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Abstract

The photochemistry and photophysics of thiocarbonyl compounds, analogues of carbonyl 

compounds with sulfur, have long been overshadowed by their counterparts. However, recent 

interest in visible light reactions has reignited attention towards these compounds due to their 

unique excited state properties. This study delves into the ultrafast dynamics of 7-

diethylaminothiocoumarin (TC1), a close analogue of a well-known probe molecule coumarin 

1 (C1), to estimate intersystem crossing rates, understand the mechanism of fluorescence and 

phosphorescence, and evaluate TC1's potential as a solvation dynamics probe. Enclosing TC1 

within an organic capsule indicates its potential applications even in aqueous environments. 

Ultrafast studies reveal a dominant sub-picosecond intersystem crossing process, indicating the 

importance of upper excited singlet and triplet states in the molecule's photochemistry. The 

distinct fluorescence and phosphorescence origins, along with the presence of closely spaced 

singlet excited states, support the observed efficient intersystem crossing. The sulfur atom 

alters the excited state behavior, shedding light on reactive triplet states and paving the way for 

further investigations.
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Introduction

The photochemistry and photophysics of thiocarbonyl compunds, i.e. the sulfur analogues of 

carbonyl compounds, have been overlooked for decades in favor of carbonyl compounds.1-4  

Despite the undesirable cheracteristics such as foul smell and poor stability, these molecules 

have been established to possess interesting excited state properties such as emission5 and 

reactivity from upper excited states3 and quantitative rapid conversion to lower triplet from 

excited singlet manifold.6 Fortunately, smell is compensated by attractive color of these 

molecules. Recent interest in conducting reactions with visible light, has refocussed the 

attention on molecules containing thiocarbonyl chromophore.7-10  

One of the current authors’ interest in thiocarbonyl compounds dates back to early 1970s.11-13  

Towards the waning years of his activities in this area, his group noted that thiocoumarins 

possess close to unity quantum yield of intersystem crossing (ISC) as well as several properties 

similar to diaryl, dialkyl and arylalkyl thioketones.14-16  Unfortunately, unlike in thioketones, 

since S2 and S1 states are closer in energy in thiocoumarin it was not possible to identify 

reactions from upper excited states and unequivocally identify the electronic nature of the state 

from which the weak fluorescence and strong phosphorescence originate.17  At that time, due 

to lack of ultrafast facilities, the rate and the origin of ISC could not be determined.  In this 

article we have fulfilled the gap by probing the ultrafast dynamics of 7-

diethylaminothiocoumarin (TC1, Scheme 1 for structure), a close analogue 7-

diethylaminocoumarin (C1, Scheme 1). Our interest in TC1, as opposed to the parent 

thiocoumarin, derives from the central role of the analogous C1 in molecular photochemistry 

and photophysics. C1 is a well-known probe to monitor solvation dynamics in various media18-

24 and derivatives of it have served as photoprotecting groups in organic photochemistry.25-28 

We hoped that TC1 will display similar properties and thought therefore it is important to gain 

knowledge of its photophysics. Our goals in the current undertaking were to estimate the rates 

of ISC from the singlet manifold to the triplet, to understand the mechanism of ISC, to identify 

the origin of fluorescence and phosphorescence and to establish the viability of using TC1 as 

a probe to monitor solvation dynamics.  

It is well known that the excited molecules possessing thiocarbonyl chromophore are 

deactivated through physical29 and chemical quenching by self, solvent and oxygen.1, 3, 12, 30-40  

To isolate the molecule from the above solvent surroundings, another molecule of its own kind 

and oxygen, the excited state dynamics of a single TC1 molecule enclosed within an organic 
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capsule formed by two molecules of octa acid (Scheme 1) was investigated.41-45  As expected, 

the dynamics were cleaner than in organic solvents and intense phosphorescene was recorded 

even at room temperature indicating that the TC1 molecule even in millisecond time scale was 

not exposed to exterior water molecules and oxygen.46  As discussed below, the excited singlets 

live only for subpicsecond and in that time scale, certainly, the encaged TC1 is not expected to 

interact with any other molecules except the walls of the capsule.  Thus, we were able to 

monitor the dynamics of an encaged TC1 molecule in aqueous solution at room temperature.

There have been a few ultrafast studies on thiocarbonyl molecules including parent 

thiocoumarin (TC).47-51  A short S2 lifetime of  100 fs47  was reported in TC, being attributed 

to the presence of a conical intersection between S2 to S1.  ISC is suggested to occur from S1 

to T1.  A series of indepth ultrafast studies on thiocarbonyl substituted nucleic acid bases reveal 

that the S2 state of these molecules live only for a few hundreds of fs.49-51  Once again, the short 

lifetime of S2 is attributed to the presence of a conical intersection leading S2 to S1. The ISC to 

T2 and T1 is proposed to occur from S1. Direct crossing from S2 to the triplet manifold is 

suggested to be only a minor pathway.  However, an early study suggested direct T2 formation 

from S2 of dialkyl thioketones.52  The rapid ISC in these systems is suggested to involve 

crossing from S2 to T2 followed by internal conversion to T1. Interestingly, even photoreactions 

are speculated to originate from T2.13, 53  Thus, in addition to S1 and T1, upper excited singlet 

and triplet states could play a role in the photochemistry and photophysics of TC1.  The 

extraordinary short lifetimes and high triplet yields reported for thiocarbonyl substituted 

nucleic acid bases and various thioketones, prompted us to undertake a detailed ultrafast studies 

on TC1. 

It is well-known that thiocarbonyls react with solvents from upper excited states and deactivate 

by interacting with solvent C-H bonds.29, 37-38, 54-55  These make the study in organic solvents 

as well as OA encaged TC1 challenging,  We believe the insights we gain from the current 

study with TC1 would help us exploit systems like TP1 (Scheme 1) as a photoprotecting 

group.26  Surprisingly, we found that the absorption and excitation spectra for fluorescence in 

TC1 do not overlap suggesting that there is a hidden state with almost negligible absorption 

co-efficient.56  Furthermore, we have made progress in identifying the states involved in the 

singlet-triplet crossing and measured the corresponding rates. However, the mechanistic origin 

of the fast ISC remains to be determined.
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Scheme 1: (a) Molecular structure of 7-diethylaminocoumarin (coumarin-1 or C1), 7-
diethylaminothiocoumarin (thiocoumarin-1 or TC1) and 7-diethylaminothiocoumarin 
phototrigger ( TP1) (b) Chemical structure of water-soluble octa acid (OA) cavitand (c) Three-
dimensional structure of OA cavitand.

Experimental Section

Materials 

The synthesis and characterization of 7-diethylaminothiocoumarin (abbreviated as 

thiocoumarin-1 or TC1) are described in Scheme S1 of the SI. Coumarin-1 (Exciton Inc., USA) 

was used as received. All the solvents used in this work are of HPLC grade and purchased from 

Fischer Scientific, India. Octa acid (OA) was synthesized, purified, and characterized 

according to the reported procedure. 41

Methods

Steady-state and time-resolved absorption/fluorescence studies: Steady-state absorption 

and emission spectra were recorded in a commercial UV-vis spectrophotometer (UV-2450, 

Shimadzu, Japan) and spectrofluorimeter (FluoroMax-4, Jobin-Yvon, USA), respectively, 

using 10 mm path length cuvette. The concentration of the sample was maintained close to 

5 µM. Steady-state and time resolved fluorescence measurements at low temperature (77 K) 

were performed on FLS1000 spectrometer (Edinburgh Instruments, UK) employing quartz 

dewar filled with liquid nitrogen. 

Femtosecond time-resolved fluorescence data was collected through fluorescence up-

conversion method on a commercial setup (FOG-100, CDP Corp., Russia). The details of the 

setup can be found in our previous publications.57 Briefly, the sample was excited at 400 nm 

using the second harmonic of a mode-locked Ti-sapphire laser (MaiTai-HP, Spectra Physics, 

USA). To generate second harmonic we used a 0.2 mm BBO crystal (Ɵ = 25°, φ = 90°). The 

fluorescence emitted from the sample was collected under the magic angle configuration and 
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was up-converted in another nonlinear crystal (0.2 mm BBO, Ɵ = 38°, φ = 90°) using the 

fundamental beam as the gate pulse. The up-converted light is dispersed in a monochromator 

and detected by a photomultiplier tube. The femtosecond fluorescence decays were 

deconvoluted using a Gaussian shape for the instrument response function having a FWHM of 

300 fs using commercial software (IGOR Pro, WaveMetrics, USA). The measurements were 

performed in a 1 mm path length rotating cell and the pump power was approximately 

~13 mW.

Femtosecond transient absorption data were acquired on a commercial transient absorption 

spectrometer (FemtoFrame-II, IB Photonics, Bulgaria). The details of the setup are described 

earlier58  and only a brief overview is presented here. The fundamental beam (800 nm, 80 fs, 

3.7 mJ, 1 kHz) light was obtained from a Ti-Sapphire regenerative amplifier (Spitfire Pro XP, 

Spectra-Physics, USA) pumped by a 20 W Q-switched Nd:YLF laser (Empower, Spectra-

Physics, USA) and seeded with a Ti-Sapphire femtosecond oscillator (MaiTai-SP, Spectra-

Physics, USA). The fundamental light was divided into two parts. One part was passed through 

a BBO crystal to generate the 400 nm pump pulse while the other part of the beam was passed 

through a delay stage and focused on a sapphire crystal to generate the white light continuum 

that used as the probe light. After passing through the sample the probe light was dispersed in 

a polychromator and detected using a CCD detector. The power of the pump light was kept 

∼10 μW. The instrument response function was measured to be 150 fs.

Theoretical calculations. Density functional theory (DFT) calculations for TC1 were 

performed with Gaussian 16 package.59 We employed the B3LYP60 exchange-correlation 

functional along with the 6-31+G(d,p) basis set for C, H, N, O, and S in the ground state (S0) 

optimization. Vertical transition energies from the ground electronic state (S0) to higher 

electronic states were obtained by employing time-dependent DFT method (TDDFT) at 

B3LYP/6-31+G(d,p) level of theory. Solvation effects were modeled in the polarizable 

continuum model (PCM) with state-specific corrections according to the corrected linear-

response (cLR-PCM) method by Caricato et al.61

Results and Discussion

Our initial studies revealed the fluorescence quantum yield (𝜙𝑓) of TC1 to be exceptionally 

low (~10–4) compared to its oxygen analog C1 (0.73).62 Further, the 𝜙𝑓 of TC1 was found to 
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depend strongly on the solvent (see Table S1 of the SI).  In addition, the excitation spectrum 

of the fluorescence did not fully match with the absorption.  These unusual observations 

prompted us to undertake ultrafast experiments whose results are discussed below. 

Steady-state and time-resolved absorption/emission studies in solution. The steady-state 

absorption and emission spectra of TC1 in various polar and nonpolar solvents are shown in 

Figures 1a and 1b. In acetonitrile the absorption maximum is at 456 nm with the molar 

absorption coefficient () of 43,500750 M–1 cm–1 (see Figure S1).  This is about two times 

higher than for C1.63 Upon decreasing the polarity of the solvent a hypsochromic shifts of the 

absorption (left panel) and the emission (right panel) maxima are observed (see Table S1 of 

the SI for the data) suggesting the excited state dipole moment of TC1 to be higher than that of 

the ground state. 

Figure 1. Steady-state (a) absorption and (b) emission spectra of TC1 in different solvents; hexane (ex 
= 400 nm), toluene (ex = 450 nm), chloroform (ex = 440 nm), THF (ex =  400 nm), DCM (ex = 440 
nm), MeOH (ex = 440 nm), ACN (ex = 440 nm), and DMSO (ex = 440 nm) at 25°C All the 
absorption/emission measurements were done in aerated condition without any special treatment.

In nonpolar solvents (e.g. hexane, tetrahydrofuran and toluene), the major emission band near 

500 nm is accompanied by two low intensity bands at 595 nm and 640 nm.  In line with the 

previous works on thio-analogs of cyclic thioketones and thiocoumarins, we attribute these 

bands to phosphorescence.1, 4, 46, 64  Emission recorded under oxygen and nitrogen saturated 

conditions (Figure 2a) confirmed the long wavelength emission to be phosphorescence. The 

emission with maxima at 595 and 640 nm that was weak under aerated conditions was 

completely quenched upon bubbling the solution with oxygen. However, saturation of the 
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solution with nitrogen brought back the emission.  This observation leads us to conclude the 

origin of the 595 nm and 640 nm bands to be the triplet state.  This observation is quite 

interesting as it established that thio-coumarin compounds are potential room temperature 

phosphorescence (RTP) molecules and might have wide applicability.  A similar observation 

is also observed for TC1 in acetonitrile (see Figure S2 of the SI). To further confirm the origin, 

the emission spectra at 77 K in ethanol (polar) and methylcyclohexane (non-polar) glasses were 

recorded.  From the spectra shown in Figures S3a-b (SI) we note an increase in intensities of 

the 595 nm and 640 nm bands upon lowering the temperature.  This is due to suppression of 

oxygen and self quenching in a rigid glassy medium, phenomena well-established for 

thiocarbonyl systems in solution.1, 3 The gated emission spectrum after 0.1 ms of the excitation, 

shown in Figure 2b, contains only bands above 580 nm. The emission decay monitored at 

595 nm could be fitted to a single exponential function with a lifetime of 4.2 ms (Figure 2c). 

The long lifetime, intense emission at 77 K and oxygen quenching in solution support our 

conclusion that the long wavelength emission in non-polar solvents at room temperature is 

phosphorescence.

Figure 2. Steady-state emission in O2/N2 purged condition, time-gated emission spectroscopy and 
lifetime measurement: (a) Steady-state emission of TC1 in hexane in aerated and different purged 
conditions (b) Time-gated emission spectra (𝜆𝑒𝑥 =  445 nm, delay 0.1 ms, gate width 3 ms) in EtOH 
glass a 77 K (c) Emission lifetime decay at 595 nm of TC1 in EtOH glass at 77 K.  

To understand the origin of the fluorescence, the excitation spectra of TC1 in both polar and 

non-polar solvents were recorded and these with the absorption spectra are presented in 

Figures 3a-b and Figure S4 of the SI. Surprisingly, the excitation spectrum of TC1 is red-
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shifted to absorption spectra both in hexane and acetonitrile. For C1 the excitation spectrum 

matches exactly with the absorption spectrum, which signifies that the emissive state is coupled 

with the Franck-Condon state (see Figure S5 of the SI). Earlier photophysical studies on parent 

thiocoumarin molecules reported the exact matching of excitation spectrum with the absorption 

spectrum.48 However, as seen in Figure 3b, in TC1 the excitation spectrum does not match with 

the absorption spectrum, and this led us to conclude that the emissive state is not coupled to 

the FC state of the molecule. 

Figure 3. Steady-state excitation spectral measurement and fluorescence quantum yield measurement:  
Excitation spectra (right axis) and absorption spectra (left axis) of TC1 in (a) hexane (Hex) and (b) 
acetonitrile (ACN) in aerated condition at 25°C (em for excitation spectral measurements are indicated 
in the figures). (c) Excitation wavelength-dependent fluorescence quantum yield of TC1 in ACN solvent 
in aerated condition at 25°C (Using the reference quantum yield 0.032 of coumarin 481 in 50 % 
ethanol).

To probe the origin of the unusual shift in the fluorescence excitation spectrum, we measured 

the excitation wavelength dependent fluorescence quantum yield (𝜙𝑓) (Figure 3c). According 

to Vavilov’s rule, 𝜙𝑓 should be independent of the excitation wavelength for molecules 

emitting from the lowest excited singlet state, which is valid for most fluorophores. However, 

for TC1 in acetonitrile, we observed a 7-fold increase in 𝜙𝑓 upon changing the excitation 

wavelength from 440 nm (𝜙𝑓 = 2.7 × 10―4) to 490 nm (𝜙𝑓 = 19.9 × 10―4) (see Table S2 for 

measured data). This observation indicates the presence of a highly fluorescent low energy 

state that is feebly accessible by direct light absorption. We believe, the red-shifted state is 

strongly emissive, but has very low absorption cross-section.  We propose that the measured 

absorption spectrum is a linear combination of the two lowest singlet excited states. Two orders 

lower 𝜙𝑓 in TC1 with respect to C1 is likely to be the result of the presence of faster non-

radiative channels in the singlet manifold. 
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The fluorescence lifetime of TC1 in hexane, acetonitrile and dichloromethane at their 

corresponding emission maxima is measured using femtosecond fluorescence up-conversion 

technique; decay traces are displayed in Figure 4. In hexane, the lifetime of TC1 is found to be 

single expotential with a time constant of 150 fs. In the case of acetonitrile, the decay was best 

fitted to a biexponential function with two time constants of 1.2 ps (43%) and 4.7 ps (57%). 

The fluorescene decay time contstants of TC1 in hexane, acetonitrile, dichloromethane are 

tabulated in Table S3 of the SI. The fluorescence decay of TC1 in dichloromethane shows a bi-

exponential behavior, like in acetonitrile. The origin of two lifetime components in acetonitrile 

and dichloromethane is proposed to be two closely spaced excited singlet states. If it is true, 

then we must expect a change in the excitation spectrum if the emission is monitored at 

different wavelengths. However, we have not seen any spectral shift of the excitation spectrum 

by changing the observed emission wavelength in acetonitrile and dichloromethane (see 

Figure 3b and Figure S6a of the SI). This is probably due to the large difference in the 

fluorescence quantum yield of the two emissive states in TC1. Quite likely the one with the 

larger quantum yield contributes to the overall emission. Earlier reports on parent thiocoumarin 

(TC) attributed the biexponential fluorescence decay to the equilibrated and unequilibrated 

vibrational energy levels of the singlet excited state.48 If this is true, then we would expect a 

gradual shift in the emission spectra upon changing the excitation wavelength as was reported 

for TC. However, in this study, we have not seen any gradual shift of the emission maxima of 

TC1 in acetonitrile on changing the excitation wavelength (see Figure S6b of the SI). Rather, 

we observed a negligible shift in the emission maximum beyond a certain excitation 

wavelength (see Figure S6b of the SI). This indicates that the two emissive states of TC1 are 

not due to different vibrational levels within a single excited singlet manifold.  In the case of 

TC1, in all likelihood, atleast two distinct electronic states play a role in this unusual 

phenomenon. Consistent with this, as discussed above, two lifetimes were measured in 

acetonitrile and dichloromethane.  Most likely in the case of hexane, the limited time resolution 

of our instrument (IRF~250 fs) missed the second component.  
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Figure 4. Fluorescence lifetime decays of TC1 in (a) hexane (Hex) (em = 490 nm); (b) acetonitrile 
(ACN) (em = 520 nm), and (c) dichloromethane (DCM) (em = 510 nm) at 25 °C. All the fluorescence 
decays were measured in aerated condition.

The combined fluorescence quantum yield and lifetime data suggest that most of the excited 

state population in TC1 is dispersed through non-radiative pathways. Occurence of intense 

phosphorescence in low-temperature glass,46 suggests that ISC is the most probable non-

radiative channel operating in the excited singlet manifold of TC1. To authenticate this 

proposal, femtosecond transient absorption study was conducted. Transient absorption spectra 

of TC1 in hexane and acetonitrile at different probe delay times are presented in Figure 5. At 

very early times, a negative band appears that matches the steady-state emission spectrum (see 

Figure S7a,b of the SI), which is assigned to the stimulated emission (SE) band. This negative 

band converted to a broad positive band within a few picoseconds, that partially decays (until 

~80-90 ps in both hexane and acetonitrile) and then remain unaltered till 1 ns (time window of 

our measurement). The positive band (460 nm to 730 nm) is assigned to the excited state 

absorption (ESA) band of the triplet state. The spectral feature of the ESA band in the early 

time (2 ps and 10 ps in the case of hexane and acetonitrile, respectively) found to be different 

compared to the same in the later time regime. The former has been assigned to the ESA of 

higher order triplet (𝑇𝑛), whereas, the ESA band at the later time is assigned to the (𝑇1) state. 

Radiationless decay of 𝑇𝑛 to 𝑇1 is a spin allowed process, observation of a fast decay of the 𝑇𝑛 

state is not surprising. Similar transient spectral characteristics of TC1 have been found in 

dichloromethane (see Figures S8a of the SI).  Thus, we believe the excited singlet decays to upper 

triplet that relaxes to T1.
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To get an idea about the time scale of triplet formation, we performed the kinetic analysis of 

the transient spectra (see Figures 5b,e and Table S4 of the SI). In hexane, we observed a rise 

time of 220 fs, which closely matches with the fluorescence lifetime of TC1. This observation 

indicates an ultrafast ISC for TC1 in hexane. The existance of the second emissive state of TC1 

could not be resolved in hexane due to the limited time resolution of the instrument. On the 

other hand, in case of TC1 in acetonitrile, we observed two distinct rise time components 

(~500 fs and ~2 ps). Interestingly, during the lifetime measurement of TC1 in acetonitrile, we 

observed two decay time constants. A similar kinetic feature was observed in dichloromethane 

(see figures S8b of the SI). This is what we expected from our proposition of the existence of 

two emissive states in TC1. 
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Figure 5. Transient absorption response (pump, 400 nm, probe, 460-730 nm) of TC1 in hexane (left 
panel) and acetonitrile (right panel). (a, d) TA spectra at some representative delay times for hexane 
(Hex) and acetonitrile (ACN) respectively. In Hex, the TA spectra consist of extremely feeble SE  
around 500 nm (cyan) and strong ESA  over the whole probe spectral window (red). In ACN, spectra 

Page 13 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 14 of 31

consist of SE around 520 nm (Green) and ESA above 600 nm (red) . (b, e) Fitted kinetics of TC1 in 
Hex and ACN solvent at three selective wavelengths of the whole probe window spectra. (c, f) Decay-
associated spectra from the global analysis of TA data in Hex and ACN solvent. For TC1 in Hex solvent, 
three global time constants are 95 fs, 15.5 ps, and > 2 ns, and in ACN solvent, four global time constants 
are 0.6 ps, 2.8 ps, 21 ps, and > 2 ns. Both the transient measurements were done in aerated condition.

To get a better idea of the involvement of a number of excited states in the photophysical 

process of TC1, we performed global analysis of TA data to identify the decay-associated 

spectra (DAS). Figure 5c presents three DAS obtained for TC1 in hexane. The DAS for the 

95 fs component has a strong SE feature, while the 15.5 ps and >2 ns components have a 

prominent ESA features, where the amplitude and sharpness of the former are smaller 

compared to the latter. On the other hand, we observed four DAS components for TC1 in 

acetonitrile (see Figure 5f), where the fast components (0.6 ps and 2.8 ps) are of SE type, and 

the other two components (21 ps and >2 ns) are of ESA type. The 2.8 ps DAS matches well 

with the steady-state emission spectrum, while the 600 fs DAS probably represents the other 

short-lived emissive state, we proposed above. The spectral features of the long-lived DAS 

(21 ps and >2 ns) are broad in nature. The >2 ns DAS has been assigned to the lowest triplet 

state (𝑇1) for both in hexane and acetonitrile. The 15.5 ps and 21 ps components of TC1 in 

hexane and acetonitrile, respectively, are of ESA type. We presume these are the higher triplet 

states (𝑇𝑛), which convert to the 𝑇1 state via internal conversion (IC). Similar DAS components 

(two SE type and two ESA type) has also been obtained for TC1 in dichloromethane (see 

Figures S8c in SI), and we assign them in the same line as in acetonitrile. It has also been 

observed that by changing the polarity of the solvents from Hexane to DCM to ACN, the hump 

position becomes red-shifted, suggesting that the 𝑇1 state has 𝜋 ― 𝜋∗ character.

If the proposition of two emissive states having different lifetimes in TC1 is true, one should 

observe a shift in the fluorescence spectrum as a function of time. At early time, the emission 

will be observed from both the states, whereas, at the later time, emission will be observed only 

from the long-lived state. To check the same we re-constructed the time resolved emission 

spectra (TRES) from the measured fluorescence decays at different wavelengths throughout 

the emission band (see Figure 6a,b). Consistent with the above expectation, a small change in 

the spectral maximum was observed.  However, as acetonitrile is a polar solvent, it may also 

solvate the excited state of TC1 leading to a shift in the emission spectrum, that contributes to 

the observed shift. Nevertheless, the observed dynamics of spectral shift found to be quite slow 

(10-12 ps) compared to the computed peak frequency shift due to the solvation dynamics in 
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acetonitrile using the bi-exponential solvation time constants of 0.089 ps (69%) and 0.63 ps 

(31%)65 as shown in Figure 6c. In addition, it has also been observed that after photoexcitation 

the peak frequency marginally shifts until 1 ps (see Figure S9 of the SI), which indicate that 

the LE state of TC1 achieved through 400 nm excitation is not solvatochromic in nature.  

Overall, the results authenticate the proposition of the existence of two singlet emissive states 

in TC1.

Figure 6. (a) Fluorescence lifetime decay of TC1 in acetonitrile at various emission wavelengths (480-
560 nm) in Fluorescence Up-conversion. (ex=400 nm) (b) Time-resolved emission spectra (TRES) of 
TC1 in ACN are constructed from the fitted coefficients of the fluorescence transients (c) Comparison 
of time-dependent fluorescence peak frequency shift and excited state solvation dynamics related peak 
frequency shift simulated from the bi-exponential solvation time constants of 0.089 ps (69%) and 0.63 
ps (31%)65. The TRES shows that the fluorescence peak frequency shift is occurring up to 10-12 ps. All 
the fluorescence decays were measured in aerated condition.

Steady-state and time-resolved absorption/emission studies within a confined capsule. 

Octa acid is known to form closed capsular host-guest capsular complexes with varieties of 

guest molecules.42-43, 45 The use of OA as host allows us to examine the excited state dynamics 

of TC1 within a highly confined non-polar OA capsule.  Given that excited  thioketones are 

known to be highly reactive in organic solvent media and relax through interaction with C—H 

bonds of solvents,12-13, 66-67 a well defined and restricted environment medium is appropriate to 

gain a better insight into the excited state dynamics of TC1.  Recently we established by 
1H NMR that OA forms a 2:1 host-guest complex with TC1 in borate buffer solution (pH 7.4).46 

In this study, steady-state absorption and fluorescence measurements were utilized to monitor 

the binding of TC1 to OA cavity (Figures S10a,b of the SI).  A drastic change in the absorption 

and fluorescence characteristics of TC1 was observed when OA was added to TC1 in water 

(borate buffer). Consistent with our previous work,68 the above experiments suggested that the 

formation of OA–TC1 capsular complex is a two step process (see Figures S10c,d of the SI). 
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The binding constant for the formation of 1:1 complex (TC1@OA) is estimated to be 2.5⨯105 

M–1, whereas, the binding constant of the 1:2 (guest to host; TC1@OA2)) complex is quite high 

(3.1⨯1011 M–2). For a solution of 3 M TC1 and 17 M OA, the amount of free TC1, 1:1 

complex (TC1@OA) and 1:2 complex (TC1@OA2) are estimated to be <1%, 3% and 96%, 

respectively.  

Figure 7. (a) Steady-state emission spectra of TC1 inside the octa acid (OA) cavity in borate buffer 
solution (excitation wavelength 430 nm) at room temperature; (b) Excitation spectra for the 595 and 
640 nm emission bands and comparison with the absorption spectrum; (c) Excitation spectra for three 
different fluorescence emission regions (505, 520, and 535 nm) and comparison with the absorption 
spectrum. All the measurements were done in aerated condition.

The steady-state emission spectra of TC1@OA2 exibits a strong band in 560-750 nm region 

and a weak band around 490-550 nm (see Figure 7a). The band above 550 nm resembles the 

phosphorescence measured under nitrogen purged condition in hexane (Figure 2a). Thus, we 

assigned the low energy band as phosphorescence, and the high energy band as fluorescence. 

The excitation spectra for both the emission bands are shown in Figures 7b,c. The excitation 

spectra for the phosphorescence band match very well with the absorption spectrum of TC1. 

On the other hand, the excitation spectra for the fluorescence band are found to be red-shifted 

to the absorption spectrum. These results undoubtedly suggest that the fluorescence is mainly 

originating from a low lying singlet excited state, while the phosphorescence is mainly coupled 

to the high energy singlet exited state through ISC. This suggests that the internal conversion 

from upper to lower singlet is slower than ISC.  Further, the probability of transition from the 

ground state to the high energy singlet state is higher compared to the same to the low energy 

singlet excited state. Thus, the study of TC1 within OA cavity helps us to prove the existence 

of two closely spaced excited singlet states. The state with high transition probability from the 
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ground state have the higher energy and is dark. This high energy state is mainly responsible 

for the generation of triplets, leading to the observation of phosphorescence. The low energy 

state is somewhat bright state but have very low transition probability from the ground state. 

This state is mainly responsible for the fluorescence. 

Figure 8. Normalized fluorescence decays of TC1 inside the octa acid (OA) cavity at three emission 
wavelengths: 505 (blue), 520 (red), and 535 nm (green) (ex=400 nm) at 25 °C. All the measurements 
are done in nitrogen-purged conditions. 

The fluorescence lifetime of TC1 in OA cavity monitored at selected wavelengths were fitted 

into three components (0.3 ps, 30 ps and 420 ps; see Figure 8, fitted parameters are tabulated 

in Table S5 of the SI).  Within the OA cavity, the singlet state lifetime of TC1 is found to be 

ultrafast, similar to that in hexane. The two fast time components (0.3 ps, 30 ps) were assigned 

to the two nearly degenerate singlet states. The long component (420 ps) most likely is due to 

the contribution of phosphorescence. 
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Figure 9. Transient absorption response (pump, 400 nm, probe, 460-730 nm) of TC1 inside the octa 
acid (OA) cavity. (a) TA spectra at some representative delay times. In the OA cavity, the TA spectra 
consist of SE around 480-550 nm (Green) and ESA above 600 nm (red). (b) Fitted kinetics of TC1 in 
OA at three selective wavelengths of the whole probe window spectra. (520, 600, and 700 nm) (c) 
Decay-associated spectra from the global analysis of TA data in octa acid (OA). For TC1 in OA, four 
global time constants are 300 fs, 15 ps, 970 ps, and > 10 ns. The transient measurement was performed 
in N2-purged condition.

The TA spectra of TC1@OA2 have a SE band in 480-550 nm region in the early time, which 

converted to a broad ESA band at later time (see Figure 9a). The transient spectral analysis 

shows that the SE band is short lived, and the triplet-related ESA arises quickly. To understand 

the timescale of excited state processes, we performed the kinetic analysis of the transient data 

in three selective wavelengths i.e. 520, 600, and 700 nm (see Figure 9b). From the fitted 

parameters of the transient data (See Table S6) we see two rise time components (~0.3 ps and 

15 ps) in the triplet state formation, indicating a ultrafast population growth of the triplets. 

From the global analysis of the TA data we found four DAS components of TC1 in OA capsule 

(see Figure 9c). The time component of DAS suggests that the first two components (300 fs 

and 15 ps) are SE type, and the other two components (970 ps and >10 ns) are ESA type. The 

results show that inside the OA cavity the rate of ISC is extremely fast (~1011 s–1), which is 

probably due to the non-polar environment of the cavity.69  The results within OA capsule 

resembles those in hexane.  It is known that the capsular interior is non-polar.  A comparison 
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of the results in the three solvents (hexane, acetonitrile and dichloromethane) and within OA 

cavity suggest that the excited state dynamics of TC1 is highly dependent on the polarity of the 

solvent.  Given that the excited state electronic nature may be subjected to charge transfer from 

the 7-amino group to the thiocarbonyl side, such a solvent dependence is not unanticipated. To 

gain a better understanding of the excited state manifold of TC1 and the origin of ultrafast ISC, 

we performed TDDFT calculations whose results are presented below.

TDDFT calculation. Spectra of of TC1 in acetonitrile computed using TDDFT and the cLR-

PCM method, revealed two closely spaced singlet states, 𝑆1 (2.86 eV) and 𝑆2 (2.92 eV), with 

nπ* and ππ* characters, respectively, at the Franck-Condon (FC) point (see Figure S11 and 

Tables S7,8 of the SI). The latter state is brighter and also involves intramolecular charge 

transfer from the amino to the thiolactone end, similar to that reported in substituted 

coumarins.70 This is consistent with the larger dipole moment for the excited state inferred in 

the experiments above. The first two singlet excited states are 0.6 eV apart in the gas phase. 

However,  they are brought closer together in a polar solvent by opposite solvatochromic 

effects (~0.3 eV) on the two states (also see Table S11). The presence of diethylamino group 

at the 7-position promotes charge transfer across TC1 upon excitation, subsequently leading to 

the large solvatochromic effect and the subsequent reduction of the S1 - S2 gap. The latter effect 

is robust to the details of the DFT method applied (see Tables S9 and S10). It is tempting to 

assign these two states as the two closely spaced singlets responsible for the difference between 

absorption and excitation spectra of fluorescence. However, given that a similar behaviour is 

also observed in OA, where the environment is presumably non-polar, it is unclear whether the 

same two states would continue to be responsible. One possibility is that these two states are 

also proximal within OA due to interaction of excited charge densities with the OA cage. 

However, given the expense entailed in computation of TDDF spectra for the OA bound TC1 

molecule, we are yet to confirm this possibility.

From the calculations we observed that the triplet state 𝑇2 is only 0.35 eV away from 𝑆2, while 

the 𝑇3 state is degenerate with 𝑆1 and 𝑇1 is about 0.87 eV below it. The proximity of the 𝑇2 

and 𝑇3 states to the first two excited singlet states suggests the possibility of a population 

transition between the two spin channels. To assess the orbital feasibility of ISC using the El-

Sayed rule, frontier molecular orbitals of TC1 in acetonitrile at the FC geometry were computed 

for different electronic states (see Figure 10). The 𝑆2 𝑇2 transition is found to be of ππ*→nπ* 
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character, while, the 𝑆2 𝑇3 transition have the ππ*→ππ* character. Therefore, the 𝑆2→𝑇2 

transition is both energetically and orbitally feasible. Similarly, both 𝑆1 𝑇3 and 𝑆1 𝑇1 are 

characterized by nπ*→ππ*, making them also feasible. The conclusion drawn here parallels 

the one proposed recently for thionucleobases.  In the latter systems also the fast ISC from 

excited singlet to triplet manifold is attributed to the heavy mixing of n* and * triplet states.  

However, the role of the charge transfer contribution of the diamino group at the 7 position in 

effecting a fast ISC is not obvious.    

 

Figure 10. Electronic structure of the 𝑆1,𝑆2,𝑆3,𝑇1,𝑇2, and 𝑇3 state of TC1 in ACN through TDDFT 
calculation. A significant change in orbital character in the transition between 𝑆2 to 𝑇2 (ππ* → nπ*) 
However, there is no change in the orbital character in the transition between 𝑆2 to 𝑇3 (ππ* → ππ*), 
and 𝑆2 to 𝑇1 (ππ* → ππ*) transition. So, the 𝑆2/𝑇2 transition follows the El Sayed rule of intersystem 
crossing (ISC). Similarly, 𝑆1/𝑇1  transition has orbital character nπ* → ππ* and thus follows El Sayed 
rule. In the figure, charge transfer transitions are written as CT in short and the values of the oscillator 
strength of different transitions is written with the symbol f)

The theoretical results presented here are consistent with our experimental observations of fast 

ISC. Although we have confirmed the existence of fast ISC in TC1 we are unable to 

unequivocally identify the origin.  In general, molecules possessing thiocarbonyl chromophore 

are reported to have almost unit quantum yield of ISC from excited singlet state.  Early studies 

on thioketones revealed the occurrence of quantitative and fast ISC from both S2 and S1.4, 12-13, 

32   In these cases the energy gap between the two states ranges between 35 to 50 kcal/mole.  

Apart from heavy atom effect due to sulfur, the rapid and quantitative intersystem crossing in 

alicyclic thioketones from S2 is suggested to be facilitated by intramolecular C—H vibration.52 
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Thioesters and thiocoumarins possessing O-(C=S) chromophore were also reported to undergo 

quantitative and rapid ISC from excited singlet state.40, 47  Unlike in thioketones, in these 

molcules the gap between S2 and S1 is small (5-10 kcal/mole).  This makes identification of the 

electronic nature of the states involved in crossing difficult.  In TC the fast and effiecient ISC 

is attributed to mixing of n* and * states and heavy atom effect.47  One of the most 

extensively studied thiocarbonyl system is sulfur substituted thio-nucleobases N-(C=S).  These 

molecules also, similar to other thiocarbonyl derivatives, possess ultra short singlet lifetime 

and quantitative ISC.  Because of the close energies of S2 and S1, in these molecules also it is 

not easy to pindown the electronic identity of the S2, S1, T2, and T1. Because of the closeness, 

all these states are likely to have both n* and * characters.  This mixing of states is thought 

to be the reason for the fast and quantitative ISC in thio-nucleobases.49-50  Similiarity between 

thiocoumarins, thioesters and thio-nucleobases is obvious.  Clearly replacing the ‘O’ with ‘S’ 

in all these systems, independent of the energy gap between S2 and S1, leads to fast and 

quantitative ISC.  In our opinion, there is something more than Kasha’s heavy atom effect and 

El-Sayed’s orbital mixing71 that is responsible for the unusual and interesting excited state 

properties of thiocarbonyl compounds.   

Scheme 2. Schematic representation of possible relaxation pathway of TC1.  

Conclusions

The steady-state experiment reveals weak fluorescence quantum yield and room-temperature 

phosphorescence (RTP) behavior of TC1 in bulk solvents like hexane, acetonitrile and 

dichloromethane, which are distinctly different compared to the oxygen analogue, C1. This 
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structural modification also changes the electronic energy levels, and an appearance of two 

decoupled singlet states with a very short lifetime (sub-ps to ps) has been noticed. Out of these 

two states, the state with a high absorption coefficient displays low fluorescence characteristics 

and vice-versa. Fluorescence upconversion measurement in bulk solvent reveals that the 

photoexcited singlet states of TC1 only sustains up to several picoseconds, indicating extensive 

population loss in a very short time. Detailed femtosecond transient absorption (TA) study 

reveals an ultrafast (sub-ps) ISC process is probably the major non-radiative channels operating 

in the excited singlet state of the molecule. Furthermore, TA analysis reveals that both singlet 

states play a role in the formation of triplet populations.  Higher-order triplets integrate into the 

lowest triplet state through the IC mechanism in 10s of picoseconds. Inside the isolated octa 

acid (OA) media, TC1 shows very strong phosphorescence along with a weak fluorescence, 

which further enunciate our proposition.

The excitation spectral measurement for fluorescence and phosphorescence bands deciphers 

their different origins on photoexcited singlet states and supports the speculation of decoupled 

singlet states involved in the ISC process. Fluorescence lifetime measurement inside the OA 

cavity has revealed a similar bulk solvent-like ultrashort lifetime of the singlet manifolds. TA 

analysis reveals the ultrafast triplet generation characteristics inside the OA cavity. Theoretical 

calculations of vertical transition energies in bulk ACN solvent depict the presence of two 

closely spaced singlets. The low energy gap and the required orbital characteristics of singlet-

triplet transition allow us to support the experimental observation of fast ISC behavior. A more 

detailed theoretical analysis will be reported in a subsequent study.  
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in aerated, nitrogen and oxygen-saturated conditions, steady-state non-gated low temperature 
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fluorescence quantum yield (𝜙𝑓) of TC1 in ACN, Decay parameters of TC1, excitation spectra 
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in ACN at various excitation wavelengths, match of the inverted steady-state emission spectra 

of TC1 with the time-resolved SE bands from the TA measurement, transient absorption (TA) 

response of TC1 in dichloromethane (DCM), fitted data of single point kinetic analysis of TC1 

in specified solvents at three mentioned wavelengths, time-dependent fluorescence peak 

frequency shift related to the solvation of the excited TC1 in acetonitrile (ACN), titration of 

TC1 with octa acid (OA) and binding constant determination, fitted kinetic parameters of the 

fluorescence decay of TC1 inside the octa acid, fitted data of single point TA kinetic analysis 

of TC1 inside the octa acid, vertical electronic excitation energies of low-lying electronic states 

TC1 in acetonitrile (ACN) in (cLR-) PCM method, vertical excitation energies of TC1 to 

singlet states in gas phase and in acetonitrile, vertical excitation energies of TC1 to triplet states 

in gas phase and in acetonitrile, comparison of vertical excitation energies of TC1 across 

various exchange-correlation functionals using (LR-)PCM method. 

AUTHOR INFORMATION

Abhijit Dutta – Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur – 

208 016, UP, India; orcid.org/0009-0002-1409-9593; Email: dabhi@iitk.ac.in

Sujit Kumar Ghosh – Department of Chemistry, University of Miami, Coral Gables, Florida 

33146, United States; orcid.org/0000-0003-3849-5996; Email: sxg1339@miami.edu

Satyajit Mandal – Department of Chemistry, Indian Institute of Science Education and 

Research Bhopal, Bhopal, MP, 462 066, India; Email: mandal.satyajit9@gmail.com

Varadharajan Srinivasan – Department of Chemistry, Indian Institute of Science Education and 

Research Bhopal, Bhopal, MP, 462 066, India; orcid.org/0000-0001-9666-8985; Email: 

vardha@iiserb.ac.in

Vaidhyanathan Ramamurthy − Department of Chemistry, University of Miami, Coral Gables, 

Florida 33146, United States; orcid.org/0000-0002-3168-2185; Email: murthy1@miami.edu

Pratik Sen – Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur – 208 

016, UP, India; orcid.org/0000-0002-8202-1854; Email: psen@iitk.ac.in 

Page 23 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:sxg1339@miami.edu


Page 24 of 31

ACKNOWLEDGMENTS

AD acknowledges Council of Scientific & Industrial Research (CSIR) for providing graduate 

fellowship. VR thanks the National Science Foundation (CHE-2204046) for financial support. 

VS thanks IISER Bhopal for providing High Performance Computing facilities and funding. 

The support and the resources provided by Centre for Develoment of Advanced Computing 

(C-DAC) and  the National Supercomputing Mission (NSM), Government of India are 

gratefully acknowledged. PS thanks Science and Engineering Research Board (SERB), 

Government of India (CRG/2022/002324) and Poonam and Prabhu Goel Chair Professorship, 

IIT Kanpur for financial support.  The authors thank  L. K. Valloli, D. Unny, S. Jockusch,  and 

J. S. Jayaraman for help with low temperature emission and phosphorescence lifetime 

measurements 

References

1. Ramamurthy, V., Thiocarbonyl Photochemistry. In Organic Photochemistry, Padwa, A., 

Ed. 1985; Vol. 7, pp 231-328.

2. Steer, R.; Ramamurthy, V., Photophysics and Intramolecular Photochemistry of Thiones 

in Solution. Acc. Chem. Res. 1988, 21, 380-386.

3. De Mayo, P., Thione Photochemistry, and the Chemistry of the S2 State. Acc. Chem. Res.

 1976, 9, 52-59.

4. Maciejewski, A.; Steer, R. P., The Photophysics, Physical Photochemistry, and Related 

Spectroscopy of Thiocarbonyls. Chem. Rev. 1993, 93, 67-98.

5. HUI, M. H.; De Mayo, P.; Suau, R.; Ware, W. R., Thione Photochemistry:Fluorescence 

from Higher Excited States. Chem. Phys. Lett. 1975, 31, 257-263.

6. Turro, N. J.; Ramamurthy, V.; Cherry, W.; Farneth, W., The Effect of Wavelength on 

Organic Photoreactions in Solution. Reactions from Upper Excited States. Chem. Rev. 

1978, 78, 125-145.

7. Jézéquel, Y. A.; Svěrák, F.; Ramundo, A.; Orel, V. c.; Martínek, M.; Klán, P., Structure–

Photoreactivity Relationship Study of Substituted 3-Hydroxyflavones and 3-

Hydroxyflavothiones for Improving Carbon Monoxide Photorelease. J. Org. Chem. 

2024, 89, 4888-4903.

Page 24 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Journal
Underline

Journal
Underline



Page 25 of 31

8. Tang, J.; Wang, L.; Loredo, A.; Cole, C.; Xiao, H., Single-Atom Replacement as a 

General Approach Towards Visible-Light/near-Infrared Heavy-Atom-Free 

Photosensitizers for Photodynamic Therapy. Chem. Sci. 2020, 11, 6701-6708.

9. Tang, J.; Robichaux, M. A.; Wu, K.-L.; Pei, J.; Nguyen, N. T.; Zhou, Y.; Wensel, T. G.; 

Xiao, H., Single-Atom Fluorescence Switch: A General Approach toward Visible-Light-

Activated Dyes for Biological Imaging. J. Am. Chem. Soc. 2019, 141, 14699-14706.

10. Wang, J. Y. J.; Blyth, M. T.; Sherburn, M. S.; Coote, M. L., Tuning Photoenolization-

Driven Cycloadditions Using Theory and Spectroscopy. J. Am. Chem. Soc. 2022, 144, 

1023-1033.

11. Liu, R. S. H.; Ramamurthy, V., Self-Quenching in Photocycloaddition of 

Thiobenzophenone to Crotononitrile: A Case of Energy Transfer from S2. Mol. 

Photochem. 1971, 3, 261-265.

12. Lawrence, A. H.; Liao, C. C.; De Mayo, P.; Ramamurthy, V., Thione Photochemistry. 

Cycloaddition in a Saturated Alicyclic System. J. Am. Chem. Soc. 1976, 98, 2219-2226.

13. Lawrence, A. H.; Liao, C. C.; De Mayo, P.; Ramamurthy, V., Thione Photochemistry. 

Mechanism of the Short-Wavelength Cycloaddition of Adamantanethione: Evidence for 

an Excimer Derived from S2. J. Am. Chem. Soc. 1976, 98, 3572-3579.

14. Devanathan, S.; Ramamurthy, V., Photochemistry Of. Alpha.,. Beta.-Unsaturated 

Thiones: Cycloaddition of Thiocoumarin to Electron-Rich and Electron-Deficient 

Olefins from T1. J. Org. Chem., 1988, 53, 741-744.

15. Rao, V. P.; Ramamurthy, V., Photochemistry Of. Alpha.,. Beta.-Unsaturated Thiones. 

Cycloaddition to Electron-Deficient Olefins from Higher Excited States. J. Org. Chem. 

1988, 53, 332-339.

16. Bhattacharyya, K.; Das, P. K.; Ramamurthy, V.; Rao, V. P., Triplet-State Photophysics 

and Transient Photochemistry of Cyclic Enethiones. A Laser Flash Photolysis Study. J. 

Chem. Soc., Faraday Trans. 2 1986, 82, 135-147.

17. Becker, R. S.; Chakravorti, S.; Gartner, C. A.; Miguel, M. G., Photosensitizers: 

Comprehensive Photophysics/Phootochemistry and Theory of Coumarins, Chromones, 

Their Homologues and Thione Analogues. J. Chem. Soc., Faraday Trans. 1993, 89, 

1007-1019.

Page 25 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 26 of 31

18. Das, A.; Sharma, G.; Kamatham, N.; Prabhakar, R.; Sen, P.; Ramamurthy, V., Ultrafast 

Solvation Dynamics Reveal That Octa Acid Capsule's Interior Dryness Depends on the 

Guest. J. Phys. Chem. A 2019, 123, 5928-5936.

19. Nandi, N.; Bhattacharyya, K.; Bagchi, B., Dielectric Relaxation and Solvation Dynamics 

of Water in Complex Chemical and Biological Systems. Chem. Rev. 2000, 100, 2013-

2045.

20. Vajda, S.; Jimenez, R.; Rosenthal, S. J.; Fidler, V.; Felming, G. R.; Castner Jr., E. W., 

Femtosecond to Nanosecond Solvation Dynamics in Pure Water and inside the G-

Cyclodextrin Cavity. J. Chem. Soc. Faraday Trans. 1995, 91, 867-873.

21. Jarzeba, W.; Walker, G. C.; Johnson, A. E.; Kahlow, M. A.; Barbara, P. F., Femtosecond 

Microscopic Solvation Dynamics of Aqueous Solutions J. Chem. Phys. 1988, 92, 7039-

7041.

22. Kahlow, M. A.; Jarzeba, W.; Kang, T. J.; Barbara, P. F., Femtosecond Resolved Solvation 

Dynamics in Polar Solvents. J. Chem. Phys. 1989, 90, 151-158.

23. Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, M., Subpicosecond 

Measurements of Polar Solvation Dynamics: Coumarin 153 Revisited. J. Phys. Chem. 

1995, 99, 17311-17337.

24. Maroncelli, M.; Fleming, G. R., Picosecond Solvation Dynamics of Coumarin 153: The 

Importance of Molecular Aspects of Solvation. J. Chem. Phys. 1987, 86, 6221-6239.

25. Givens, R. S.; Matuszewski, B., Photochemistry of Phosphate Esters: An Efficient 

Method for Generation of Electrophiles. J. Am. Chem. Soc. 1984, 106, 6860-6861.

26. Kamatham, N.; Mendes, D. C.; Da Silva, J. P.; Givens, R. S.; Ramamurthy, V., 

Photorelease of Incarcerated Caged Acids from Hydrophobic Coumaryl Esters into 

Aqueous Solution. Org. Lett. 2016, 18, 5480-5483.

27. Nguyen, H. D.; Abe, M., Crucial Roles of Leaving Group and Open-Shell Cation in 
Photoreaction of (Coumarin-4-yl) Methyl Derivatives. J. Am. Chem. Soc. 2024, 146, 
10993-11001.

28. Halder, D.; Paul, A., Understanding the Role of Aromaticity and Conformational 

Changes in Bond Dissociation Processes of Photo-Protecting Groups. J. Phys. Chem. A 

2020, 124, 3976-3983.

Page 26 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Journal
Underline



Page 27 of 31

29. Maciejewski, A.; Demmer, D. R.; James, D. R.; Safarzadeh-Amiri, A.; Verrall, R. E.; 

Steer, R. P., Relaxation of the Second Excited Singlet States of Aromatic Thiones: The 

Role of Specific Solute-Solvent Interactions. J. Am. Chem. Soc. 1985, 107, 2831-2837.

30. Rajee, R.; Ramamurthy, V., Oxidation of Thiones by Singlet and Triplet Oxygen. 

Tetrahedron Lett. 1978, 19, 5127-5130.

31. Rajee, R.; Ramamurthy, V., Energy Wastage in Organic Photochemistry: Self-Quenching 

in Thiones. J. Photochem. 1979, 11, 135-138.

32. De Mayo, P.; Shizuka, H., On the Mechanism of Photocycloaddition of 

Thiobenzophenone at 366 nm. 1973, 95, 3942-3947.

33. Kemp, D. R.; De Mayo, P., The Detection of Transients in Thiocarbonyl Flash Photolysis. 

J. Chem. Soc., Chem. Commun. 1972, 233-234.

34. Rao, V. J.; Muthuramu, K.; Ramamurthy, V., Oxidations of Thio Ketones by Singlet and 

Triplet Oxygen. J. Org. Chem. 1982, 47, 127-131.

35. Rao, V. J.; Ramamurthy, V., Oxidation of Thioketens by Singlet Oxygen and Ozone. J. 

Chem. Soc., Chem. Commun. 1981, 638-639.

36. Rao, V. J.; Ramamurthy, V.; Schaumann, E.; Nimmesgern, H., Oxidation of Thioketenes 

by Singlet Oxygen. J. Org. Chem. 1984, 49, 615-621.

37. Szymański, M.; Balicki, M.; Binkowski, M.; Kubicki, J.; Maciejewski, A.; Pawłowska, 

E.; Wróżowa, T., Effects of Solute-Solvent Interactions on Radiationless Decay of 

Thioketones Excited to Their S _2-and T _1-States. Acta Phys. Pol. A 1996, 89, 527-546.

38. Maciejewski, A., The Application of Perfluoroalkanes as Solvents in Spectral, 

Photophysical and Photochemical Studies. J. Photochem. Photobiol. A: Chem. 1990, 51, 

87-131.

39. Barton, D. H. R.; Bolton, M.; Magnus, P. D.; West, P. J.; Porter, G.; Wirz, J., Mechanism 

of Thiobenzoic Acid O-Ester Photolysis. J. Chem. Soc., Chem. Commun. 1972, 632-633.

40. Wirz, J., Photolysis of Aromatic Thioacid O-Esters: The Nature of the Reactive Excited 

State. J. Chem. Soc., Perkin Trans. 2. 1973, 1307-1312.

41. Gibb, C. L.; Gibb, B. C., Well-Defined, Organic Nanoenvironments in Water: The 

Hydrophobic Effect Drives a Capsular Assembly. J. Am. Chem. Soc. 2004, 126, 11408-

11409.

Page 27 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 28 of 31

42. Ramamurthy, V., Photochemistry within a Water-Soluble Capsule. Acc. Chem. Res. 

2015, 48, 2904-2917.

43. Ramamurthy, V.; Jockusch, S.; Porel, M., Supramolecular Photochemistry in Solution 

and on Surfaces: Encapsulation and Dynamics of Guest Molecules and Communication 

between Encapsulated and Free Molecules. Langmuir 2015, 31, 5554-5570.

44. Ramamurthy, V.; Sen, P.; Elles, C. G., Ultrafast Excited State Dynamics of Spatially 

Confined Organic Molecules. J. Phys. Chem. A 2022, 126, 4681-4699.

45. Ramamurthy, V., Photochemistry in a Capsule: Controlling Excited State Dynamics Via 

Confinement. Chem. Commun. 2022, 58, 6571-6585.

46. Ghosh, S. K.; Valloli, L. K.; Unny, D.; Sivaguru, J.; Jockusch, S.; Ramamurthy, V., Room 

Temperature Phosphorescence of 2-Thioxo-Coumarins in Aqueous Solution Promoted 

by Octa Acid Inclusion. J. Photochem. Photobiol. A: Chem. 2024, 115510.

47. Burdzinski, G.; Ziolek, M.; Karolczak, J.; Maciejewski, A., S2 and S1 States Deactivation 

of Thiocoumarin in n-Hexane and Acetonitrile Studied by Femtosecond Fluorescence 

Upconversion and Transient Absorption Spectroscopies. J. Phys. Chem. A 2004, 108, 

11160-11164.

48. Szymański, M.; Maciejewski, A.; Kozłowski, J.; Koput, J., Photophysics of the S2 State 

of Thiocoumarin: A Vibrationally Unequilibrated Luminophore. J. Phys. Chem. A 1998, 

102, 677-683.

49. Mai, S.; Pollum, M.; Martínez-Fernández, L.; Dunn, N.; Marquetand, P.; Corral, I.; 

Crespo-Hernández, C. E.; González, L., The Origin of Efficient Triplet State Population 

in Sulfur-Substituted Nucleobases. Nat. Commun 2016, 7, 13077.

50. Ashwood, B.; Pollum, M.; Crespo‐Hernández, C. E., Photochemical and Photodynamical 

Properties of Sulfur‐Substituted Nucleic Acid Bases. Photochem. Photobiol. 2019, 95, 

33-58.

51. Brister, M. M.; Gustavsson, T.; Crespo-Hernández, C. E., Excited State Lifetimes of 

Sulfur-Substituted DNA and Rna Monomers Probed Using the Femtosecond 

Fluorescence up-Conversion Technique. Molecules 2020, 25, 584.

52. Falk, K. J.; Steer, R. P., Photophysics and Intramolecular Photochemistry of 

Adamantanethione, Thiocamphor, and Thiofenchone Excited to Their Second Excited 

Page 28 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 29 of 31

Singlet States: Evidence for Subpicosecond Photoprocesses. J. Am. Chem. Soc. 1989, 

111, 6518-6524.

53. Lawrence, A. H.; De Mayo, P., Thione Photochemistry. Chemical Evidence for 

Intersystem Crossing from a Second Excited Singlet State. J. Am. Chem. Soc. 1973, 95, 

4084-4085.

54. Law, K. Y.; De Mayo, P., Thione Photochemistry. Adamantanethione as a Model for 

Singlet Pi, Pi* Hydrogen Abstraction. J. Am. Chem. Soc. 1979, 101, 3251-3260.

55. Ho, K. W.; De Mayo, P., Thione Photochemistry. On the Mechanism of Photocyclization 

of Aralkyl Thiones. J. Am. Chem. Soc. 1979, 101, 5725-5732.

56. Pollum, M.; Crespo-Hernández, C. E., The Dark Singlet State as a Doorway State in the 

Ultrafast and Efficient Intersystem Crossing Dynamics in 2-Thiothymine and 2-

Thiouracil. J. Chem. Phys. 2014, 140, 071101.

57. Mukherjee, P.; Das, A.; Sengupta, A.; Sen, P., Bimolecular Photoinduced Electron 

Transfer in Static Quenching Regime: Illustration of Marcus Inversion in Micelle. J. 

Phys. Chem. B 2017, 121, 1610-1622.

58. Rajbongshi, B. K.; Rather, S. R.; Bhowmik, S.; Sen, P., Ultrafast Excited State Relaxation 

of a Model Green Fluorescent Protein Chromophore: Femtosecond Fluorescence and 

Transient Absorption Study. J. Mol. Struct. 2023, 1275, 134538.

59. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;Cheeseman, 
J. R. ; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H., et al. Gaussian 16, 
Revision C. 01, Gaussian, Inc., Wallingford CT: 2016.

60. Beck, A. D., Density-Functional Thermochemistry. Iii. The Role of Exact Exchange. J. 

Chem. Phys 1993, 98, 5648-6.

61. Lee, C.; Yang, W.; Parr, R. G., Development of the Colle-Salvetti Correlation-Energy 

Formula into a Functional of the Electron Density. Phys. Rev. B. 1988, 37, 785.

62. Jones, G.; Jackson, W. R.; Choi, C. Y.; Bergmark, W. R., Solvent Effects on Emission 

Yield and Lifetime for Coumarin Laser Dyes. Requirements for a Rotatory Decay 

Mechanism. J. Phys. Chem. 1985, 89, 294-300.

63. Brackmann, U., Lambdachrome® Laser Dyes, 3rd ed.; Lambda Physik AG D-37079 

Göttingen · Germany, 2000.

Page 29 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Journal
Underline

Journal
Highlight



Page 30 of 31

64. Hui, M. H.; De Mayo, P.; Suau, R.; Ware, W. R., Thione Photochemistry: Fluorescence 

from Higher Excited States. Chem. Phys. Lett. 1975, 31, 257-263.

65. Horng, M.; Gardecki, J.; Papazyan, A.; Maroncelli, M., Subpicosecond Measurements of 

Polar Solvation Dynamics: Coumarin 153 Revisited. J. Phys. Chem. 1995, 99, 17311-

17337.

66. de Mayo, P., Thione Photochemistry, and the Chemistry of the S2 State. Acc. Chem. Res. 

1976, 9, 52-59.

67. Law, K. Y.; de Mayo, P., Thione Photochemistry. Adamantanethione as a Model for 

Singlet Π,Π* Hydrogen Abstraction. J. Am. Chem. Soc. 1979, 101, 3251-3260.

68. Sen, P.; Roy, D.; Mondal, S. K.; Sahu, K.; Ghosh, S.; Bhattacharyya, K., Fluorescence 

Anisotropy Decay and Solvation Dynamics in a Nanocavity: Coumarin 153 in Methyl Β-

Cyclodextrins. J. Phys. Chem. A. 2005, 109, 9716-9722.

69. Porel, M.; Jayaraj, N.; Kaanumalle, L. S.; Maddipatla, M. V. S. N.; Parthasarathy.A.; 

Ramamurthy, V., Cavitand Octa Acid Forms a Nonpolar Capsuleplex Dependent on the 

Molecular Size and Hydrophobicity of the Guest. Langmuir 2009, 25, 3473-3481.

70. Barik, A.; Kumbhakar, M.; Nath, S.; Pal, H., Evidence for the Tict Mediated Nonradiative 

Deexcitation Process for the Excited Coumarin-1 Dye in High Polarity Protic Solvents. 

Chem. Phys. 2005, 315, 277-285.

71. Turro, N. J.; Ramamurthy, V.; Scaiano, J. C., Modern Molecular Photochemistry of 

Organic Molecules; University Science Books: Sausalito, CA, 2010.

Page 30 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Journal
Highlight

Journal
Highlight

Journal
Highlight

Journal
Highlight



Page 31 of 31

TOC Graphic

Page 31 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60




