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Abstract

The temperature dependent fluorescence spectrum, decay rate and spin quantum beats are 

examined in single tetracene crystals to gain insight into the mechanism of singlet fission. Over 

the temperature range 250 K to 500 K, the vibronic lineshape of the emission indicates that the 

singlet exciton becomes localized at 400 K. The fission process is insensitive to this localization 

and exhibits Arrhenius behavior with an activation energy of 550±50 cm−1. The damping rate 

of the triplet pair spin quantum beats in the delayed fluorescence also exhibits an Arrhenius 

temperature dependence with an activation energy of 165±70 cm−1. All the data for T>250 K are 

consistent with direct production of a spatially separated 1(T....T) state via a thermally activated 

process, analogous to spontaneous parametric downconversion of photons. For temperatures in the 

range 20 K to 250 K, the singlet exciton continues to undergo a rapid decay on the order of 200 

ps, leaving a red-shifted emission that decays on the order of 100 ns. At very long times (≈1 

μs) a delayed fluorescence component corresponding to the original S1 state can still be resolved, 

unlike in polycrystalline films. A kinetic analysis shows that the redshifted emission seen at lower 

temperatures cannot be an intermediate in the triplet production. When considered in the context 

of other results, our data suggest that the production of triplets in tetracene for temperatures below 

250 K is a complex process that is sensitive to the presence of structural defects.

Introduction

Singlet fission (SF) is an excited state relaxation channel in which a spin singlet state (S) 

converts into a pair of triplet states (TT). Converting one singlet into one triplet (intersystem 

crossing (ISC)) is spin-forbidden and typically slow, but the ability of a triplet pair to exist 

in an overall singlet state, usually denoted 1(TT), removes this constraint and allows SF to 

be very efficient. The study of SF has enjoyed a renaissance over the last 15 years, after 

its initial discovery and characterization in the 1960s-1980s.1–4 This renewed interest has 

been driven mainly by the possibility that it could provide a physical mechanism to surpass 
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the Shockley-Queisser limit on solar energy conversion efficiency.5–7 But the phenomenon 

is also of interest because it touches upon many fundamental aspects of exciton dynamics, 

including delocalization, intermolecular charge and energy transfer, and spin relaxation.

In the study of SF, crystalline tetracene (TET) stands out as a prototypical material that was 

extensively studied in the early days of the field.8 The highly efficient endothermic nature of 

SF in TET makes it an energy efficient SF material, and TET-based chromophores are often 

used as the active elements in supramolecular assemblies designed to be SF sensitizers.9–23 

Recent demonstrations of the ability of TET to sensitize silicon photovoltaics24 and function 

in transistors25 provide possible paths toward practical applications. The endothermicity also 

leads to reasonably efficient triplet-triplet fusion or annihilation, which generates a delayed 

fluorescence (DF) signal that provides a high sensitivity window onto the triplet exciton 

dynamics.26 TET crystals also have the fortunate property that the doubly excited spin 

sublevels of the 1(TT) state can be detected via their quantum beats in the DF signal.27–31

Despite years of study, some basic aspects of SF in crystalline TET are still not well 

understood. These aspects include the role played by singlet state delocalization, the 

nature of the 1(TT) triplet pair state, and the mechanism by which it decoheres into two 

independent triplet excitons. Perhaps the most mysterious aspect of SF in TET is its apparent 

lack of temperature dependence. Given that the triplet and singlet energies E(T1) and E(S1) 

fulfill the inequality 2E(T1)>E(S1), SF is expected to be an endothermic process with 

an activation energy ranging from 500 cm−1 to 2000 cm−1.32–35 Although early workers 

observed a temperature dependent fluorescence yield that they analyzed in terms of this 

activation energy36, later work showed that the initial picosecond decay of the S1 state 

is remarkably constant over the range 300 K to 4 K.32,37–39 Interestingly, in the range 

300 K to 400 K a clear Arrhenius rate dependence on temperature was found with an 

activation energy that depended on the sample morphology (polycrystalline thin film versus 

single crystal).40 Entropic contributions to the free energy and vibronic coherence have been 

proposed as possible mechanisms for the anomalous dependence of TET’s fission rate on 

temperature37,41,42, but there is still no universally accepted explanation.

The difficulty of making a simple self-consistent model for SF in TET raises the possibility 

that multiple kinetic pathways and intermediates are involved. The standard mechanism for 

SF postulates a single pathway that follows the sequence S1 1
i)

(TT) 1
ii)

(T .... T) iii) T + T
as shown schematically in Figure 1a. Note that steps ii) and iii) do not have to occur 

simultaneously, since Scholes showed theoretically that the triplet motion can proceed 

without loss of spin coherence.43 Recently, Xiao et al. performed a detailed study that 

analyzed the frequency and structure of the beats and concluded that the exchange 

interaction between the triplet excitons that comprise the 1(TT) state was too small to be 

detected.31 This result was consistent with the analysis of previous workers29, leading to 

the conclusion that the triplet pairs created by SF are spatially separated and effectively 

noninteracting. They postulated a two-channel process for SF in TET where the standard 

process in Figure 1a is accompanied by a second pathway in which the separated pair is 

formed directly by SF, S1→1(T....T), as shown in Figure 1b. The physical origin of the two 

pathways was left unexplored, as was how this mechanism might explain the anomalous 
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temperature dependence of SF in TET. The possibility of alternate pathways for triplet 

production has also been suggested by recent low-temperature ESR studies by Bayliss et 

al.44 and transient absorption studies by Wan et al.45, both of which suggest that ISC can 

generate a large fraction of triplets at low temperatures, possibly via trapping to defects. Two 

defect mediated pathways for SF and ISC are shown in Figures 1c and 1d. Most workers 

have assumed that ISC in crystalline TET is negligible, despite its yield of 0.62 in solution.46 

Anthracene has a similar ISC quantum yield in solution, but exhibits a high fluorescence 

quantum yield in crystal form, presumably due to singlet energy shifts in the crystal47 

combined with a rigid environment that suppresses energy fluctuations that facilitate ISC in 

solution.48 TET is similar to anthracene in terms of its molecular photophysics, so enhanced 

ISC in the crystal would likely result from a higher density of defects that enable ISC.

In this paper, we try to clarify the situation by using time-resolved fluorescence 

spectroscopy to look at the dynamics of the triplet pair state in single crystal TET. The 

goal is to determine which of the kinetic pathways in Figure 1 are consistent with the data. 

We are particularly interested in whether the direct route to the 1(T....T) state (Figure 1b) 

plays a large role in TET, and whether this process can also help explain the anomalous 

dependence of SF on temperature. Disparate results on single crystals, along with earlier 

studies on polycrystalline films, are compared in order to gain insight into the potential 

role of defects. Ultimately, we are interested in determining whether the SF process in high 

quality TET crystals is analogous to spontaneous parametric downconversion (SPDC) of 

photons in nonlinear optical crystals.49 If SF directly produces a pair of noninteracting, 

spatially separated triplet excitons that can maintain spin entanglement, we think this could 

provide an interesting system for testing the basic properties of entangled state quantum 

mechanics.50

Experimental

Tetracene purchased from Sigma-Aldrich (benz[b]anthracene, sublimed grade 99.99%) was 

used as received. To make single crystals, ~ 7 mg of tetracene is dissolved in 50 mL 

of toluene and sonicated for ~20 min in the dark. Under only red ambient lighting, the 

solution is filtered through a Whatman Qualitative #1 filter into a separate precleaned 

flask which is covered in aluminum foil to prevent inadvertent light exposure. Glass slides 

are cleaned by bathing in concentrated hydrochloric acid for at least 4 h. The slides are 

rinsed with deionized water followed by methanol and then allowed to dry. The filtered 

tetracene solution is then drop cast onto the cleaned glass or silanized glass slides and 

allowed to evaporate in a dark drawer for a minimum of 1 h. Using an optical microscope, 

crystals which resemble a stretched hexagon are identified for further measurements. For 

low temperature studies (20 K to 250 K), the crystals are left uncovered and mounted on the 

heat exchanger of a Janis Research vacuum cryostat (10−3 Pa) fitted with optical windows. 

Indium metal is placed between the glass slide and cryostat heat exchanger to obtain good 

thermal contact. For high temperature measurements (294 K to 495 K), the crystals require 

protection to prevent sublimation at T > 350 K. In a glove bag filled with nitrogen, a drop 

of fomblin oil (PFPE) is placed over the crystal followed by a glass coverslip. To seal 

the sample, copper room temperature vulcanizing (RTV) sealant (Permatex 81878 Ultra 

Copper Maximum Temperature Silicone Sealant, rated to 644 K) is placed at the edges of 
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the coverslip to adhere it to the glass slide. After a 24 h curing period, the samples are 

impervious to sublimation at elevated temperature.

Time-resolved fluorescence measurements are performed with an 80 MHz Coherent Vitesse 

Ti:Sapphire oscillator. For all measurements, the repetition rate of the Vitesse laser is 

lowered to 100 kHz using a Pockels cell controlled with a ConOptics pulse picking system. 

The 800 nm fundamental beam is frequency doubled using a β-barium borate (BBO) crystal 

to generate the 400 nm excitation beam. The fluence is varied with a set of neutral density 

filters and calculated by measuring the power immediately before the sample with a power 

meter. The Gaussian beam waist is determined to be 33 μm (FWHM) with a knife edge 

measurement. The laser fluence remained between 1 μJ/cm2 and 5 μJ/cm2 to avoid the 

exciton-exciton annihilation that complicates the photodynamics at fluences above 6 μJ/

cm2.32 No variations in the fluorescence decay at short or long times are observed over the 

range of fluences used in this work. A Hamamatsu C4334 Streakscope is used to collect the 

time-resolved fluorescence spectra. The streak camera provides both spectral and dynamical 

data from the sample with 2.5 nm and 20 ps spectral and temporal resolution, respectively. 

A 450 nm long pass filter is placed before the streak camera to minimize the contribution of 

laser scatter to the signal.

Results and Discussion

Single TET crystals are grown by solvent evaporation on a glass slide as in our previous 

work.29,40 This method has the advantage of consistently being able to grow large area (≈ 
1 mm2) ultrathin (≈0.1 mm) crystals (Supporting Information) that are easy to find and 

allow us to neglect self-absorption effects in the fluorescence spectra. In order to measure 

the singlet decay over a wider temperature range, we submerged the TET crystal in an inert 

fluoropolymer oil and glued a second glass coverslip on top of it with high-temperature 

epoxy. Without the oil, we found that the crystals sublimed inside the sealed glass chamber 

and recrystallized near the edges. The combination of oil and epoxy sealing allowed us to 

raise the crystal temperature to 495 K, still well below TET’s melting point of 630 K. As 

the temperature increased, the spectrum of the prompt fluorescence (integrated over the 0 ns 

to 1 ns window) changed in a systematic way, with the 0–0 vibronic peak losing intensity 

relative to the 0–1 peak (Figure 2a). These data extend the results from our group and 

others that previously studied the temperature range 300 K to 4 K. At ≈450 K, we started 

to observe the signature peak of monomeric TET at 490 nm, indicating that some of the 

crystal was dissolving in the surrounding oil. When the crystal emission line-shape was fit to 

a series of Gaussians, the relative 0–0/0–1 peak ratios could be extracted and then plotted as 

a function of temperature. This plot, shown in Figure 2b, is linear over the range 300 K to 

400 K, as predicted by the theory of Spano that describes Frenkel exciton delocalization.51 

At 400 K, the 0–0/0–1 ratio becomes similar to that of monomeric TET in solution and then 

remains constant up to 500 K. We interpret this as the point at which the exciton coherence 

length becomes comparable to a single molecule, i.e. it is localized on a single TET site. 

Thus dynamics measured over the range 400–500 K likely proceed in the absence of singlet 

delocalization.

Cruz et al. Page 4

J Chem Phys. Author manuscript; available in PMC 2022 October 05.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Figure 3a shows the decay of the prompt fluorescence integrated from 510 nm to 650 nm 

in the 1 ns time window. The fluorescence decay time, as determined by fitting the first 

natural log of the decay, changes from 250 ps to 100 ps over the range 250 K to 495 K. This 

variation is well-reproduced by an Arrhenius process with an effective singlet decay rate kS1, 

which we assume reflects the fission rate and is given by

kS1 = A1exp −Ea1/kBT (1)

A plot of log(kS1) versus 1/T is linear and yields a prefactor A1 = 108 s−1 and Ea1 = 550 ±50 

cm−1 (Figure 3b), where the uncertainty is given by the standard deviation of the slope fit 

to the data using a linear regression, in good agreement with previous results that only went 

up to 400 K.40 The smooth Arrhenius behavior over the entire range suggests that S1 exciton 

localization at 400 K has little or no impact on the SF rate.

Finally, while the prompt fluorescence decay showed a strong temperature dependence, the 

delayed fluorescence was found to be relatively insensitive over the same range (Figure 

4a). This insensitivity includes the spin quantum beats (QBs), as shown in Figure 4b. After 

subtracting the background to isolate the oscillatory signal, we found that an obvious beat 

signal persisted up to 495 K, when the crystal was starting to dissolve. The oscillations could 

be fit using a damped cosine function,

y(t) = A cos(2πvt − ϕ)e−αt (2)

where A is the amplitude of the oscillations, t is the time, v is the frequency, φ is the phase 

and α is the damping coefficient. The frequency ν is set to 1.08 GHz per previous results 

on quantum beats in crystalline tetracene.29,52 The rest of the parameters are allowed to 

vary. This procedure is a somewhat crude approximation of the oscillations since multiple 

beat frequencies are present in the oscillations and their contributions may change with 

temperature. Fitting the data using Equation (2) allows us to extract α for each temperature. 

A plot of log(α) versus 1/T is shown in Figure 5 and yields a linear Arrhenius plot with a 

slope that gives an activation energy Ea2 of 160±70 cm−1, where the uncertainty is given by 

the standard deviation of the slope fit to the data with a weighted linear regression. The low 

activation energy for α is consistent with the lack of dramatic changes in the oscillations in 

Figure 4b. The fact that additional high frequency QBs become more pronounced at higher 

temperatures, consistent with more impulsive excitation due to more rapid SF, probably 

contributes to the error in Ea2.

The damping rate α can arise from pure spin dephasing of the bound pair state, or from 

physical separation of the triplets that decreases the probability of geminate recombination. 

If we assume that the disappearance of the oscillations is the result of triplet pair 

dissociation, i.e. 1(TT)→1(T....T), then Ea2 would reflect the triplet pair binding energy. 

In fact, Ea2 = 160 cm−1 is comparable to the value of ~250 cm−1 estimated by Sirringhaus 

and coworkers for the binding energy of the 1(TT) state in a variety of SF materials.53 But 

the lifetime of the bound 1(TT) pair has been estimated to be less than 100 ps in crystalline 

tetracene45, much less than our measured damping time (1/α) of 3 ns at room temperature. 

Furthermore, previous analyses showed that the oscillations could be well-described using 
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the D* and E* zero-field parameters for noninteracting triplet excitons.29,31 Magnetic 

interactions between closely bound triplets tend to yield very different zero-field splitting 

values, as demonstrated in multiple electron spin resonance experiments on bound triplet 

pairs.54–59 Given these observations, we suspect that α’s temperature dependence reflects an 

increased triplet diffusion rate that makes geminate recombination of the 1(T....T) state less 

probable at higher temperatures. This activation energy is comparable to that deduced for 

triplet exciton diffusion in molecular crystals like dibromobenzene and anthracene.60,61

Over the temperature range 250 K to 500 K, single crystal TET appears to be dominated 

by the direct process S1→1(T....T) that follows standard Arrhenius behavior and is not 

affected by the amount of S1 delocalization. But when the temperature drops below 200 

K, the time-resolved fluorescence behavior undergoes a distinct change. First, the QBs can 

no longer be discerned in the DF signal. This is not entirely surprising. Extrapolation of 

the Arrhenius curve in Figure 3b predicts that 1/kS1 will become 1.1 ns at 200 K, and in 

this limit SF will be too slow to impulsively excite the spin QBs. But this is not the only 

change in the fluorescence behavior. For the early time decay, we still see the pronounced 

enhancement of the 0–0 peak over the 0–1 peak, indicative of increased coherence length 

of the exciton at lower temperatures, as observed previously (Supporting Information).62–64 

Furthermore, there is a rapid ≈250 ps decay of this signal all the way down to 20 K, again 

consistent with previous observations (Figure 6a). This persistent fast decay of the singlet 

state, also observed in polycrystalline films, has been taken as evidence for the temperature 

independence of SF in this crystal.

More dramatic are the changes in the fluorescence decay on the longer timescale of 20 

ns to 100 ns. At room temperature and higher, the DF spectrum is identical to the initial 

S1 emission and does not change over the course of the fluorescence decay that spans 

microseconds. This is what is expected for traditional DF that arises after SF forms free 

triplets whose fusion regenerates the original S1 state. The microsecond DF signal above 250 

K is replaced by a new emitting species with a nanosecond lifetime that lengthens at lower 

temperatures (Figure 6b). In Figure 7, we show a set of fluorescence spectra acquired in 

different time windows. At all temperatures, the initial spectrum (0 ns to 1 ns) reflects the 

delocalized S1 exciton as observed previously. At 250 K, there is a slight redshift over 1 μs, 

but the spectral shape remains constant with a dominant 0–0 peak at ≈530 nm. At 150 K 

and 77 K, on the other hand, the spectra in the 1 ns to 40 ns time windows are dominated 

by structured peaks in the 550 nm to 600 nm region. Interestingly, at even longer times, the 

0–0 peak becomes dominant again and the original S1 spectrum is recovered. At 20 K, the 

570 nm feature is even better resolved and persists into the microsecond time window, so 

we no longer recover the full S1 spectrum observed in the 0–1 ns window. The long-term 

survival of the 0–0 peak, which was not observed in our previous low-temperature studies of 

TET polycrystalline films, is especially pronounced at the intermediate temperatures of 150 

K and 77 K.

If SF is assumed to proceed sequentially through the 1(TT) state and on to the 1(T....T) 

state (Figure 1a), then it is natural to assign the red emission to the 1(TT) bound state that 

rapidly dissociates at high temperatures but becomes trapped at lower temperatures. But if 

the 1(TT) bound state is a required intermediate on the way to 1(T....T), this places some 

Cruz et al. Page 6

J Chem Phys. Author manuscript; available in PMC 2022 October 05.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



constraints on the evolution of the fluorescence spectrum. Kinetic modeling can be used to 

determine whether the sequential mechanism in Figure 1a is consistent with the observed 

spectral behavior.

Consider the general 3-state kinetic scheme outlined in Figure 8. This scheme leads to three 

coupled differential equations:

dN1
dt = − k12 + k13 N1 + k21N2 + k31N3 − k1N1 (3a)

dN2
dt = − k21 + k23 N2 + k12N1 + k32N3 − k2N2 (3b)

dN3
dt = − k32 + k31 N3 + k13N1 + k23N2 − k3N3 (3c)

where state 1 represents S1, state 2 represents the 1(TT) and state 3 represents the 1(T....T) 

and free triplet T + T populations. We assume that states 1 and 2 can be monitored by their 

emission, while state 3 (corresponding to separated triplets) is dark. We are interested in the 

ratio N1/N2, which determines the ratio of high versus low energy emission signals. At very 

early times, only N1 exists. As the population continues to relax, a temporary equilibrium 

will be established between states 1 and 2, with N1/N2 = k21/k12. At longer times, an 

equilibrium will be established between all three levels with N3 acting as a long-lived 

reservoir of population (k3~0). Now we assume that N1 and N2 establish a quasi-equilibrium 

such that dN1/dt=dN2/dt=0, leading to the general result:

N1
N2 eq

=

k31
γ1

+ k21
γ1

γ1γ2
γ1γ2 − k12k21

k32
γ2

+ k12k31
γ1γ2

γ1γ2
γ1γ2 − k12k21

k32
γ2

+ k12k31
γ1γ2

(4)

γ1 = k12 + k13 + k1

γ2 = k21 + k23 + k2

We now consider three limiting cases corresponding to different mechanisms in Figure 1:

A. Sequential path (Figure 1a), for which k13=k31=0, which leads to

N1
N2 eq

= k21
k12 + k1

(5)

In other words, the final N1/N2 ratio must be equal to or less than the early time 

N1/N2 ratio – there cannot be a situation in which the N1 emission dominates in 

both very early and very late time windows.
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B. Parallel paths for the S1 state (Figures 1a and 1b), with k23=k32=0, which leads 

to

N1
N2 eq

= k21 + k2
k12

(6)

From this expression, we see that the long-time ratio can be larger than the initial 

ratio simply by allowing a large k2 value, which makes N2 decay quickly while 

N3 replenishes N1.

C. Irreversible defect trapping and triplet state pathways (k21=k23=k32=0), which 

leads to

N1
N2 eq

= k2
k12

(7)

Again, the ability to replenish state 1 from state 3, while state 2 decays rapidly, 

allows for an apparent revival of the state 1 emission at long times.

These expressions based on quasi-equilibrium calculations are confirmed by numerically 

solving the kinetic equations as shown in the Supporting Information. The time-dependent 

calculations confirm that the sequential model A) leads to a decreasing N1/N2 ratio at all 

times, while scenarios B) and C) can give rise to a N1/N2 ratio that first decreases but 

then increases before reaching a steady state. Such behavior qualitatively resembles the 

decrease in red emission (state 2) relative to the higher energy S1 emission (state 1) seen 

experimentally.

Interestingly, when the populations all originate from a common S1 state, we were unable 

to generate a case where the N1 population dominated the long-time emission – rapid 

relaxation into state 2 always maintained N1/N2<1. In order to explain the large amplitude 

of S1 emission at long times, we would have to have two separate populations where one of 

them does not relax to the red-emitting state at all. So an alternative scenario to A)-C) above 

is one in which two distinct S1 subpopulations exist, one of which bypasses relaxation to the 

red-emitting state to directly create long-lived triplets.

The analysis in the previous two paragraphs shows that if we assume the S1 emission at 

very long times is due to DF from triplet-triplet fusion, then the pathway that produces 

these triplets must be independent of that which produces the red emitting species. The 

precise nature of the redshifted emission remains an open question. One possibility is that 

it is associated with a “stalled” 1(TT) state that cannot complete the fission process. If this 

is the case, there must be another source of triplets at low temperature to produce the DF. 

Alternatively, it could be associated with defects or varied crystalline domains brought on 

by a low temperature phase change that undergo ISC. In this case, fusion back to the S1 

state would bypass the defect and avoid regenerating the red emission, as we observe. One 

thing we do know is that the direct SF pathway identified in the range 300–500 K will not 

be competitive at these lower temperatures, since it is calculated to decline to 1.1×109 s−1 

at 200 K, 3.0×108 s−1 at 150 K, and 2.0×106 s−1 at 77 K. It is possible that an alternative 

path for SF exists at low temperatures, for example tunneling, but again this pathway would 
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proceed independently of the red-emitting species. The most important conclusion we can 

draw is that the red emission does not correspond to the 1(TT) intermediate in Figure 1a. We 

emphasize that this conclusion rests on our ability to observe long-lived DF signal from the 

original S1 state in the single crystals, which was absent in our polycrystalline films (ref 32).

If we assume that triplets must be produced at T<200K and are byproducts of the defect 

mediated trapping followed by SF and/or ISC, we must assume that our TET crystals have a 

relatively high density of defects. This is actually consistent with other observations. Unlike 

anthracene, TET cannot be zone-refined and always contains appreciable concentrations of 

chemical impurities65 which can lead to packing defects in the crystal. While high-purity 

anthracene crystals give rise to low temperature (4 K) photoluminescence peaks with widths 

on the order of 10 cm−1 66,67, structural defects can broaden lines in this crystal.68,69 

In contrast, crystalline TET consistently gives rise to 4 K photoluminescence peaks with 

widths on the order of 300 cm−1, possibly indicative of a high density of defects. If TET 

is prone to defective growth, it would also help explain some of the spread in kinetic 

measurements reported in the literature. For example, there are large differences in the initial 

SF rates obtained by performing the same room temperature visible/near-infrared transient 

absorption experiment on single crystals, which have been reported to range from 25ps 

to 156 ps.45,70–74 Single crystals should provide the most reproducible samples because 

they presumably avoid polymorphism associated with the growth of polycrystalline films on 

surfaces75, which is presumably responsible for the large range of SF times (22 ps to 125 ps) 

reported for this class of samples.32,39,76 Assuming that experimental artifacts like nonlinear 

exciton annihilation dynamics have been correctly accounted for, then we can conclude that 

this variation results from variable crystal quality.

The singlet exciton diffusion rate is estimated to range from (10−3 to 10−2) cm2/s77–79, 

which would allow it to cover roughly 10 nm within 100 ps. In a trap-dominated scenario, 

the intrinsic SF process competes with singlet diffusion to defect sites, whose density varies 

from sample to sample. The approximately constant S1 decay from 250 K to 4 K would then 

indicate that the singlet diffusion rate is temperature independent over this range. Trapping 

to some distribution of emissive defects would be followed by either relaxation back to S0, 

or the generation of long-lived triplets via slow SF or ISC. It is also possible that there 

exist local regions within a single crystal that are largely defect-free and the data represents 

a spatial average over different domains. Measurements with high spatial resolution might 

help distinguish between these possibilities.

We note that our analysis rests on the assumption that the fluorescence signal is an accurate 

reporter of the overall singlet population. The strength of the fluorescence experiment is 

that its high sensitivity allows experiments to be carried out at low excitation fluences, 

avoiding the singlet-singlet annihilation dynamics and heating artifacts that can affect 

transient absorption experiments. Furthermore, the delayed fluorescence QBs provide an 

unambiguous detection of the 1(T....T) state. But the fluorescence experiment is only 

sensitive to emissive species. If there exists a parallel channel for SF via a dark singlet 

state that generates triplets but does not give rise to significant fluorescence, then transient 

absorption becomes the more reliable method to probe such sates. So a possible objection 

to our interpretation is that the fluorescence experiments are simply missing the bulk 
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of the S1 decay into dark states that have different kinetics. The fact that fluorescence 

lifetime experiments consistently yield a longer singlet lifetime (on the order of 200 ps 

to 250 ps)31,33,40,80–84 than transient absorption experiments suggests that there could be 

a systematic discrepancy between the two types of experiments. We previously showed 

that the decay of the triplet absorption signal at 800 nm and the delayed fluorescence 

paralleled each other on the 100 ns timescale for polycrystalline films85, but we have not 

done a similar consistency check for single crystals. To our knowledge, there has not been a 

combined fluorescence-transient absorption study of single TET crystals to determine if one 

kinetic model can provide a self-consistent description of both experiments at all excitation 

densities.

Conclusion

One goal of this paper has been to present new results on the temperature dependence of 

the S1 decay rate and spin quantum beats in TET single crystals. All the fluorescence data 

for T>200 K are consistent with direct production of the spatially separated 1(T....T) state 

via a thermally activated process that is insensitive to the delocalization of the parent S1 

exciton. The second goal of the paper was to examine whether the 1(TT) intermediate might 

be observed at temperatures below 300 K. We conclude that the redshifted emission seen 

at lower temperatures cannot be a kinetic intermediate on the way to the 1(T....T) state but 

may instead reflect a trapped singlet state. The observation of delayed fluorescence even 

at low (20 K) temperatures shows that triplets are still being produced, but the mechanism 

is not the same thermally activated process that operates at high temperatures. While this 

hypothesis can explain most of the experimental observations on TET, conclusive proof 

probably requires performing multiple measurements (transient absorption, fluorescence, 

electron spin resonance) on the same crystal sample while characterizing the crystallinity 

using X-ray or electron diffraction and impurity content, possibly by mass spectrometry. 

This is a daunting project, but it might prove that SF in TET is simpler than it previously 

appeared.

The fluorescence data suggest that high temperature SF in crystalline TET may be analogous 

to spontaneous parametric downconversion of photons, where a single particle splits into 

a pair of unbound, non-interacting particles whose behavior is correlated by their spin 

entanglement generated at the moment of creation. It appears that typical TET crystals 

may have a high defect density that obscures this process, especially at low temperatures. 

However, it may be possible to engineer SF molecular crystals where direct production of 

the 1(T....T) state is dominant at all temperatures. Given the long lifetimes and high diffusion 

rates of triplet excitons in high quality polyacene crystals, it is possible to envision utilizing 

such spatially separated, spin-entangled triplet pairs for experiments analogous to those done 

with photon pairs generated by SPDC.50
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Fig. 1. 
Mechanisms for singlet relaxation in crystalline TET that can create triplet excitons: a) 

Sequential pathway for singlet fission, with 3 steps: i) initial creation of bound triplet 

pair from singlet S1, ii) triplet pair separation, iii) spin decoherence into uncorrelated, 

independent triplet excitons. b) Direct creation of spatially separated triplet pair. c) Singlet 

trapping at a defect followed by singlet fission. d) Singlet trapping at a defect followed by 

intersystem crossing.
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Fig. 2. 
A) Temperature dependent fluorescence spectra of a tetracene single crystal submerged in 

fomblin oil. At elevated temperatures, the intensity of the 0–0 peak (535 nm) decreases. 

Above 450 K, monomeric fluorescence emerges (490 nm) as the crystal partially dissolves 

in the protective oil. B) The ratio of the 0–0 peak intensity to the 0–1 peak intensity is 

plotted as a function of temperature. The intensity is determined from Gaussian fits to the 

spectra at each temperature.
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Fig. 3. 
A) The temperature-dependent, early-time fluorescence decay of single crystal tetracene 

submerged in fomblin oil showing a more rapid decay of the singlet at elevated 

temperatures. B) An Arrhenius plot of the singlet decay rate (kS1) as a function of 

temperature. kS1 is determined from fitting the decays in Fig 3A with exponential functions. 

A linear fit (red line) yields an activation energy of 550 cm−1.
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Fig. 4. 
A) The fluorescence decay of single crystal tetracene submerged in fomblin oil in a 1 μs 

window at 294 K (top) and 495 K (bottom). An initial rapid decay of the singlet over 

≈100 ns turns into a long-lived delayed fluorescence at both temperatures. At 495 K, the 

initial decay (t < 100 ns) appears slower due to PL from monomeric tetracene; however, the 

monomer does not contribute to the signal for t > 100 ns. B) The quantum beats extracted 

from the fluorescence decays of single crystal tetracene submerged in fomblin oil as a 

function of temperature.
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Fig. 5. 
An Arrhenius plot of the damping constant, α, extracted from the quantum beats using 

Equation (2). The error bars represent the relative error in α obtained from the fit of 

Equation (2) to the oscillations. The linear fit yields an activation energy of 160 cm−1 ± 70 

cm−1.
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Fig. 6. 
A) The early-time fluorescence decay of a single tetracene crystal showing a rapid singlet 

decay even at cryogenic temperatures. B) The long-time fluorescence decay of a single 

tetracene crystal below room temperature. The long-lived delayed fluorescence observed for 

T > 200 K decays more rapidly as the temperature is lowered.
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Fig. 7. 
The spectral evolution of a tetracene single crystal at (A) 250 K, (B) 150 K, (C) 77 K 

and (D) 20 K. At 150 K and 77 K, a redshifted feature briefly emerges before the original 

S1 emission is recovered at later times. At 20 K, a redshifted feature also appears, but the 

original S1 spectrum is never fully recovered at later times. Each spectral slice has been 

smoothed for clarity.
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Fig. 8. 
3 level diagram based on Equations (3a-c), where level 1 corresponds to S1, level 2 

corresponds to the emissive 1(TT) state, and level 3 corresponds to the T1 reservoir. Rate 

constants are defined in the text.

Cruz et al. Page 24

J Chem Phys. Author manuscript; available in PMC 2022 October 05.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript


	Abstract
	Introduction
	Experimental

	Results and Discussion
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.



