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ABSTRACT: The photophysical properties of anthanthrene, four anthanthrene derivatives containing varying
phenyl and p-fBu-phenyl substituents, and two anthanthrones with phenyl and p-tBu-phenyl substituents are
examined. In general, as the anthanthrenes and anthanthrones become more substituted, red-shifts are observed in
the peak maxima of the ground- and excited-state absorption and fluorescence spectra. The anthanthrones have large
(> 0.8) intersystem crossing (ISC) quantum yields (®r) likely caused by nm* character in the ground or excited
states. A bromo-substituted anthanthrene has a unity ISC yield due to an ISC rate constant of 2.5 x 100 s™! caused
by heavy-atom induced, spin-orbit coupling. This leads to low fluorescence quantum yields (®r) in these three
derivatives. The parent anthanthrene and remaining derivatives behave much differently. All have ®f values from
0.58 — 0.84 with lower @ values as radiative decay outcompetes ISC. The anthanthrones have remarkable excited-
state absorption with strong, broad transitions across the visible with weaker transitions extending to nearly two um.
The anthanthrenes have very similar-shaped, broad transitions in the visible which can be shifted ~60 nm by
controlling the substituents. The triplet lifetimes range from 31 — 1200 ps and increase as the ISC yields decrease;
the bromo-substituted anthanthrene is shortest, followed by the anthanthrones then the other anthanthrenes. The rate
of triplet-triplet annihilation is also effected by the presence of substituents; as the amount of steric bulk is increased,

the rate of annihilation decreases.
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Introduction

Excited-state absorption (ESA) plays a critical role in the effectiveness of nonlinear optical processes such
as reverse-saturable absorption'® (RSA) and effective-three-photon absorption’!! (E3PA). RSA occurs when the
ESA has a larger extinction coefficient than the ground state, leading to higher optical density in the excited state at
a given wavelength. E3PA occurs when a two-photon absorbing material also has significant ESA whereby a third
sequential photon can be absorbed after the simultaneous two-photon excitation, which can greatly enhance the
nonlinearity. Therefore, the intensity and wavelength of the ESA have direct influence on the performance of RSA
and E3PA materials. Additionally, materials that have long excited-state lifetimes are preferable due to their ability
to perform over larger temporal windows. Accordingly, being able to control the intensity and energy of the ESA, as
well as the excited-state lifetime is a distinct advantage when designing nonlinear absorbing materials.

The triplet-triplet absorption (TTA) spectra and lifetimes of a number of organic hydrocarbons have been
catalogued over the past several decades.'?'* Anthracene has been widely studied but has a relatively narrow TTA
band at high energy. Adding chloro, bromo, or cyano groups to anthracene can slightly red-shift the TTA.!> Other
substituted anthracenes such as 9,10-diphenylanthracne (445 nm) show only moderate shifts relative to the parent.!®
Increasing aromaticity/size typically red-shifts TTA, as the maxima of anthracene, tetracene, and pentacene in
benzene are 430, 465, and 505 nm, respectively.'? Additionally, steric bulk and/or substitution position can inhibit
collisional deactivation via triplet-triplet annihilation and allow triplets to persist longer.!”->> However, the limited
knowledge of how to tune ESA renders continued investigation in this area important. Anthanthrene? has a broader
and red-shifted triplet-triplet absorption spectrum relative to anthracene, and could therefore be more useful as an
RSA or E3PA material. In this report, we investigate the photophysical properties of several anthanthrene
derivatives and two anthanthrone derivatives (Figure 1). Ground- and excited-state absorption spectra, fluorescence

spectra, excited-state lifetimes, and triplet-triplet annihilation are presented among other properties.
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Figure 1. Structures of the molecules studied.
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Experimental
Instrumentation. Ground-state UV/vis absorption spectra were measured on a Cary 5000 spectrophotometer.
Luminescence spectra were obtained using an Edinburgh Instruments FLS980 spectrometer equipped with a 450 W
xenon lamp and a Hamamatsu R928P side window photomultiplier in a cooled housing (—20° C). Fluorescence
quantum yields were obtained using the FLS980 equipped with an integrating sphere and were corrected for
reabsorption of the sample.?* Time-correlated single-photon counting (also on the FLS980) was utilized to determine
fluorescence lifetimes. The samples were excited using a 60 ps laser diode at 404 nm. Data were analyzed using a
reconvolution software package provided by Edinburgh Instruments. All experiments were performed at room
temperature. A Cary Eclipse spectrometer was used to obtain phosphorescence spectra in gated delay mode.

Ultrafast transient absorption measurements were performed using a modified version of the femtosecond
pump-probe UV-VIS spectrometer described elsewhere.? Briefly, 4 mJ, 45 fs pulses at 785 nm at 1 kHz repetition
rate were obtained from a cryogenically-cooled, Ti:Sapphire regenerative amplifier (KM Labs Wyvern 1000-10).
Approximately 5% (0.2 mJ) was reflected into the experiment, which was split into pump and probe (90 and 10%,
respectively) by a beam splitter. The pump beam was directed into a frequency doubler (CSK Super Tripler) and
then was focused into the sample. The probe beam was delayed in a computer-controlled optical delay (Newport
MM4000 250 mm linear positioning stage) and then focused into a sapphire plate to generate white light continuum.
The white light was then overlapped with the pump beam in a 2 mm quartz cuvette and then coupled into a CCD
detector (Ocean Optics S2000 UV-VIS). Data acquisition was controlled by software developed by Ultrafast
Systems LLC.

Nanosecond transient absorption measurements were carried out using a Q-switched Nd:YAG laser
(Quantel Vibrant, pulse width ca. 5 ns) with an internal optical parametric oscillator for wavelength tunability.
Pulse fluences of up to 8 mJ cm™ at the excitation wavelength were typically used. The transient absorption system
was an Edinburgh Instruments LP920, equipped with a housed 450 W xenon lamp, Hamamatsu R928 PMT or
Hamamatsu G5852-23 InGaAs photodiode, Tektronix TDS 3012C Digital Storage Oscilloscope, and an Andor iStar
ICCD camera. Electronic synchronization was controlled by the provided Edinburgh Instruments F900 software.
Laser excitation of the samples were aligned 90 degrees relative to the white light probe beam which passed through
the sample, then through a Czerny-Turner monochromator (300 mm focal length, 1800 grooves/mm grating, 500 nm
blaze, < 2 nm bandwidth) before being passed to the PMT. Spectra in the visible region were obtained with the
ICCD camera, while spectra near infrared region were obtained with the InGaAs photodiode by compiling data
taken in five nm increments from 900 — 1950 nm. When covering large wavelength ranges, spectra were collected in
smaller increments with appropriate long-pass filters to prevent wavelength doubling. Specifically, a 494 nm long-
pass filter was used from 600 — 900 nm, a 750 nm long-pass filter from 900 — 1400 nm, and a 1335 long-pass filter

from 1400 — 2000 nm. These spectra were then stitched together to generate the full spectrum.

Materials and Methods. High purity solvents were obtained from commercial vendors and used as received.
Tris(2,2"-bipyridyl)dichlororuthenium(Il) hexahydrate was purchased from Sigma-Aldrich and converted to the
hexafluorophosphate salt [Ru(bpy);(PFs),] via ion-exchange metathesis. Anthanthrene (dibenzo[def,mno]chrysene)
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was purchased from Alfa Chemistry and used as received. Compounds 1 — 6 were synthesized as described
previously.?6

An indirect method was used to estimate the intersystem crossing yield (®@r) by using the singlet oxygen
phosphorescence yield (®,). Studies have shown a correlation between @, and @1, although it should be noted the
@, is the lower limit for ®.27- 2 Because some singlet oxygen phosphorescence originates from quenching of the
singlet state of the compounds, the intersystem crossing yields are calculated using the formula, &1 = O, — (Ppg—
®r,), where ®Op 4 and Op, are the deaerated and aerated fluorescence quantum yields, respectively. Due to the
difficulty of measuring deaerated samples in the integrating sphere, ®r 4 was calculated by multiplying @, by the
ratio of the deaerated and aerated fluorescence lifetimes. Tetracene (@, = 0.71) and phenazine (®, = 0.83) in aerated
toluene were used as standards.?” To determine excited-state extinction coefficients, [Ru(bpy);](PFs), was used as a
relative actinometer. Based on the literature value3® for the triplet extinction coefficient at 364 nm, er, of 25,400 M™!
cm™!, and the ground state extinction coefficient of 4,600 M~ cm™!, the value for the difference in extinction
coefficient between the triplet and ground states, Aer, was calculated to be 20,800 M~! cm™! at 364 nm in water.
Decomposition of Ru(bpy);Cl, was observed during laser-flash photolysis in water, so the experiments were run
with [Ru(bpy);](PFg), in CH;CN. It was assumed that Agr at the maximum in CH3CN (370 nm) was equal to the
calculated value at 364 nm in water. The data were collected at low laser energies to stay in the linear regime. As the
lifetime of Ru(bpy);(PFy); is relatively short, the maximum AA used for the actinometry was determined from a fit
of the decay trace. The AA spectra of each compound collected 50 ns after excitation were used for the conversion

to extinction coefficient units.

Results and Discussion

The absorption spectra of the compounds in toluene are shown in Figure 2 and maxima and extinction
coefficients are tabulated in Table 1. The anthanthrone derivatives, 1 and 2, are characterized by significantly lower
energy absorption transitions relative to the anthanthrene derivatives, with maxima at 501 and 507 nm, respectively.
The observed absorption maxima are red-shifted relative to the parent anthanthrone, which has an absorption
maximum at 476 nm in benzene.3! The addition of two phenyl groups in 1 results in a red shift of 25 nm relative to
anthanthrone. The inclusion of tert-butyl groups in the 4-position of the phenyl substituents further red shifts the
absorption by 6 nm relative to 1. The extinction coefficient of 1 at the lowest energy maximum (501 nm) is 10,800
M cm™!. While nz* transitions could be present in these anthanthrone derivatives, this transition is likely
dominated by nm* transitions due to the value of the extinction coefficient. The extinction coefficient of 2 was not
obtained because of its poor solubility in toluene. The spectra of 3 — 7 are similar in shape, with sharp transitions
that increase in intensity with increasing wavelength. These absorption peaks with extinction coefficients at the low
energy maxima in the 40,000 — 60,000 M~! cm™! range correspond to nr* transitions. The energy of the absorption
maxima in the anthanthrene derivatives decreases as the number of substituents is increased. Anthanthrene (7) has a
Amax 0f 433 nm. The inclusion of two phenyl groups in 3 decreases the absorption energy to 439 nm. The absorption

Amax 18 further decreased to 454 nm in 5 when the number of phenyl substituents is increased to four. The inclusion



Physical Chemistry Chemical Physics

of tert-butyl groups to the four phenyl substituents results in absorption energy of 457 nm in 6. The bromo

containing derivative, 4, has the lowest energy absorption Ay, of 460 nm.

Extinction Coefficient (10° M" cm™)

) . T ]
450 500 550

Wavelength (nm)

2 L]
350 400

Figure 2. Absorption spectra of compounds in toluene. The spectrum of 2 is not in extinction coefficient units due to
low solubility and is instead normalized to 1.

Figure 3 shows the fluorescence spectra of the complexes in toluene. The fluorescence maxima (Aep,),
deaerated lifetimes (t¢), and aerated and deaerated quantum yields (@, and ®r 4, respectively) are listed in Table 1.
Fluorescence decays and fits are shown in Figure S1. Fluorescence was not observed in compound 4 due to very fast
intersystem crossing (discussed later). The fluorescence maxima of the anthanthrone derivatives red-shift along with
the absorption spectra. The lifetimes and quantum yields are shorter/smaller for the anthanthrone derivatives, as fast
intersystem crossing dominates the decay. Lifetimes are around 1 ns, while fluorescence quantum yields are near
10%, similar to anthanthrone.?! This results in radiative rate constants on the order of 1 x 103 s™!. The fluorescence
maxima of the anthanthrene derivatives also red-shift along with the ground state absorption spectra; the parent
anthanthrene (7) has the highest fluorescence energy and the fluorescence of 6, which contains four t-Bu-phenyl
substituents, has the lowest fluorescence energy. The deaerated lifetimes of the anthanthrene derivatives (other than
4) range from 2.99 — 4.40 ns, while the deaerated fluorescence quantum yields range from 0.58 — 0.84. It should be
noted that these quantum yield values are significantly higher than those observed previously in methylene
chloride.?¢ It is unclear if this is due to a difference in the solvent polarity, the use of an integrating sphere with a
fluorescence reabsorption correction, or some combination of the both. The radiative rate constants (k;) are all very
similar, ranging from 1.6 — 2.8 x 108 s71. The lifetime of 4 was measured using ultrafast transient absorption
spectroscopy, and is only 40 ps (see Figure S2), again due to fast intersystem crossing.

As mentioned in the experimental section, an indirect method was used to estimate the intersystem crossing
yield (®r) using the singlet oxygen phosphorescence yield (®4). @, represents the lower limit for ®1?7-28 and the
production of singlet oxygen via the quenching of the singlet excited states must be taken into account. It should
also be noted that the sum of @4 and @ is greater than unity for some of the molecules due to the error in quantum

yield measurements (15% for both ®r 4 of 7). However, the observed values still provide general trends across the
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series of molecules which allows for an understanding of the photophysical processes. The anthanthrones, 1 and 2,
have large @t values (Table 1) of 0.93 and 0.83, respectively. The high intersystem crossing yields give credence to
the presence of nn* states, in accordance with El Sayed’s rule. The rate constants for intersystem crossing (kis.) are
nearly an order of magnitude larger than the rates constants for radiative decay, which accounts for the low
fluorescence quantum yields and short fluorescence lifetimes. Anthanthrene derivatives 3, 5, 6, and 7, all have @y
values ranging from 0.24 — 0.31. As @y is smaller than @ 4 for each, the calculated ki, values are all slightly smaller
than k.. As with k;, the values for k;g for these four molecules are very comparable, highlighting the similarities in
relaxation pathways from the singlet state. For these four molecules, there are not any significant trends in &, or ki
brought on by changes in structure. Compound 4 is drastically different due to the presence of bromide groups in the
6 and 12 positions, which increase k;s. by about two orders of magnitude via heavy-atom-induced spin-orbit

coupling. Because kis. >> k;, @t is unity.

Table 1. Photophysical properties of compounds in toluene

Compound Aaps/NM ¢/10° M~ cm™! Aem/MM  TE/ms?  @p,P Oy ®,° ®,> k, /108 s7! kis /108 571

1 361,472,501 7.43,8.28, 10.8 543 0.76 0.085 0.082 0.93 0.93 1.1 12

2 362,479, 507 N/A¢ 554 1.03 0.13 0.13 0.83 0.83 1.2 7.8

3 414,427,439 22.1,16.0,39.2 443 438 0.73 0.82 0.40 0.31 1.9 0.71
4 410, 432, 460 9.91,24.6,41.9 N/A? 0.04¢ N/A? N/A 1 1 N/A? 250
5 404, 427, 454 11.3,31.2,54.7 463 3.17 0.71 0.82 0.35 0.24 2.6 0.76
6 410, 430, 457 13.0,31.7,49.3 467 2.97 0.77 0.84 0.35 0.28 2.8 0.94
7 385, 409, 433 11.7,29.9, 59.1 435 3.57 0.48 0.58 0.41 0.31 1.6 0.87

“10% error, ©15% error, “Not soluble enough to obtain reliable extinction coefficient, “Fluorescence is too weak to obtain values, “Obtained from
fs transient absorption.

Normalized Emissicn Intensity {a.u.)

Eﬁﬂ 5."!0 660 EQD 75m 750 A"zs A.;;o 4;5 sr;u 5‘25 5&0 575
Wavelength (nm) Wavelength {nm)

Figure 3. Normalized emission spectra of 1 and 2 (left) and 3, 5, 6, and 7 (right) in toluene. A, (nm): 1 (450), 2
(450), 3 (380), 5 (400), 6 (400), 7 (380).

The ultrafast transient absorption spectra are given in supporting information (SI) Figures S3 — S9 with
relevant properties in Table S1. All samples were excited at 400 nm and the transient spectra were measured to six
nanoseconds. For 1 and 2, absorption maxima at time zero are observed at wavelengths longer than 650 nm, with
bleaches observed at shorter wavelengths due to a combination of stimulated emission and ground-state absorption.
The maxima blue shift over the first several picoseconds, via what is likely intramolecular vibrational relaxation.
The shift is larger for 2, and the reason for this is unclear, although the slightly red-shifted emission relative to 1
could decrease the intensity of the blue edge of the peak leading to an arbitrarily large shift. Following the slight
blue shifts, shorter wavelength maxima grow in with spectra similar to the long time scale spectra (discussed later).
These lifetimes are consistent with those observed for the fluorescence decay. Compounds 3 — 7 show similar trends

with long wavelength maxima that, in general, blue shift followed by further shifts corresponding to formation of the
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triplet state. As mentioned above, 4 rapidly forms the triplet state via large kis. with only one lifetime observed
(Figure S2). The other anthanthrene derivatives all show two lifetimes with the first being longer (20 — 128 ps) than
that observed for 1 and 2. It is still assumed this first lifetime corresponds to vibrational relaxation, and is followed
by the longer lifetime corresponding to fluorescence and intersystem crossing (and nonradiative decay when
competitive with k&, and k;g..)

The extinction coefficient difference between the triplet-excited state and ground state (Agr) can be
determined using a relative actinometer. In this case, [Ru(bpy);](PFs), in deaerated CH3;CN solution was used with a
calculated Agg, of 20,800 M™! cm™! at 370 nm (see experimental), and it was assumed that @ for [Ru(bpy);](PFs),
is unity. When samples are absorbance matched at the excitation wavelength, equation 1 can be used to determine
Agr, where AAy is the maximum absorption difference of the unknown compound at a given wavelength, AAg, is
the maximum absorption difference of the Ru(bpy);(PFs),, @1 is the intersystem crossing yield for the unknown
compound, and 7x and 7y, are the refractive indices of the solvents of the unknown sample and the Ru(bpy);(PF),
sample, respectively.

Aegu(DAx/AARy) N%
Pr MR

€y

Aer =

The transient absorption difference spectra in extinction coefficient units are shown in Figures 4 (1 and 2)
and 5 (3 — 7) with relevant properties listed in Table 2. The spectra of the anthanthrones, 1 and 2, were obtained in
deuterated benzene to allow for transparency in the NIR region that toluene does not provide (Note: the actinometry
experiments were performed in toluene and these Aer values were used to generate the benzene-dg spectra in Figure
4). The spectra are quite remarkable, with positive absorption features observed to nearly two um. The shapes of the
spectra of both 1 and 2 are quite similar due to their similar structures, with only minor shifts in the peak maxima
observed. Relative to 1, the peak maxima of 2 undergo slight bathochromic shifts in the visible and slight
hypsochromic shifts in the NIR. The intensity of the absorption peaks is impressive, with Aer values over 27,000
M cm™! in the visible and reaching 2,100 and 3,500 M~ cm™! in the NIR for 1 and 2, respectively. The triplet-
triplet absorption spectra of the anthanthrenes, 3 — 7, were collected in toluene and also have similar band shapes but
show significant shifts in absorption peak maxima as the structures change. The trends in excited-state absorption
energies are identical to those observed in the ground state for the phenyl substituted anthanthrenes; the A, for
anthanthrene (7) occurs at the highest energy and the A, for the anthanthrene containing four, t-butyl phenyl
susbstituents (6) occurs at the lowest energy. The excited state A, for the bromo substituted complex falls in the
middle of the series. The Aer values are relatively similar, ranging from 17,000 — 29,000 M~ cm™! at the long-
wavelength maxima.

The triplet excited-state energies (Table 2) were obtained using 77 K phosphorescence measurements in
2:2:1:1 diethyl ether:iodoethane:ethanol:toluene (Figure S10). The anthanthrones, 1 and 2, possess nearly identical
triplet energies with values of 1.58 and 1.57 eV, respectively. These values are > 0.1 eV larger than any of the triplet
energies obtained for the anthanthrenes. This observation coupled with the dramatically lower singlet state energies
of the anthanthrones result in singlet-triplet energy gaps for the anthanthrones that are nearly half of those calculated

for the anthanthrenes! The triplet state energies of the anthanthrene derivatives are all within 0.06 eV. Interestingly,
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the change in the triplet-triplet absorption peak maxima relative to 7 are significantly larger (0.12 (3) — 0.19 (6)).
This implies the energies of the upper triplet excited states are more affected by the changes in molecular structure
than the T, states. Further, there is a substituent dependent trend in the magnitude of the singlet-triplet energy gap in
the anthanthrenes. Anthanthrene (7) possesses the largest singlet-triplet gap in the series. The singlet-triplet gap of
the anthanthrene with four, t-butyl substituted phenyl groups (6) has the smallest singlet-triplet gap in the series. The
results indicate that excited-state extinction coefficients, absorption maxima, and triplet energies can be readily

tuned by inclusion of substituents.

Wavelength (nm)
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Figure 4. Transient absorption difference spectra of 1 (black) and 2 (red) in benzene-dg. Aex = 355 nm
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Figure 5. Transient absorption difference spectra of 3 — 7 in toluene. A, = 450 nm (3 — 6), 438 nm (7).

Because long-lived triplet states are present, triplet-triplet annihilation (TTAn) is a possible decay pathway.

This is supported by observing delayed fluorescence as a function of laser pulse energy (Figure S11). The spectra
are distorted relative to those in Figure 3 because the samples are concentrated and significant reabsorption of the
emitted photons occurs. When monitoring at a constant time delay and varying the laser pulse energy, the delayed
fluorescence intensity decreases as the laser energy decreases. To prove the delayed fluorescence originates from
TTA, the dependence of the integrated intensity on the incident laser pulse energy was also evaluated (Figure 6 for
1, Figure S12 for 2, 3, 5 — 7). The integrated delayed fluorescence intensity was proportional to the square of the
laser pulse energy. Double logarithm plots inset in Figures 6 and S12 yield straight lines with slopes ranging from
1.70 — 2.10, indicating the delayed fluorescence signal originates from TTAn.?2-34 It should be noted that for 4, the
extent of TTAn relative to the other molecules is significantly less due to its short triplet lifetime (see below).
Although delayed fluorescence is shown for 4 in Figure S11, much higher laser energies had to be used to observe
signal. These higher energies induce nonlinear absorption behavior, which results in unreliable plots of delayed
fluoresce intensity versus laser pulse energy.’® Due to the behavior of the other six derivatives, it is still assumed the

delayed fluorescence signal for 4 is produced via TTAn.
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Figure 6. Normalized delayed integrated fluorescence intensity of 1 as a function of incident pulse energy in
deaerated toluene. The data were integrated over the range shown in Figure S11 (475 — 700 nm) and normalized to
the highest integrated intensity. The solid line is the best quadratic fit. Inset: double logarithm plot of the same data,
with slope listed.

By knowing Aer for all molecules, the time-resolved data in AA units can be converted to triplet
concentration ([°M*]) vs time (¢) traces, which can then be used to calculate both the triplet-state lifetime (tr= 1/kt)
and the triplet-triplet annihilation rate constant (kr7) using equation 2, where [*M"], is the triplet concentration at
time zero.’® Fits of the data are shown in Figures 7 (1) and S13 (2-7) and results listed in Table 2. It is useful to
examine the trends in 7t in relation to ®r. In general, the molecules with the largest @t also have the smallest tr.
Because both processes involve intersystem crossing, this is expected. Therefore, 4 has the shortest triplet lifetime,
followed by 1 and 2, then the other anthanthrene derivatives. While 3, 5, 6, and 7 do not explicitly follow this trend,
tr is shorter for 3 and 7 (larger ®r) and longer for S and 6 (smaller @1). For these, t7 also increases as the molecules
become larger. Particularly interesting are the values for krr. For the anthanthrones, 1 and 2, these values are very
similar, with nearly diffusion control limited values. The value of &y for 7 is similar to 1 and 2 and consistent with
previous results,’” but as the anthanthrenes become larger, the values begin to decrease. Indeed, there is nearly an
order of magnitude difference in krt between the unsubstituted anthanthrene (7) and the most sterically encumbered
(6) with the others falling between them. The results suggest steric bulk inhibits annihilation, as observed
previously.!”-1%-38 It is curious that 1 and 2 have similar values to 7 despite the difference in steric bulk, but the

difference in the nature of the excited states (anthanthrone vs anthanthrene) may play a role.
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Figure 7. Triplet concentration of 1 as a function of time following 464 nm excitation fit to eq 2. Signal was
detected at 545 nm. Inset: residual as a function of time.

Table 2. Transient absorption properties of 1 — 7 in toluene unless otherwise noted.

Compound Ar/nm ¢/10* M cm™ E/eV? AEg 1/eV Tr/ps krp/10° M1 s71
1 547/662/17607 2.9/1.7/0.21 1.58 0.74 140 11
2 561/676/1735¢ 2.7/2.2/0.35 1.57 0.72 180 9.6
3 577/624 0.98/1.7 1.45 1.31 580 39
4 587/632 1.32.1 1.39 1.24 31 4.4
5 591/640 1.6/2.9 1.41 1.23 880 4.2
6 598/646 1.2/2.2 1.41 1.17 1200 1.6
7 543/585 1.3/2.0 1.46 1.34 380 12

“In benzene-dg, *Obtained from 77 K phosphorescence in 2:2:1:1 diethyl ether:iodoethane:ethanol:toluene, ‘Singlet energies estimated using the
wavelength at 10% of the peak intensity on the low-energy side of the ground-state absorption maxima

Conclusions

These anthanthrene and anthanthrone derivatives have absorption and emission features that can be readily
tuned by the addition of substituents, which typically red shift both the absorption and emission features. In general,
increasing the number of substituents increases the extent of the red shifts. For all molecules the lifetimes of the
singlet state are controlled by competition between k; and k;s.. The anthanthrone derivatives, which likely possess
nr* singlet states, rapidly undergo intersystem crossing to the triplet state with quantum yields greater than 0.8,
yielding relatively small fluorescence quantum yields. The anthanthrene derivatives (other than 4) have much more
comparable values of k; and k., with &; being two to five times larger. This leads to @ values from 0.58 — 0.84, with
@ values from 0.24 — 0.31. Because 4 possesses heavy bromine atoms, intersystem crossing is approximately two
orders of magnitude faster than radiative decay due to spin-orbit coupling, resulting in unity ®@r. For the
anthanthrone derivatives, the triplet-triplet absorption spectra are broad and intense in the visible, with weaker
transitions observed to nearly two um. For the anthanthrene derivatives, the triplet-triplet absorption spectra follow
the trend in the ground-state absorption with red-shifts observed as the number of substituents increases. Once in the

triplet state, the molecules can decay via vibrational relaxation or triplet-triplet annihilation. The lifetimes of the
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triplet state, tr, trend with ®r; 4 has the shortest lifetime, followed by the anthanthrone derivatives, likely caused by
spin-orbit coupling and the presence of nn* states, respectively. For the other anthanthrene derivatives, tr gets
slightly longer as substituents are added to the molecules. Finally, krt is near the diffusion controlled limit in the
anthanthrone derivatives and anthanthrene (7), but decreases across the anthanthrene series as the steric bulk in the

molecules increases because collisions resulting in annihilation are inhibited.
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Excited-state absorption, triplet lifetimes, and triplet-triplet annihilation rate constants can be tuned by
structural modifications.



