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4 ABSTRACT: Metal-free chromophores that efficiently generate triplet excited states
5 represent promising alternatives with respect to transition metal-containing photosensitizers,
6 such as those featuring metal-to-ligand charge transfer excited states. However, such molecular
7 constructs have remained underexplored due to the unclear relationship(s) between molecular
8 structure and efficient/rapid intersystem crossing. In this regard, we present a series of three
9 thionated perinone chromophores serving as a newly conceived class of heavy metal-free triplet
10 photosensitizers. We demonstrate that thionation of the lone CO substituent in each highly
11 fluorescent perinone imparts red-shifted absorbance bands that maintain intense extinction
12 coefficients across the visible spectrum, as well as unusually efficient triplet excited state
13 formation as inferred from the measured singlet O2 quantum yields at 1270 nm (ΦΔ = 0.78−
14 1.0). Electronic structure calculations revealed the emergence of a low energy S1 (n → π*)
15 excited state in the proximity of a slightly higher energy S2 (π→ π*) excited state. The distinct
16 character in each of the two lowest-lying singlet state manifolds resulted in the energetic
17 inversion of the corresponding triplet excited states due to differences in electron exchange
18 interactions. Rapid S1 → T1 intersystem crossing was thereby facilitated in this manner through spin−orbit coupling as predicted by
19 the El Sayed rules. The lifetimes of the resultant triplet excited states persisted into the microsecond time regime, as measured by
20 transient absorbance spectroscopy, enabling effective bimolecular triplet sensitization of some common polycyclic aromatic
21 hydrocarbons. The synthetically facile interchange of a single O atom to an S atom in the investigated perinones resulted in marked
22 changes to their photophysical properties, namely, conversion of dominant singlet state fluorescence in the former to long-lived
23 triplet excited states in the latter. The combined results suggest a general strategy for accessing long-lived triplet excited states in
24 organic chromophores featuring a lone CO moiety residing within its structure, valuable for the design of metal-free triplet
25 photosensitizers.

26 Polycyclic aromatic hydrocarbons (PAHs) have been
27 intensively studied over the past several decades and are
28 well-known for their valuable optical and electronic proper-
29 ties.1 Among their applications, PAHs have recently exhibited
30 increasing potential in photocatalysis and solar energy
31 conversion schemes.2−9 The triplet excited states of PAHs
32 have become the focal point of these photoinitiated processes,
33 where they are largely used in bimolecular chemical trans-
34 formations associated with triplet−triplet annihilation upcon-
35 version2−6 (TTA-UC) or photoredox catalysis.7−9 In many
36 PAHs, triplet states are inherently difficult to generate through
37 direct excitation due to the large singlet−triplet splitting in
38 these chromophores.1 A limited number of PAHs are capable
39 of singlet fission, where two triplet excited states are produced
40 from the fission of one high-energy singlet state.10 However,
41 observation of this phenomenon in PAHs has been restricted
42 to tetracene,11 pentacene,12 and some of their derivatives,13,14

43 which feature the proper singlet/triplet energetics (2T1 < S1).
44 Thus, most PAHs often require triplet sensitization through
45 direct Dexter-type triplet energy transfer (TET) to efficiently
46 access their triplet manifold.4

47Currently, most triplet sensitizers incorporate second- and
48third-row transition metals to promote triplet formation
49because the spin−orbit coupling (SOC) constant is approx-
50imately proportional to the square of atomic number Z.15−19

51However, the simplest and most easily accessible of these
52molecules absorb intensely in the ultraviolet region and suffer
53from smaller visible absorption cross sections,3,15,18,20,21

54limiting their potential in solar-light-driven applications.
55Additionally, the strong SOC that results from the heavy-
56atom effect also drastically shortens triplet lifetimes compared
57to those of many organic chromophores.15,18 Many inves-
58tigations have attempted to circumvent these issues by
59appending organic chromophores within the ligand framework,
60which strategically introduces a series of energy transfer
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61 cascades and triplet state thermal equilibria to achieve
62 enhanced visible-light harvesting and extended triplet life-
63 times.15,18,22−26 However, these bi- and polychromophoric
64 transition metal architectures can be very cumbersome and
65 tedious to design and synthesize, where it is also difficult to
66 predict and control the achieved thermal equilibrium process
67 and the resultant lifetime extension a priori.23 Among the
68 previously mentioned obstacles, the significant cost and
69 relatively low natural abundance of the second- and third-
70 row transition metals typically used in these constructs limit
71 the practicality of these systems for large-scale applications.
72 Thus, there is substantial interest in generating easily accessible
73 organic triplet photosensitizers featuring strong visible
74 absorbing cross sections, long excited state lifetimes, and
75 redox properties amenable for photoredox catalysis.
76 Recently, Scholes and co-workers demonstrated that
77 thionation of perylenediimides (PDIs) resulted in subpico-
78 second intersystem crossing (ISC) time constants, represent-
79 ing one of the few reported totally organic PDI derivatives with
80 efficient access to its triplet manifold.27 Because the rate of ISC
81 was independent of the degree of PDI thionation, they
82 concluded that the heavy-atom effect was not the cause of the
83 increased SOC, but rather the energetic proximity of many of
84 the low-lying singlet and triplet excited states. This principle
85 has since been extended to a few thionated naphthalimide
86 (NI) derivatives, which served as effective heavy-atom-free
87 photosensitizers in photodynamic therapy (PDT).28−30 Sim-
88 ilarly, Stryland and co-workers have pioneered a new class of
89 thionated squarine dyes that also show promise as organic
90 photosensitizers,31,32 resulting in their implementation in red-
91 to-yellow upconversion schemes using rubrene as an acceptor/
92 annihilator.33 Thus, regardless of the core molecular frame-
93 work, thionating various aromatic pendant carbonyl groups
94 opens channels for efficient intersystem crossing to the triplet
95 state without relying on the heavy-atom effect imparted by
96 transition metals. While this is the case, aromatic thiones
97 remain relatively underexplored as triplet sensitizers, with the
98 currently available classes of molecules being restricted to the
99 few examples discussed above.28,32,33

100 Perinones and other polycyclic benzimidazole chromo-
101 phores have emerged within the past decade as promising
102 analogues of the ubiquitous PDI chromophores, finding
103 increasing use in the dye industry34,35 and as organic n-type
104 semiconductor materials.34,36−38 This newly found interest
105 results from their synthetic simplicity, improved visible
106 absorption capabilities,34,36−38 significant electron mobili-
107 ties,36,37,39 and exceptional photochemical and thermal
108 stabilities.34,35,40 Additionally, perinones can be easily accessed
109 through solid state condensation and direct sublimation,38

110 generating chromophores with intense visible-light absorption
111 prepared under solvent-free “green” synthetic conditions
112 featuring limited material and purification costs. While these
113 properties are ideal for realizing inexpensive organic triplet
114 photosensitizers, perinones, much like PAHs, have limited
115 access to their triplet manifolds. Akin to the photophysics in
116 PDIs, the excited state evolution of perinones exclusively
117 proceeds through short-lived singlet excited states with
118 enormous fluorescence quantum yields.36,38

119 In this investigation, we hypothesized that the photophysical
120 tunability of perinone chromophores would echo those of
121 PDIs and postulated that metal-free triplet photosensitizers
122 could be generated on the basis of thionation at their lone

c1 123 carbonyl moiety [S1−S3 (Chart 1)]. It is worth noting that in

124comparison to the thionated PDI and NI derivatives, the
125presence of a single carbonyl group in perinones completely
126eliminates regioselectivity issues in the thionation process,
127whereas both PDIs and NIs produce mixtures of multi-
128thionated products.27,41 Furthermore, the selected parent
129perinones [P1−P3 (Chart 1)] are capable of intense light
130absorption across the majority of the visible spectrum (400−
131600 nm), which significantly red-shifted in the visible region
132upon thionation. Thus, flexibility was enabled in terms of the
133visible excitation wavelength when these sensitizers were
134paired with common PAH acceptors. We demonstrate that
135PAH acceptors with triplet energies of up to ∼1.8 eV could
136effectively be sensitized with diffusion-limited TET rates,
137which included tetracene, perylene, and 9,10-diphenylanthra-
138cene. Furthermore, we examined the nature of the electronic
139structure that facilitates efficient triplet formation in thionated
140perinones using electronic structure calculations.
141The molecular structures of all the chromophores
142investigated in this study are presented in Chart 1, while all
143synthetic and characterization data are reported in the
144Supporting Information. We note that P1 and P3 have been
145previously synthesized and characterized,36,38 while P2 is a
146newly reported molecule. The normalized electronic absorp-
147tion spectra measured in toluene of S1−S3 and their
148corresponding perinone precursors (P1−P3) are presented
149 f1in Figure 1, with other relevant measured photophysical data
150 t1summarized in Table 1. The lowest energy absorption bands of
151P1−P3 have previously been assigned as 1(π → π*).38 As
152presented in Figure 1, the lowest energy absorption bands of
153S1−S3 have similarly structured absorption envelopes with
154respect to their parent chromophores but display significant
155bathochromic shifts. The similarity within each absorption
156envelope suggests that the experimentally observed lowest
157energy electronic transition for each thionated perinone is also
158

1(π → π*) in nature, with vibronic coupling that is not
159significantly perturbed upon thionation. The significant red-
160shift observed upon thionation (>50 nm) is well-documented
161in the literature27,42,43 and can be rationalized by the significant
162energetic lowering of the lowest unoccupied molecular orbital
163(LUMO), while the highest occupied molecular orbital
164(HOMO) remains unchanged in energy (Table S1).

Chart 1. Molecular Structures of the Parent Perinones (P1−
P3) and Thioperinones (S1−S3) Investigated in This Study
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165 Considering that typical second- and third-row transition metal
166 sensitizers exhibit only modest light absorption in the visible
167 region,3,15,18,20,21 it is worth noting that S1−S3 are capable of
168 light absorption across the majority of the visible spectrum
169 (400−600 nm), with maxima at 514, 507, and 435 nm for S1−
170 S3, respectively. The extinction coefficients at these respective
171 maxima are on the order of 104 M−1 cm−1, which are similar to
172 the intensities of the MLCT absorptions in transition metal
173 complexes but can be readily tuned with facile structural
174 modifications and can achieve significantly red-shifted
175 absorption bands by comparison. Consequently, the total
176 integrated intensity of the absorption spectra across the visible
177 region is much larger for S1−S3, suggesting an advantage of
178 using these chromophores over traditional metal-containing
179 photosensitizers.

180Chromophores P1−P3 exhibit intense fluorescence arising
181from the initially populated 1(π → π*) excited state that
182decays within the early nanosecond time regime (Table 1). In
183addition to inducing significant bathochromic shifts to the
184electronic absorption spectra, S1−S3 also resulted in
185quantitative quenching of this prompt singlet fluorescence.
186Additionally, no photoluminescence was observed for any of
187the thionated perinone chromophores even at 77 K in 2-
188methyl-tetrahydrofuran, indicating the presence of substantial
189nonradiative deactivation channels. The observation of
190quantitatively quenched fluorescence was anticipated given
191the prediction of efficient triplet formation in these
192chromophores;27−29,31 however, the lack of phosphorescence
193even at 77 K encouraged us to measure singlet oxygen
194quantum yields to confirm triplet state formation as the
195dominant driver in excited state decay. The observation of
196singlet oxygen phosphorescence at ∼1270 nm in aerated
197solutions of S1−S3 (Figure S21) confirmed the process of
198triplet formation.46 To the best of our knowledge, this is the
199first report of accessing the triplet manifold in perinone
200chromophores without incorporating a third-row transition
201metal into the molecular architecture.47 Furthermore, the
202 t2singlet oxygen quantum yields [ΦΔ (Table 2)] were measured

203as 0.78 for S1, 0.85 for S2, and 1.0 for S3, suggesting large
204triplet quantum yields (ΦT) that rival those featured in
205transition metal complexes; the quantum yield of triplet state
206formation of S3 must be unity. The singlet oxygen
207phosphorescence signal was completely absent in aerated
208solutions of P1−P3, signifying that triplet state generation in
209S1−S3 was a direct consequence of a single thionation
210(Figures S22−S24). To glean more insight into the potential of
211S1−S3 as triplet photosensitizers, their triplet lifetimes were
212determined using nanosecond transient absorption spectros-
213 f2copy, with the associated difference spectra presented in Figure
214 f22A−C. The resultant single-exponential triplet lifetimes were
215measured as 0.664, 1.90, and 12.9 μs for S1, S2, and S3,
216respectively (Table 2).
217In each case, the lifetimes of the thioperinones persisted into
218the microsecond time domain, which is sufficient to engage in
219bimolecular triplet sensitization. This process has yet to be
220demonstrated using perinone chromophores and is signifi-
221cantly underexplored using aromatic thiones in general.
222Therefore, we used S1−S3 to sensitize a series of pertinent
223PAH acceptors through TET under selective visible excitation
224(480 or 560 nm) of the thioperinone. Initially, a range of PAH
225acceptors were chosen for each thionated perinone to establish

Figure 1. Normalized absorbance spectra (solid) of (A) S1, (B) S2,
and (C) S3 overlaid with the corresponding normalized absorbance
spectra (dashed) of P1−P3 in toluene.

Table 1. Absorbance and Photophysical Data of the
Chromophores Used in This Studya

molecule λabs max (nm) [ε (M−1 cm−1)]b ΦPL (298 K) τPL (298 K) (ns)

P1 449 (8200) 0.046c 1.00f

S1 514 (10800) <0.001c,e −
P2 442 (11300) 0.091c 1.51f

S2 507 (8700) <0.001c,e −
P3 385 (11700) 0.72d 10.7f

S3 435 (9900) <0.001d,e −
aMeasurements were performed in toluene. bMolar extinction
coefficients determined for the lowest energy λabs max.

cQuantum
yields measured using aerated [Ru(bpy)3](PF6)2 in acetonitrile as the
standard (λem = 621 nm; ΦPL = 0.018).44 dQuantum yield measured
using 4-aminonaphthalene-1,8-imide (ANI) in toluene as the standard
(λem = 495 nm; ΦPL = 0.91).45 eSamples degassed using the freeze−
pump−thaw technique. fExcited state emission lifetimes measured
using time-correlated single-photon counting with pulsed laser diode
excitation at 405 nm.

Table 2. Triplet-Based Photophysical Properties of
Chromophores S1−S3a

molecule τT (298 K)b,c (μs) ΦΔ (298 K)d ET (eV)e

S1 0.664 0.78 1.53−1.77
S2 1.90 0.85 1.53−1.77
S3 12.9f 1.0 1.77−2.00

aMeasurements were performed in toluene. bExcited state TA
lifetimes taken with an Edinburgh LP920 laser flash photolysis
spectrometer. cSamples degassed using the freeze−pump−thaw
technique. dSinglet oxygen quantum yields measured using aerated
ZnTPP in toluene as the standard (ΦΔ = 0.93).46 eTriplet energies
estimated using energy transfer quenching with a series of triplet
acceptors (see the Supporting Information). fExcited state lifetime
determined in the absence of self-quenching (theoretical infinite
dilution) from concentration dependence (Figure S28).
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226 an estimate of their triplet energies because S1−S3 are not
227 phosphorescent at 77 K, even when the glass-forming solvent
228 was doped with an external heavy atom.48 The resultant triplet
229 energies are listed in Table 2 as 1.53−1.77 eV for S1 and S2
230 and 1.77−2.0 eV for S3. A discussion of the experimental
231 details and the triplet energy estimation procedure are reported
232 in the Supporting Information.
233 The sensitized PAH triplets manifested in the TA difference
234 spectra (Figure 2D−F) as characteristic peaks at 465 nm
235 (tetracene), 480 nm (perylene), and 435 nm (DPA). The
236 prompt signals in these transient spectra were dominated by
237 contributions from each triplet 3(thioperinone)*, which then
238 give rise to the 3(PAH)* signal at longer delay times. The TET
239 dynamics were monitored using Stern−Volmer quenching of
240 the nanosecond TA kinetics (see the Supporting Information),
241 with the resultant energy transfer rate constants (kTET)

t3 242 reported in Table 3. Comparison of TET dynamics across all
243 three sensitizers indicated that the PAH acceptors with triplet
244 energies of up to ∼1.8 eV could be sensitized at the diffusion
245 limit. Chromophore S3 was the only molecule that could
246 effectively sensitize DPA (Figure 2F; kTET = 1.18 × 109 M−1

247 s−1), while the lower triplet energies of S1 and S2 prevented a
248 sufficient energetic driving force to facilitate the same process
249 (kTET < 107 M−1 s−1). Thus, S1 and S2 served as ideal
250 sensitizers for tetracene (Figure 2D; kTET = 5.03 × 109 M−1

251 s−1) and perylene (Figure 2E; kTET = 3.07 × 109 M−1 s−1),
252 respectively, due to the lower triplet energies of these PAHs.
253 Because thionation was demonstrated to be an effective
254 means for accessing the triplet manifold in perinones, we
255 sought to elucidate the details of their electronic structures
256 using DFT and TD-DFT calculations (M06-D3/Def-2-
257 TZVP).49−53 The frontier molecular orbitals obtained from

f3 258 the ground state geometry optimizations of S1−S3 are shown

259 f3in Figure 3. For the low-lying singlet−singlet transitions, the
260HOMO, HOMO−1, and LUMO are the diagnostic orbitals for
261these chromophores. Throughout the series, the frontier
262orbitals feature HOMO and LUMO as π and π* in character,
263respectively, and the HOMO−1 to be nonbonding in
264character, with most of the electron density centered on the
265sulfur atom. This is in stark contrast to P1−P3, which do not
266exhibit frontier molecular orbitals with any significant non-
267bonding character (Figure S38). Using TD-DFT, the
268transitions between the frontier orbitals of S1−S3 were
269calculated and are reported for the two lowest-lying singlet−
270singlet transitions (Table S2). For each chromophore, TD-
271DFT predicts the lowest energy singlet−singlet transition (S0
272→ S1) to be an optically forbidden n → π* transition, which
273was confirmed by the electron density difference surfaces
274generated from the optimized S1 structures (Figure S43). The

Figure 2. Nanosecond transient absorption difference spectra of (A) S1 (70 μM), (B) S2 (90 μM), and (C) S3 (50 μM) without a quencher.
Nanosecond transient absorption difference spectra of (D) S1 (70 μM), (E) S2 (90 μM), and (F) S3 (50 μM) with tetracene (0.60 mM), perylene
(0.40 mM), and DPA (1.30 mM) as quenchers, respectively. Transient spectra were recorded using 480 nm (S3) or 560 nm (S1 and S2) pulsed
excitation (∼1.3−1.6 mJ/pulse, 7 ns full width at half-maximum) in deaerated toluene. The samples were deaerated using the freeze−pump−thaw
method.

Table 3. TET Quenching of Chromophores S1−S3 as a
Function of PAH Acceptora

sensitizer acceptor acceptor triplet energy (eV)b kTET (M−1 s−1)

S1 tetracene 1.27 5.03 × 109

perylene 1.53 1.89 × 108

DPA 1.77 <107

S2 tetracene 1.27 4.74 × 109

perylene 1.53 3.07 × 109

DPA 1.77 <107

S3 perylene 1.53 7.48 × 109

DPA 1.77 1.18 × 109

pyrene 2.00 2.70 × 106

aMeasurements were performed in deaerated toluene. Additional
experimental details and kinetic data can be found in the Supporting
Information. bAcceptor energies obtained from ref 1.
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275 calculated S0 → S2 transitions in chromophores S1−S3 reveal
276 these excitations to be intense π → π* transitions, which
277 correspond well with the experimentally observed λabs max for
278 the lowest energy absorbance bands (Figure S39). This result
279 was expected given the similar appearance of the absorbance
280 envelopes of chromophores S1−S3 to their nonthionated
281 parent chromophores P1−P3.
282 The assignment of S1 as n → π* and S2 as π → π* is widely
283 established for numerous aromatic thioketones.27,42,43,54−58

284 However, whereas the S1 − S2 energy gap is large in most of
285 these cases, the energetic proximity of the S1 and S2 excited
286 states in S1−S3 was revealed through electronic structure
287 calculations (Table S2). Consequently, we anticipated that the
288 much larger singlet−triplet splitting energy (ΔEST) of the π →
289 π* configuration may cause inversion of the corresponding 3(n
290 → π*) and 3(π → π*) excited states, similar to what has been
291 proposed for thionated PDIs27 and squarine dyes.32 Thus, we
292 were motivated to perform natural transition orbital (NTO)
293 analysis on the low-lying triplet manifold of chromophores
294 S1−S3 (Figures S40−S42). The S0 → T1 NTOs display that
295 the hole and electron reside mainly in the π system in
296 chromophores S1−S3 (i.e., T1 can be described as π → π* in
297 all cases). The S0 → T2 NTOs show that the hole resides in the
298 nonbonding orbital centered on the sulfur atom, while the
299 electron resides mainly in the π system in chromophores S1−
300 S3 (i.e., T2 can be described as n → π* in all cases). These
301 results are supported by the triplet spin densities from the
302 optimized T1 states (Figure S43), confirming the suspected
303 energetic inversion of the two lowest energy triplet excited
304 states with respect to their corresponding singlet excited states.
305 As a result of triplet state inversion, the difference in ISC
306 efficiencies between the thionated and nonthionated perinones
307 can be rationalized according to the El Sayed selection rules.59

308 These ISC selection rules state that an S1(n−π*)→ T1(π−π*)
309 transition is allowed because the change in multiplicity is
310 coupled with a change in symmetry, thus conserving the total

311angular momentum of the interacting excited states. Similar
312observations of this S1(n−π*) → T1(π−π*) transition have
313also been established for the thionated squarine dyes discussed
314previously.32 Note that ISC to upper 3(π → π*) excited states
315(T3 and above) has been ruled out because they are
316significantly higher in energy with respect to S1, preventing
317an adequate driving force to enable efficient triplet state
318formation. While the nature and alignment of the singlet and
319triplet manifolds facilitate enhanced SOC in S1−S3 via the El
320Sayed rules, the presence of solely π → π* transitions in the
321low-lying singlet manifolds (Figure S38 and Table S3) of
322chromophores P1−P3 illustrates why the model perinones
323exhibit comparatively inefficient ISC dynamics. Thus, the two
324main design criteria that allow efficient triplet formation in
325S1−S3 can be generalized from these results: (1) these systems
326contain two lowest-lying singlet excited states in energetic
327proximity, where the higher energy configuration allows a
328larger exchange interaction due to the superior overlap density
329of participating orbitals, and (2) these singlet states possess
330different symmetries, facilitating SOC via the El Sayed rules. A
331representative summary of these criteria as they apply to S3 is
332 f4shown in Figure 4, along with the associated photophysical
333properties.
334As mentioned previously, sensitization of various PAH
335acceptors has pivotal implications in TTA-UC and photoredox
336catalysis, where costly second- and third-row transition metal
337complexes currently dominate as triplet sensitizers. Sensitiza-
338tion of DPA and other anthracene derivatives by S3 is
339particularly attractive for sensitization-initiated electron trans-
340fer (SenI-ET) in photoredox catalysis.7 Sensitized 3(DPA)*
341can be reduced by sacrificial electron donors to generate highly
342reductive radical anions (−1.94 vs SCE),1 which are capable of
343activating various stable substrates for the construction of
344challenging carbon−carbon and carbon−heteroatom bonds.7

345Thus, replacement of archetypal photoredox catalysts such as
346Ru(bpy)3

2+ or fac-Ir(ppy)3 with S3/DPA can substantially

Figure 3. Frontier molecular orbital diagram of chromophores S1−S3. Calculations reveal the emergence of a nonbonding molecular orbital
(HOMO−1) upon thionation when compared to the perinone models.
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347 alleviate scalability barriers in the catalytic activation of many
348 organic molecules.60 SenI-ET using S3/DPA is also an
349 attractive replacement for many totally organic photoredox
350 catalysts, which often absorb strongly only in the ultraviolet.61

351 As an alternative to photoredox catalysis, chromophores S1
352 and S2 can readily serve as candidates for green-to-blue
353 upconversion schemes using perylene as an acceptor/
354 annihilator.62 In these cases, excitation over a range of green
355 wavelengths (500−580 nm) can potentially facilitate upcon-
356 verted blue fluorescence and an anti-Stokes shift of up to ∼0.6
357 eV, which is typically achieved using expensive Pt(II)-
358 porphyrin or polypyridyl complexes as photosensitizers.4,6

359 Upconversion schemes such as this may have further
360 implications in energy conversion processes allowing sub-
361 band gap harnessing of solar photons in photovoltaics, a crucial
362 step toward breaching the Shockley−Queisser efficiency
363 limit.63 Clearly, PAHs are used pervasively throughout the
364 literature as molecular acceptors, which is why these molecules
365 were chosen to emphasize the applicability of S1−S3 as
366 photosensitizers. However, other acceptors, such as common
367 BODIPY dyes used in TTA-UC schemes,6 represent viable
368 candidates to pair with S1−S3 as sensitizers. Furthermore, the
369 notably high singlet oxygen quantum yields of S1−S3 make
370 them promising sensitizers for photodynamic therapy,
371 particularly when visible-light excitation is required.28

372 In summary, we have demonstrated the first comprehensive
373 design and implementation of metal-free triplet photo-
374 sensitizers using the perinone molecular framework. Highly
375 desirable red-shifted absorbance bands that maintain intense
376 molar extinction coefficients across the visible region were
377 achieved through a one-step thionation, which were also
378 accompanied by efficient population of the triplet manifold
379 inferred from the quantum yields for singlet oxygen formation
380 (ΦΔ = 0.78−1.0). Consequently, the excited state lifetimes of
381 the perinone chromophores were extended into the micro-
382 second time domain, allowing effective bimolecular triplet
383 sensitization of PAH acceptors with triplet energies of up to
384 ∼1.8 eV. Finally, we characterized the nature of the electronic
385 structure that facilitates efficient triplet formation in thionated
386 perinones and generalized an emerging design approach for
387 metal-free triplet photosensitizers. As emphasized above, using
388 totally organic triplet photosenzitizers can substantially reduce
389 the cost of many bimolecular photochemical and photo-

390physical transformations that currently utilize transition metal
391photosensitizers. This is particularly evident when considering
392species such as platinum porphyrins and benchmark
393ruthenium(II) polypyridine complexes, which have been
394commonly used as sensitizers for solar-based TTA-UC2,4,19

395or photochemical reactions.3,7 Because of the transition from
396small laboratory investigations to industrial processes required
397to serve the general public, scalability costs become a primary
398issue. Additionally, most transition metal-based sensitizers rely
399on selective excitation into MLCT states with fairly weak
400absorption in the visible region,3,15,18,20,21 which implies that
401excess material is required for maximum photon absorption at
402visible wavelengths. Thus, we believe that the tailored design of
403thionated perinone chromophores enables them to serve as
404potential replacements for precious transition metal photo-
405sensitizers in applications where energy is extracted from the
406triplet state under visible-light excitation.
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485 R.; Clark, J.; Friend, R. H. Temperature-independent singlet exciton
486 fission in tetracene. J. Am. Chem. Soc. 2013, 135, 16680−16688.

(12)487 Willems, R. E. M.; Meskers, S. C. J.; Wienk, M. M.; Janssen, R.
488 A. J. Effect of charge-transfer state energy on charge generation
489 efficiency via singlet fission in pentacene-fullerene solar cells. J. Phys.
490 Chem. C 2019, 123, 10253−10261.

(13)491 Sanders, S. N.; Kumarasamy, E.; Pun, A. B.; Trinh, M. T.; Choi,
492 B.; Xia, J.; Taffet, E. J.; Low, J. Z.; Miller, J. R.; Roy, X.; Zhu, X. Y.;
493 Steigerwald, M. L.; Sfeir, M. Y.; Campos, L. M. Quantitative
494 intramolecular singlet fission in bipentacenes. J. Am. Chem. Soc.
495 2015, 137, 8965−8972.

(14)496 Sanders, S. N.; Kumarasamy, E.; Pun, A. B.; Appavoo, K.;
497 Steigerwald, M. L.; Campos, L. M.; Sfeir, M. Y. Exciton correlations in
498 intramolecular singlet fission. J. Am. Chem. Soc. 2016, 138, 7289−
499 7297.

(15)500 Guo, X.; Liu, Y.; Chen, Q.; Zhao, D.; Ma, Y. New
501 bichromophoric triplet photosensitizer designs and their application
502 in triplet-triplet annihilation upconversion. Adv. Opt. Mater. 2018, 6,
503 1700981.

(16)504 Zhao, J.; Wu, W.; Sun, J.; Guo, S. Triplet photosensitizers: from
505 molecular design to applications. Chem. Soc. Rev. 2013, 42, 5323−
506 5351.

(17)507 Zhao, J.; Chen, K.; Hou, Y.; Che, Y.; Liu, L.; Jia, D. Recent
508 progress in heavy atom-free organic compounds showing unexpected
509 intersystem crossing (ISC) ability. Org. Biomol. Chem. 2018, 16,
510 3692−3701.

(18)511 Zhao, J.; Ji, S.; Wu, W.; Wu, W.; Guo, H.; Sun, J.; Sun, H.; Liu,
512 Y.; Li, Q.; Huang, L. Transition metal complexes with strong
513 absorption of visible light and long-lived triplet excited states: from
514 molecular design to applications. RSC Adv. 2012, 2, 1712−1728.

(19) 515Islangulov, R. R.; Kozlov, D. V.; Castellano, F. N. Low power
516upconversion using MLCT sensitizers. Chem. Commun. 2005, 3776−
5173778.

(20) 518Zhao, W.; Castellano, F. N. Upconverted emission from pyrene
519and di-tert-butylpyrene using Ir(ppy)3 as triplet sensitizer. J. Phys.
520Chem. A 2006, 110, 11440−11445.

(21) 521Du, P.; Eisenberg, R. Energy upconversion sensitized by a
522platinum(II) terpyridyl acetylide complex. Chem. Sci. 2010, 1, 502−
523506.

(22) 524Yarnell, J. E.; Deaton, J. C.; McCusker, C. E.; Castellano, F. N.
525Bidirectional “ping-pong” energy transfer and 3000-fold lifetime
526enhancement in a Re(I) charge transfer complex. Inorg. Chem. 2011,
52750, 7820−7830.

(23) 528Yarnell, J. E.; Wells, K. A.; Palmer, J. R.; Breaux, J. M.;
529Castellano, F. N. Excited-state triplet equilibria in a series of Re(I)-
530naphthalimide bichromophores. J. Phys. Chem. B 2019, 123, 7611−
5317627.

(24) 532Tyson, D. S.; Bialecki, J.; Castellano, F. N. Ruthenium(II)
533complex with a notably long excited state lifetime. Chem. Commun.
5342000, 2355−2356.

(25) 535Tyson, D. S.; Castellano, F. N. Light-harvesting arrays with
536coumarin donors and MLCT acceptors. Inorg. Chem. 1999, 38, 4382−
5374383.

(26) 538Tyson, D. S.; Luman, C. R.; Zhou, X.; Castellano, F. N. New
539Ru(II) chromophores with extended excited-state lifetimes. Inorg.
540Chem. 2001, 40, 4063−4071.

(27) 541Tilley, A. J.; Pensack, R. D.; Lee, T. S.; Djukic, B.; Scholes, G.
542D.; Seferos, D. S. Ultrafast triplet formation in thionated perylene
543diimides. J. Phys. Chem. C 2014, 118, 9996−10004.

(28) 544Nguyen, V.-N.; Qi, S.; Kim, S.; Kwon, N.; Kim, G.; Yim, Y.;
545Park, S.; Yoon, J. An emerging molecular design approach to heavy-
546atom-free photosensitizers for enhanced photodynamic therapy under
547hypoxia. J. Am. Chem. Soc. 2019, 141, 16243−16248.

(29) 548Nguyen, V.-N.; Baek, G.; Qi, S.; Heo, S.; Yim, Y.; Yoon, J. A
549lysosome-localized thionaphthalimide as a potential heavy-atom-free
550photosensitizer for selective photodynamic therapy. Dyes Pigm. 2020,
551177, 108265.

(30) 552Zhang, L.; Huang, Z.; Dai, D.; Xiao, Y.; Lei, K.; Tan, S.; Cheng,
553J.; Xu, Y.; Liu, J.; Qian, X. Thio-bisnaphthalimides as heavy-atom-free
554photosensitizers with efficient singlet oxygen generation and large
555stokes shifts: synthesis and properties. Org. Lett. 2016, 18, 5664−
5565667.

(31) 557Peceli, D.; Hu, H.; Fishman, D. A.; Webster, S.; Przhonska, O.
558V.; Kurdyukov, V. V.; Slominsky, Y. L.; Tolmachev, A. I.; Kachkovski,
559A. D.; Gerasov, A. O.; Masunov, A. E.; Hagan, D. J.; Van Stryland, E.
560W. Enhanced intersystem crossing rate in polymethine-like molecules:
561sulfur-containing squaraines versus oxygen-containing analogues. J.
562Phys. Chem. A 2013, 117, 2333−2346.

(32) 563Webster, S.; Peceli, D.; Hu, H.; Padilha, L. A.; Przhonska, O.
564V.; Masunov, A. E.; Gerasov, A. O.; Kachkovski, A. D.; Slominsky, Y.
565L.; Tolmachev, A. I.; Kurdyukov, V. V.; Viniychuk, O. O.; Barrasso,
566E.; Lepkowicz, R.; Hagan, D. J.; Van Stryland, E. W. Near-unity
567quantum yields for intersystem crossing and singlet oxygen generation
568in polymethine-like molecules: design and experimental realization. J.
569Phys. Chem. Lett. 2010, 1, 2354−2360.

(33) 570Pristash, S. R.; Corp, K. L.; Rabe, E. J.; Schlenker, C. W. Heavy-
571atom-free red-to-yellow photon upconversion in a thiosquaraine
572composite. ACS Appl. Energy Mater. 2020, 3, 19−28.

(34) 573Debije, M. G.; Verbunt, P. P. C.; Nadkarni, P. J.; Velate, S.;
574Bhaumik, K.; Nedumbamana, S.; Rowan, B. C.; Richards, B. S.;
575Hoeks, T. L. Promising fluorescent dye for solar energy conversion
576based on a perylene perinone. Appl. Opt. 2011, 50, 163−169.

(35) 577Kobrakov, K. I.; Zubkova, N. S.; Stankevich, G. S.; Shestakova,
578Y. S.; Stroganov, V. S.; Adrov, O. I. New aroyleneimidazoles as dyes
579for thermoplastic polymeric materials. Fibre Chem. 2006, 38, 183−
580187.
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