculate LD
 trip=140 nm. This distance is greater than thethickness of the evaporated films and consistent with thecrystallite size in the evaporated film as seen in Fig. 2�a�. Asmentioned before, this shortened lifetime appears to be ageneral feature of our polycrystalline samples, and this fea-ture may have implications for organic photovoltaic devicesbased on evaporated polycrystalline films.
 C. Transient absorption measurements in solution
 We now turn to the femtosecond transient absorptionexperiments, which should provide a more direct way tomonitor the triplet population and confirm the role of EF. Webegin by examining the spectroscopy of tetracene monomerin toluene solution. Figure 6 shows the TA spectrum 300 fsafter excitation at 410 nm. The signal is positive for all probewavelengths used in our experiments �450–750 and 850–1600 nm�, signifying that excited state absorption plays an
 important role. Notable features include a large peak at450 nm and broad, weaker peaks at 650 and 1190 nm. Basedon selection rules and theoretical calculations of tetracene’selectronic state energies,59–62 we can tentatively assign thelast two transitions as the 1B2u
 + → 1A1g− and 1B2u
 + → 1B1g− tran-
 sitions, respectively. The decays of the lower energy peaks at650 and 1190 nm exactly parallel that of the fluorescencedecay in toluene, at least to the 50% level at 2 ns delay,which was the limit of our delay stage. The evolution of thespectral region from 450 to 600 nm is more complicated. Thebleach �S0→S1 peak at 475 nm� and stimulated emission�S1→S0 peaks at 477, 515, and 554 nm� are all negativefeatures that are clearly visible, but they are superimposed ontop of the positive absorption features centered at 450 and650 nm. Note that the bleach and stimulated emission peaksappear as a single large peak due to the small Stokes shift intetracene. At all wavelengths, the dynamics can be fit interms of a single relaxation time �fl=4.2 ns using a functionof the form Ae−t/�fl+y0. Note that the amplitude A and offsety0 can be positive or negative. This form for the decays iswhat is predicted by a simple model where the dynamics aregoverned by a single relaxation process, in this case the fluo-rescence decay due to intersystem crossing to the T1 state.Since the solution state spectroscopy of monomeric tetraceneis not the main focus of this article, we reserve a detailedanalysis of the monomer excited state S1→SN spectra for alater paper.
 At longer times, intersystem crossing should leave ap-proximately 60%–80% of the molecules in their triplet state,based on previous measurements in room temperaturesolution.41,42 Thus after the S1 state has completely decayed,we expect to see two features remaining in the TA spectrum:a ground state bleach signal and a feature corresponding tothe strong T1→TN absorption centered at 465 nm. Althoughmany T1→TN absorption features have been identified intetracene, the peak at 465 nm is the strongest, with a peakabsorption coefficient �T1→TN� ranging from 3�104 to9�104 M−1 cm−1 according to literature values,35 as com-pared to the peak absorption for the S0→S1 transition �S0→S1�=10 700 M−1 cm−1. We have measured the TA spec-trum at a delay of 20 ns, where we expect the singlet popu-lation to be negligible. This spectrum is shown in Fig. 7�a�,where it appears as a single broad peak with a dip at 475 nmcorresponding to the negative bleach signal. When the scaledlinear absorption is subtracted from the TA signal, we obtainthe spectrum shown in Fig. 7�b�, which is in good agreementwith the T1→TN absorption measured by flash photolysisexperiments in a variety of different solvents and glasses.35
 In order to subtract the ground state bleach, we had to scalethe spectra by assuming that the T1→TN peak absorptioncoefficient is 2.76 times larger than that of the ground stateS0→S1 absorption. Given �S0→S1�=10 700 M−1 cm−1,this results in an estimate for the triplet absorption �T1→TN�=2.9�104 M−1 cm−1. This is close to the value of31 200 M−1 cm−1 that was measured in flash photolysis ex-periments on monomeric tetracene dissolved in benzene.63
 Thus the long-time �20 ns� behavior of tetracene in solutionis consistent with previous flash photolysis experiments: aweak negative bleach superimposed on a strong T1→TN ex-
 FIG. 6. The transient absorption spectrum of tetracene monomer in toluene�0.7 mM� 300 fs after excitation. The bleach and stimulated emission peaksat 480–560 nm are on top of three excited state absorptions centered ap-proximately at 450, 650, and 1200 nm. The black spectrum is taken using avisible continuum probe pulse while the low energy spectrum is obtainedusing a different infrared continuum probe pulse.
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cited state absorption. The only surprise in the TA spectros-copy of monomeric tetracene is the preponderance of S1→SN excited state absorption features at early times thatoutweigh the ground state bleach and stimulated emissioncontributions.
 D. Transient absorption measurements in solid film
 Based on our results for the fluorescence of solid tet-racene, which are consistent with rapid EF occurring on a100 ps timescale, and the observation of a strong T1→TNabsorption in the monomer, one would naively expect the TAexperiment on the solid film to show a transition frombleach/stimulated emission signals at early times to a domi-nant T1→TN absorption within 100 ps. This is not what isobserved, however, as the data in Fig. 8�a� show. The signalis dominated by an intense negative peak centered at 533 nmthat decays within 15 ps. The high energy Davydov peak at505 nm does not change at all during this time, while theblueshifted vibronic peaks in the bleach show much smallerchanges. The spectrum of the short-lived species can be ob-tained by subtracting the spectrum at long delay �1950 ps�from the 300 fs spectrum. The result is shown in Fig. 8�b�and looks similar to the fluorescence spectra seen in Figs.2�c� and 5, but with a strongly enhanced 0-0 peak at 533 nm.The decay of this species depends on laser intensity, but atlower pump fluences ��3.5�10−4 J /cm2� it becomes inde-pendent of pump intensity and we can fit the decay to singleexponential with a relaxation time of 9.2 ps, as shown in Fig.9�a�. The 533 nm peak most likely corresponds to stimulatedemission, since it has a very small Stokes shift, but its decayis much more rapid than the 80 ps decay observed in thefluorescence experiments. It should be noted, however, thatthe time resolution of the streak camera used in those mea-
 surements was limited to 20 ps and it would not have beenable to resolve the 9.2 ps decay evident in Fig. 9�a�. Therapid decay of the bleach/stimulated emission signal is ac-companied by a slight increase in absorption in the regionaround 475 nm that occurs on the same timescale, as shownin Fig. 9�b�. This is close to the wavelength where we wouldexpect to see the T1→TN absorption, according to the resultsin Fig. 7, but its amplitude is much weaker than in the mono-mer. In Fig. 9�c�, the decay of a low amplitude induced ab-sorption at 650 nm which corresponds to the same wave-length where the S1→SN absorption was observed in themonomer �Fig. 6�. This feature also decays on the same9.2 ps timescale as the stimulated emission at 533 nm. Allthese data are consistent with an initially excited singlet statethat disappears within 10 ps. After the initial 9 ps decay, thedynamics at all wavelengths are completely flat on a 2 nstimescale—all the interesting spectral dynamics occur veryearly, within the first 15 ps or so after excitation. Our TA datain tetracene are qualitatively similar to that observed in thinfilms of pentacene,25,26,64 but it is not consistent with ourfluorescence lifetime data, which indicates that the singletstate should decay an order of magnitude more slowly.
 For completeness, we briefly compare our data to previ-ous measurements on tetracene single crystals.64,65 Compari-son of the two sample types is complicated by the very highoptical density of the single crystals which makes it difficultto analyze spectral information due to attenuation effects. Inneither of these studies was an attempt made to reconciletheir data with parallel photoluminescence measurements,nor was the crystal orientation specified. In both previous
 FIG. 7. �a� Transient absorption spectra of the tetracene monomer in toluene�0.7 mM� 20 ns after excitation �black�, after the initially excited singletstate has relaxed. Also shown is the steady state absorption spectrum �red� inthis wavelength region. �b� The triplet absorption of tetracene monomer,obtained by adding the steady state spectrum to the 20 ns transient absorp-tion spectrum. FIG. 8. �a� Transient absorption spectra data from a 35 nm thick vacuum
 evaporated tetracene with a fluence of 7�10−4 J /cm2 at 300 fs �black�, 5 ps�red�, 15 ps �blue�, and 1950 ps �green� delays, illustrating the fast decay ofthe stimulated emission within 15 ps of excitation. �b� The spectrum of theshort-lived stimulated emission from the tetracene film, obtained by sub-tracting the 1950 ps spectrum from the 300 fs spectrum.
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experiments on single crystals, the small initial bleach signaldisappeared within a few hundred picoseconds, and the sig-nal was dominated by a very broad induced absorption cen-tered at around 700 nm that appeared within a few hundredfemtoseconds and survived for more than a nanosecond.Frolov et al. assigned this feature to trapped singletexcitons,65 while Thormsolle et al. assigned it to the T1→TN absorption,
 64 despite the fact that no T1→TN featuresare observed at this wavelength in the isolated molecule.Thormsolle et al. concluded that after 400 nm excitation, EFoccurs via two channels: a direct 300 fs relaxation from thephotoexcited SN state and via a thermally activated pathwayfrom the relaxed S1 state on a timescale of 50 ps, signifi-cantly longer than the 9.2 ps decay that we observe. Atpresent, we cannot fully explain the discrepancies betweenour transient absorption data from thin films and the data onthe single crystals. Similar differences observed by Thorm-
 solle in their experiments on pentacene were ascribed to thecomplete absence of EF in the pentacene thin films,64 whichwe do not believe to be the case in tetracene. Since EF isexpected to be a localized phenomenon, restricted to an areaof the singlet exciton which is ten molecules or less, it isdoubtful that differences in crystal size on the order of hun-dreds of nanometers could affect its rate. The absorption andfluorescence spectra of polycrystalline films and single crys-tals are very similar, so it is unlikely that these differentmorphologies shift the S1 and T1 energy levels significantly.One possible physical difference between the two forms ofsolid tetracene that might affect the fission rates is the factthat the packing of tetracene molecules in a thin film on aSiO2 surface can be slightly different from that in a singlecrystal �see discussion below�.
 E. Comparison of photoluminescence and transientabsorption results
 Comparison of the femtosecond TA data with the pico-second luminescence data raises two obvious questions re-garding the physical interpretation of the data. First, why isthe decay of the singlet state so much more rapid in the TAdata than in our fluorescence data, and why is the 80 ps PLdecay not observed in the TA data? Second, why is a strongT1→TN absorption not observed in the solid samples, giventhat it is expected to be an even greater yield of triplets thanin solution, where the T1→TN absorption was easily ob-served? Below we address both of these questions in an at-tempt to develop a self-consistent physical picture for tet-racene’s solid-state photodynamics.
 The explanation for the apparent discrepancy betweenthe picosecond photoluminescence data and the femtosecondTA data is that the 80 ps decay observed in the streak cameraexperiments does not originate from the initially excited S1state seen in the TA data, but instead is due to a superradiantdefect state that can be populated both by the initial excita-tion pulse and through triplet-triplet recombination. The ex-istence of such a defect state in tetracene would be consistentwith our previous results in anthracene,28 a closely relatedmolecular crystal. In fact, the defect nature of the long-livedemission is also consistent with the small size of the delocal-ization derived from our earlier analysis of the vibronic line-shape and superradiant lifetime of this species, where weestimated that its coherence length was limited to approxi-mately ten molecules even at low temperature.29 The crystal-line domains within our evaporated films are much largerthan this, but if the exciton we were measuring was actuallytrapped at a crystal defect site �e.g., a one-dimension slipdislocation�, then the small domain size becomes under-standable, since such defects would be expected to have adistribution of sizes, with an average size smaller than thedomain size of the intrinsic crystalline film.40,66,67 Finally, adetailed analysis of the temperature-dependent photolumi-nescence of tetracene films on graphite by Voigt et al. hasprovided evidence for the participation of several emissivestates that are very close in energy but which can be resolvedat lower temperatures.68
 If the state observed in the picosecond fluorescence ex-periments is a defect state that accounts for relatively small
 FIG. 9. Transient absorption kinetic traces from the 35 nm thick vacuumevaporated tetracene film with a fluence of 7�10−4 J cm−2, along withsingle exponential fits of the rapid initial dynamics using a 9.2 ps timeconstant. �a� 533 nm TA signal �black� with 9.2 ps fit �red dashed�. �b� 475nm TA signal �black� with 9.2 ps fit �red dashed�. �c� 650 nm TA signal�black� with 9.2 ps fit �red dashed�.
 144506-8 Burdett et al. J. Chem. Phys. 133, 144506 �2010�

Page 9
						

portion of the total excited state population, then the rapidlydecaying emission seen in the TA experiments should corre-spond to a more delocalized initial state, possibly an intrinsictwo-dimensional exciton that can exist within the herring-bone crystal lattice. Several experimental observations sug-gest that the initial species seen in the TA data is indeed moredelocalized than that seen in the photoluminescence. First,the spectral shape of the short-lived component is consistentwith a more delocalized state than seen in the fluorescence.Previous theoretical and experimental work has shown thatin J-type aggregates like crystalline tetracene, the ratio of the0-0 and 0-1 vibronic peaks in the emission provides a sensi-tive measure of the exciton coherence length.40 By fitting the9.2 ps spectrum �from Fig. 8�b�� and 80 ps spectrum �fromthe inset to Fig. 5�b�� to a sum of two Gaussian lineshapes,we find that the 00/01 peak ratio for the 9.2 ps species is 2.3times larger than that of the 80 ps spectrum. Thus we esti-mate that the short-lived species is about twice as delocalizedas the average size of the 80 ps PL species, or delocalizedover about 4.6 molecules at room temperature. A second in-dication that the species observed in the TA experiments hasa higher degree of delocalization is its higher apparentemission/absorption cross section, which scales as Ncoh, thenumber of molecules participating in the coherent excitonwave function. In the limit of low absorption samples, wecan consider both the linear and nonlinear absorption prop-erties. We define nmon as the density of monomers in thecrystal, mon as the absorption coefficient of the monomer,and mon
 pu and monpr as the absorption coefficients of the mono-
 mer at the pump and probe wavelengths, respectively. If thesolid possesses excitons with a coherence length Ncoh, wecan estimate nex, the density of the delocalized absorbingexcitons and their cross section,
 nex =nmonNcoh
 , �4a�
 ex = Ncohmon. �4b�
 If L is the sample thickness, we find that the absorption, alinear optical measurement, does not depend on Ncoh,
 A = nexexL = �nmonNcoh
 �Ncohmon�L = nmonmonL . �5�
 It is straightforward to show, however, that the nonlinearpump-probe signal does reflect Ncoh,
 �A = expuex
 prnexL = Ncohmonpr Ncohmon
 pu nmonNcoh
 L
 = Ncoh��A�mon. �6�
 One way to think about this result is that the nonlinear �Asignal level for the solid is higher than expected because weare probing a state with a large cross section due to superra-diant enhancement of the transition dipole moment. We canestimate Ncoh by comparing the peak �A signals of themonomer and solid, scaled by the pump fluence and absorp-tion at the pump wavelength. Using Eq. �6�, we can derive anexpression for the ratio of the �A signals for the solution andsolid,
 solid
 monomer=
 ��A�solid��A�monomer
 �Amonomer
 Asolid�
 Imonomerpump
 Isolidpump . �7�
 Plugging in values for the solution �peak �A=0.005 at480 nm, absorption at 400 nm=0.10, fluence=1.5�10−3 J /cm2� and for the solid film �peak �A=0.01 at530 nm, absorption at 400 nm=0.05, fluence=7�10−4 J /cm2�, we find that the ratio solid /monomer is �6, inreasonable agreement with the estimation of 4.6 based on theemission lineshape. It is important to emphasize that bothestimates for Ncoh are quite crude. For example, we neglectthe possibility of induced absorption to the doubly excitedtwo-exciton manifold, which would be expected to appearjust to the blue of the one-exciton bleach/stimulated emissionsignal.69,70 In general, the behavior of the one- and two-exciton transitions can be complicated, and for large delocal-ization values their destructive interference can actually leadto lineshapes that are independent of Ncoh.
 71 Nevertheless, itis encouraging that our two estimates, based on independentobservables, are in reasonable agreement. This agreement in-dicates that our picture is at least qualitatively self-consistent, even if its quantitative estimates of Ncoh may needto be revised. Finally, a recent analysis of the absorptionlineshape of tetracene single crystals, which is determined bythe initially excited species observed in the TA data, suggeststhat there exist larger exciton delocalization lengths thanwhat was observed in our photoluminescence experiments.72
 While the S0→S1 transition can experience a superradi-ant enhancement in the solid-state, the S1→SN transitionsmay experience no enhancement at all. This would appear tobe the case for the excited state absorption features observedin the monomer but barely visible in the solid film TA data.The behavior of excited state absorption features in Frenkelexciton molecular systems is not well-understood. In addi-tion to the appearance of new multiexciton manifolds as al-luded to in the previous paragraph, the S1→SN and T1→TN transition can also change significantly. Theoreticalwork on one-dimensional model systems has shown that, de-pending on the nature of the interaction between molecularexcited states, it is possible to generate large shifts in ener-gies and even generate extra resonances.73 For now, we as-sume that the T1→TN absorption is unaffected by intermo-lecular interations, as evidenced by tetracene’s triplet excitonbandwidth, estimated to be on the order of 30 cm−1,74 ascompared to the value of �650 cm−1 Davydov splitting fortetracene’s singlet exciton state.75 The weak interactions be-tween triplet excitons means that they are localized on indi-vidual molecules at room temperature, and thus their spec-troscopic properties in the crystal should be similar to thoseobserved for isolated molecules in solution. It was pointedout long ago that it is difficult to observe the triplet-tripletabsorption in molecular crystals.76 The lack of superradiantenhancement for the triplet states provides one reason whytheir excited state absorption would be difficult to observe inour TA experiments. In this molecule, the triplet peak =29 500 has to compete with the enhanced S0→S1 transi-tion, which gives rise to the dominant bleach signal.
 A second, perhaps more important factor that can affectthe visibility of the triplet T1→TN absorption feature is the
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orientation of the tetracene molecules on the substrate sur-face. Many studies of evaporated tetracene thin films haveshown that the crystallites prefer to lie with their ab planeparallel to the substrate surface. Our films are no exceptionand the thickness effects on the absorption lineshape in Fig.2�b� are a direct consequence of this preferential orientationof the crystallites. This orientation problem has previouslybeen recognized in the TA spectroscopy of pentacene thinfilms, but its effect on the relative magnitudes of the short-axis polarized S0→S1 versus the long-axis polarized T1→TN signals was not quantified.
 25,26 Given a transition di-pole � tilted at an angle relative to the surface normal, asshown in Fig. 10, but which are randomly oriented in the x-yplane, which is parallel to the substrate and perpendicular tothe light propagation direction, one can calculate the totalexcitation probability assuming a dipole-field interaction,
 Pabs =1 − cos��2
 2�2E2. �8�
 If we neglect differences in line-broadening and conserva-tively assume that �S0→S1�T1→TN �i.e., a factor of 3 super-radiant enhancement of the S0→S1 transition�, we can usethe literature value of =21° for the angle that the long-axisof the tetracene molecule makes with the ab plane of thecrystal,77,78 we find that
 PS0→S1
 PT1→TN=1 − cos�900�2
 1 − cos�210�2�S0→S12
 �T1→TN2 � 8. �9�
 In other words, for normal incidence light, the T1→TN ab-sorption signal is expected to be almost one order of magni-tude smaller than the S0→S1 signal. This is probably anoptimistic estimation, since we have assumed that the angle� in our thin films is exactly the same as that in the bulkcrystal. In reality, the molecules on the SiO2 surface areprobably tilted even more vertically than in the bulk crystal,since it is known that the presence of a surface tends to affectthe orientation of molecules within crystalline thin films. Inpentacene, for example, the tilt angle can change from 19° inthe bulk crystal to 5° or less for ultrathin films on a SiO2surface.79,80 Similar effects have been observed for tetracenethin films on SiO2 surfaces, although the angle � has not
 been directly measured.81–83 If we change � from 21° to 10°,less than what is observed in pentacene, then the ratio in Eq.�9� becomes 60, and the T1→TN transition will be barelydiscernible within the experimental noise.
 F. Long-delay transient absorption measurementsof bleach recovery
 Taken together, the superradiant enhancement of the S0→S1 transition and the near-normal alignment of the T1→TN transition dipole serve to obscure the signature T1→TN absorption. Nevertheless, it is possible to discern arapid rise in the signal in the region around 475 nm that mayreflect the population rise in the triplet state due to EF. Buteven if we are not able to directly observe the triplets viatheir excited state absorption, examination of the pump-probe signal at very long delays provides evidence for theirrole in the excited state dynamics. Previous work on themagnetic dependence of the DF has established that it arisesmainly from triplet-triplet recombination.31 If we assume thatthe DF reflects the triplet population decay, we can askwhether these triplets make up the bulk of the excited statesafter photoexcitation. If they do, then the decay of the bleachsignal in the TA data should mirror that of the delayed fluo-rescence. The same samples and pump intensities were usedto check this correspondence. Figure 11 compares the long-time decay dynamics of the bleach signal at 532 nm mea-sured in the TA experiment and the delayed fluorescencedecay measured in the PL experiments. The two decays mir-ror each other over the first decade of decay, with a timeconstant of 33+ /−3 ns for this sample.
 From Eq. �2�, we would expect the lifetime of the DF�which is proportional to NS1� to be exactly half that of thebleach recovery �which is proportional to NT1�. However,that analysis is only valid in the absence of traps. Previousworkers have shown that when the delayed fluorescence ismediated by trapping events, the simple relation in Eq. �2�can break down. In the limit where traps are saturated, forexample, the DF becomes quasi-first-order in NT1 and mir-rors the triplet lifetime exactly. This situation has beenshown to hold for DF in both amorphouspolyvinylcarbazole84,85 and in single crystals ofn-isopropylcarbazole.86 In tetracene, Eq. �2� is usually as-
 FIG. 10. The substrate is in the ab plane of the tetracene crystal structureand the individual molecules align to be 21° ��� from normal from the abplane. The transition dipole moment of the triplet absorption �arrow� liesalong the long molecular axis, which will interact with the excitation beamsignificantly less than the singlet, whose dipole moment is aligned along theshort molecular axis.
 FIG. 11. The fluorescence decay of a 300 nm thick film �solid�, compared tothe long-time nanosecond decay of the ground state bleach �squares� of thesame sample, showing a consistent time-scale for the decay between the twomeasurements. The fluences were 7.1�10−5 and 7.9�10−5 J cm−2,respectively.
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sumed to be valid but has not been experimentally con-firmed. In anthracene, the closest analog to tetracene, the roleof traps in DF was recognized early on.87 However, compari-son of the DF and phosphorescence lifetimes in anthracenehave yielded mixed results, with early workers seeing thatEq. �2� was valid,88 while later workers concluded that therole of trapping in DF always leads to deviations from Eq.�2�.89 The fact that we have already assigned the emittingspecies in the DF to be a defect state is consistent with theidea that such states play a significant role in triplet recom-bination. This would not be too surprising, since the concen-tration of such defects is expected to be relatively high in ourevaporated films as compared to slowly grown single crys-tals. Since parameters like defect density, trapping rates, andtriplet diffusion constants are not precisely known, we do notattempt to construct a quantitative model for these processes.Based on our results, however, it is clear that the kineticscheme in Fig. 4 should be modified in order to provide aconsistent description of both the photoluminescence and TAdata. Our modified scheme is presented in Fig. 12. We nowpostulate the existence of two distinct singlet states. The firstis a highly delocalized initial state that partitions between EFand a luminescent singlet defect within 10 ps after photoex-citation. The defect state, which is likely a minor product,then goes on to decay within 100 ps. The major product ofthe decay of the initial state are triplet pairs, whose lifetimecan be monitored either via delayed fluorescence of the de-fect state or by the bleach recovery in the TA. Finally, thefraction fiss of singlets that generate triplet pairs can beestimated using the fission rate kfiss and the decay rate in theabsence of fission, which we can take as kmon, equal to thefluorescence decay rate for a monomer in solution
 fiss =kfiss
 kfiss + kmon. �10�
 If we take the 1 /kfiss=9.2 ps to be the formation time of thetriplet pair, and the intrinsic decay time of tetracene in the
 absence of fission to be the solution value 1 /kmon=4.2 ns,we can estimate fiss�0.99. Since fission creates two trip-lets, the yield of triplets would be estimated to be close to200% for this model.
 IV. CONCLUSION
 This work represents a comprehensive study of the dy-namics of tetracene at room temperature. By comparing thedynamics of monomeric tetracene to those of evaporatedpolycrystalline thin films, we confirm that the triplet state isproduced in solution, and that it can be easily observed atlong delays after the interfering singlet excited state absorp-tion features have decayed away. In the solid-state, we findthat the fluorescence decays of our evaporated thin films arewell-described by previous kinetic models that were devel-oped for single crystal tetracene. The major difference is thatthe triplet lifetime, as measured from the delayed fluores-cence decay, is at least an order of magnitude shorter in theevaporated films than in the single crystal samples. When TAexperiments are performed on the solid films, we observe anew S1 species that decays within 10 ps. The excited stateS1→SN and T1→TN transitions seen in solution are ob-scured by both the superradiant enhancement of the S0→S1 transition and by the orientation of the crystalliteswhich diminishes the visibility of transitions polarized alongthe long molecular axis. The fact that the bleach recoveryparallels the delayed fluorescence decay indicates that trip-lets are the majority species formed by the decay of the ini-tially excited state. The identification of a short-lived singletspecies that is the precursor of both the triplet and the singletstates leads us to estimate a rate for EF that is about a factorof 10 more rapid than previous estimates based on the fluo-rescence decay rate. Overall, our results are largely consis-tent with the traditional picture of EF as the dominant pro-cess in the excited state of tetracene, but show thatcomplications like exciton delocalization and luminescentdefects must be taken into account. Attempts to use mono-mer spectral properties, in particular absorption coefficients,to interpret nonlinear spectroscopy measurements onstrongly coupled aggregate systems must be viewed withcaution. Finally, since our data are consistent with the pres-ence of rapid EF in room temperature polycrystalline tet-racene, this material may be viewed as a viable candidate forharnessing this phenomenon to increase the efficiency of or-ganic solar cells.
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