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I .  Introduction 

Recent document that compounds con- 
taining the carbonyl group continue to play an impor- 
tant role in the development of our understanding of 
the photochemistry and photophysics of polyatomic 
molecules. However, in the last two decades, advances 
in the ability to synthesize and study thermodynam- 
ically less stable species have led to greatly enhanced 
interest in structurally similar compounds in which the 
carbonyl oxygen atom is replaced by sulfur (the 
thiocarbonyls), selenium, or tellurium and the carbonyl 
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carbon atom is replaced by silicon or germanium. 
Prominent among the technical advances which have 
generated this interest are the development of (i) ever 
better laser methods for pumping and probing target 
molecules of increasing complexity and shorter lifetime, 
and (ii) supersonic expansion techniques for synthe- 
sizing and characterizing van der Waals molecules, 
clusters, and other unstable species in situ. 

A detailed understanding of the photochemistry and 
photophysics of any system must be based on spec- 
troscopic measurements and theoretical calculations 
of the structures of the ground and excited electronic 
states of the molecules of interest. A recent compre- 
hensive review by Clouthier and Moule* describes the 
clear periodic group relationships which are emerging 
from studies of the spectroscopy of small carbonyls, 
thiocarbonyls, and selenocarbonyls such as 1 and 2 (cf. 
structures, Figure 1). Spectroscopic studies of larger 
thiocarbonyls such as 3,6a, 7a, and 8a reveal similar 
trends; those related to the photophysics and photo- 
chemistry of these compounds will be discussed in this 
review. 

The following general picture has emerged. The 
carbonyl and thiocarbonyl chromophores both possess 
a nuclear framework of either C2” or C, local symmetry 
in the ground state and exhibit bonding properties 
which are qualitatively similarly to one another. How- 
ever, the C-S bond is weaker than the C 4  bond (ca. 
430 kJ mol-’ vs ca. 635 kJ mol-’), and the excited 
electronic states are found at lower energies in the 
sulfur-containing species. Thus, the lowest excited 
states, SI and TI of (n,r*) configuration, are accessible 
via absorption of single quanta in the visible or near 
infrared in the unconjugated aliphatic and simple 
aromatic thiocarbonyls, whereas the same transitions 
occur in the near UV in the corresponding carbonyls. 
Transitions to the lowest l(r,r*) (SZ) and Rydberg (S,,, 
n 1 3) excited states occur in the near UV-blue and in 
the quartz ultraviolet, respectively, in the thimbonyls, 
but are found at substantially higher energies in the 
parent carbonyls. 

These differences in the energy and spacing of the 
electronic states lead to dramatic differences in the 
photochemistry and photophysics of the two classes of 
compounds. In particular, the (n,r*) and (r,vr*) excited 
states of larger, unstrained thiocarbonyls are often 
photostable and tend to relax by photophysical rather 
than photochemical processes in unreactive media. In 
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addition, the relatively large electronic energy gaps 
between the I(r,r*) and the '(n,r*) states in the 
thiocarbonyls lead to a strong Franck-Condon inhi- 
bition of the rates of radiationless decay of their upper 
states. The '(r,r*) states can therefore be relatively 
long-lived, and this enables them both to fluoresce with 
large quantum yields (like azulene and ita derivatives6) 
and to react chemically with solvent, ground state 
thiocarbonyl, and other species in violation of Kasha's 
rule.6 Intense emission from both the l(r,r*) and lower 
states thus may be used as a powerful diagnostic tool 
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Figure 1. Structures of thiocarbnyb. I. 

for elucidating the excited-state relaxation ratea and 
mechanisms in these systems. 

A. Scope of lhe Revlew 

The brief introduction above suggests that thiocar- 
bonyls can serve as useful models for examining the 
chemistry and physics of a given target molecule in a 
number of electronic states. Accessible states include 
those which, in other similar classes of compounds, 
would lie much higher in energy and would relax 
primarily by fragmentation or other very fast radia- 
tionless processes. This review will therefore focus on 
unique aspecta of photochemistry and photophysics 
which are revealed in studies of the thiocarbonyls. It 
follows three previous reviews, two now more than a 
decade old, concerning wavelength-dependent photo- 
chemistry,' the structure and excited-state dynamica 
of small thiocarbonyls,8 and intramolecular relaxation 
processes of thiones in so l~ t ion .~  Studies of both 
tetraatomic and larger molecules will be included, as 
will a discussion of the results of experimenta in media 
ranging from cryogenic matrices to molecular beams. 
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Only material essential for the development of the 
present review and new results will be discussed here. 
Data describing the ground and best-characterized 
excited states of two representative small thiocarbonyls, 
HzCS and C12CS, are given in Table I. 

The ground states of the symmetrically and asym- 
metrically substituted thiocarbonyls, X2CS and XYCS 
of CzU and C, symmetry respectively, are planar about 
the four-atom framework of the chromophore. The 
tetraatomic thiocarbonyls possess six vibrational modes 
consisting of three al, one bl, and two b2 vibrations for 
C2" molecules, or five a' and one a" vibrations for those 
belonging to the C, point group. Analyses of the 
infrared, Raman, and microwave spectra of these 
compounds have provided well-established ground- 
state vibrational, rotational, and structural parameters.' 
The C=S bonds are ca. 1.60 A in length and the X-C- 
X(Y) angles tend to be slightly less than 120° (cf. Table 
I). 

The ground electronic configuration of H2CS14 is KKL- 
(5a1)~(6a1)~(2b2)~(7a1)~(2b1)~(3b2)~ or ...(r)2(n)2, whereas 
that for C12CS16 is ... ( 
(13a1)~(8b2)~(4b1)~(9b2)~ in which 2a2,13a1, and 8b2 are 
C1 lone pair orbitals lying below (r)2(n)2. The lowest 
unoccupied molecular orbital is one of the largely r* 
(bl) character, and the lowest excited electronic states 
are clearly of (n,r*) electron configuration in both 
molecules. Accordingly, the electronic transitions of 
lowest energy, TI - SO and SI - SO, are of lt3A2 - 'AI 
or lp3A'' - 'A' symmetry for CzU and C, molecules, 
respectively. The SI - SO transitions in the visible are 
electric dipole forbidden but appear weakly as a result 
of either magnetic dipole-induced interactions or vi- 
bronic mixing.21 The TI - SO transitions are formally 
electron spin forbidden and are weaker still, but are 
nevertheless much stronger than the corresponding 
transitions in the carbonyls because of larger spin-orbit 
coupling effects in the sulfur-containing species (vide 
infra). The &-TI energy gaps (cf. Table I) are small, 
owing to the rather small overlap of the n and T* orbitals 
which, nominally, are singly occupied in these states. 
The TI - SO transition therefore appears as a weak 
band system whose origin lies only slightly to the red 
of that of the corresponding SI - SO system. Both 
band systems are extensively overlapped and perturbed, 
complicating their analysis.21 Magnetic rotation tech- 
niques have been useful in distinguishing between the 
singlet and triplet systems in C ~ Z C S , ~ ~  and in charac- 
terizing singlet-triplet perturbations in H z C S . ~ ~  

Analyses of the visible spectra have led to unam- 
biguous SI and TI excited state structure determinations 
for both H2CS and C12CS. Both the C-S stretching (al) 
and out-of-plane bending (bl) modes are active in these 
spectra. Measurement of the inversion splittings in 
the latter permit the excited state equilibrium out-of- 
plane angles and inversion barrier heights to be obtained 
with the aid of model upper state potential functions.23 
The results are given in Table I. Whereas H2CS is 
"floppy-planar" in the SI and TI states,2l the tetraatomic 
thiocarbonyl halides are distinctly nonplanar, in accord 
with Walsh's postulate,% and exhibit decreasing in- 
version barriers and out-of-plane angles in the sequence 
F > C1 > Br. The C-S moiety sustains a nominal 
decrease in bond order from 2 to 1.5 on n - r* 
excitation, and this coincides with an increase in both 
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0 = out-of-plane angle 

Figure 2. Axis convention employed in this review. 

With one or two exceptions larger molecules possessing 
heteroatoms in positions a to the thiocarbonyl group 
will not be considered. Although this group includes 
several classes of biologically important compounds, 
such as the thiouracils, thiopurines, and thiopyrim- 
idines, their photochemical and photophysical prop- 
erties are quite different from those of the thioketones 
on which we shall focus. The organic photochemistry 
of the thiones has been reviewed comprehensively in 
the recent past1&13 and will not be a major theme of the 
present work. 

Throughout this review we shall use the notation for 
electronic states which is most familiar to photochem- 
ists; So identifies the ground state, and SI, S2, ... and TI, 
T2, ... the excited states of increasing energy in the singlet 
and triplet manifoJds, respectively. Herzberg's e uiv- 

5, b, ... for the excited states is frequently used in the 
spectroscopic literature which we review. We shall also 
adopt the axis convention shown in Figure 2 when 
discussing symmetry-related matters. 

ale@ notation of X for the ground state and A, 8, , ..., 

I I .  Electronic Spectroscopy and Interstate 
coupiing 

A minimum of five electronic states, SO, SI, S2, TI, 
and T2, must be considered in describing the photo- 
chemistry and photophysics of thiocarbonyls excited 
in the near-UV and visible regions of the spectrum. 
The lowest Rydberg states are also accessible in the 
quartz ultraviolet in most thiocarbonyls, and there is 
now good evidence that doubly excited states of (no,r*2) 
configuration also come into play in this region. 
Fortunately, the TI, SI, SZ, and low Rydberg states are 
often spectrally distinct, and when this is the case they 
may be populated selectively by suitable choice of 
excitation wavelength. Therefore, by starting from the 
bottom of the electronic manifold &e., SO) and moving 
ever higher in energy, the behavior of a given thiocar- 
bony1 can, in principle, be well-characterized. By doing 
the same for the series of structurally related species, 
a comprehensive picture of the whole class of com- 
pounds can be assembled and periodic group relation- 
ships established. 

We therefore begin by examining the UV-visible 
spectroscopy of molecules containing the thiocarbonyl 
group. From this we shall learn about the energies and 
structures of the various electronic states and how they 
are coupled. This, in turn, provides the framework for 
interpreting the observed photochemistry and photo- 
physics. 

A. Tetraatomlc Molecules 
The electronic spectroscopy of molecules such 

H&S, D&S, the thiocarbonyl halides, thioacetalde- 
hyde, thioacetone, and thioketene has been compre- 
hensively reviewed recently by Clouthier and Moule.' 
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Table I. Structural and Other Parameters for HzCS and ClzCS in Several Electronic States 
HzCS Cl*CS 

so TI SI s 2 a  S 3 b  so Ti SI S Z O  

To, cm-1 0 14 507.4 16 394.4 44 685 47 110.8 0 17492 18716 34275 
4 deg 0 11.9 0 -0 0 0 32 32 30 
barrier, cm-l 0 4.1 0 <50 0 0 726 620 729 

r(C-X), A 1.096 2 1.082 1.077 1.111 9 1.728 1.796' 1.75 
~(X-c-x) ,  deg 116.26 119.3 120.7 122.68 111.2 112.7' 119 
P, D 1.649 0.548 0.850 -2.2 0.28 
vert IP,d eV 9.38 9.84 
ref(@ 4,30 4,31 4, 31 4,8,25, 36 4,25 4, 15 4, 16 4, 17 18-20 

a Sp is taken to be the I ( T , x * ) ,  'A1, state. See text. S3 is the lB2, '(n,4s) Rydberg state. By ab initio calculation, ref 16. Vertical 

r(C=S), A 1.6138 1.683 1.682 -2.1 1.604 7 1.602 1.815' 1.70 -2.1 

ionization potential. 

the equilibrium C-S bond length and the X-C-X bond 
angle. 

The lowest energy electric dipole allowed transitions 
in the thiocarbonyls involve a one-electron promotion 
to upper states of nominal ~(A,P*) configuration ('A1 in 
Cpu molecules). However, in the tetraatomic thiocar- 
bonyls and the larger unconjugated aliphatic thiones, 
both the lowest Rydberg states and doubly excited states 
of 1(n0,1r*2) configuration are found at similar energies. 
The density of electronic states is even larger in the 
thiocarbonyl halides owing to the presence of states of 
nominal (nx,r*m) configuration (X = C1, Br, I). Ex- 
tensive state mixing is therefore expected, and this has 
recently been documented both by calculation and by 
experiment. 

A recent MRD-CI study of HpCS by Hachey et al.14 
has revealed that states having configurations of (P,P*), 
(n0,r*?), (n,4py)R, (n,4d)R, and the (r2,n2) ground state, 
all contribute to shaping the observed 'A1 potential 
surfaces to which one has access in the near UV. A 
vertical transition to an (n,4p4,) Rydberg state of 'Al 
symmetry is predicted at 6.57 eV, and this corresponds 
closely to a sharp feature in the UV spectrum at 187 
nm (6.60 eV), previously assigned to a Rydberg tran- 
 iti ion.^^ The other lA1-lAI UV band system observed26 
in HzCS is strong and broad, has an origin near 221 nm 
(5.60 ev) and a maximum near 200 nm (6.2 eV), and 
exhibits a long progression of bands assigned to single 
quantum incrementa in the excited-state C-S stretching 
mode. The upper state has been assigned as Sp, ~ ( P , P * ) .  
This is consistent with the electric dipole allowed, 
z-polarized nature of the transition and the expectation 
that the C-S stretching vibration should be Franck- 
Condon active, owing to the reduction of the C-S bond 
order from 2 to 1. The MRD-CI calculations14 confirm 
this assignment in that they correctly predict the energy 
of the pure electronic transition and reveal that the 
upper surface is highly distorted with a broad minimum 
at greatly extended C-S distances (Ar(C-S) = 0.4 A). 
The calculations also show that the oscillator strength 
of this transition is carried primarily by the P - P*, 
one-electron promotion, but that the (P,P*) configu- 
ration only dominates the description of the upper state 
at intermediate C-S distances. In fact the (+,nZ) 
ground-state and (A,T*) excited-state configurations 
contribute nearly equally to the lowest excited 'A1 state 
at ita distorted equilibrium geometry as a result of an 
avoided crossing. 
Two additional transitions to (n,4s) and (n,4p,) 

Rydberg states, both of 'Bz symmetry, have also been 
o b s e r ~ e d ~ ~ ~ ~ ~  in the UV spectrum of HpCS. The lower 

energy of these, lBz(n,4s) - lA1, consists of a strong 
feature centered at 212 nm. Under high resolution this 
absorption is seen to consist of a single band with well- 
resolved rotational structure, the analysis of which 
reveals that the molecule is planar in the upper state 
and, surprisingly, suffers a contraction in C-S bond 
length of ca. 0.007 A (cf. Table I). 

One-photon transitions to doubly excited states are 
formally forbidden, and no direct spectroscopic evidence 
of the 1Al(no,?r*2) state in HzCS is yet available. 
However, a weak transition (f = 5 X has recently 
been observed experimentallyz7 in CLCS at wavelengths 
immediately to the red of its strong P - P* transition 
in the near UV. Excitation in this weak band populates 
an excited state which exhibits no measurable emission 
and which is very short-lived in condensed media. This 
dark excited state was tentatively assigned to a doubly 
excited 'A1 (n:,?$) state, although a triplet of (nC1,- 
P*CS)  configuration could not be ruled out. 

Over the past two decades, repeated attempts have 
been made to analyze the SZ - SO, 'A1 - 'Al UV 
absorption spectrum of ClZCS. Analysis has been 
difficult because, like HZCS, the origin band carries 
only a small fraction of the oscillator strength and 
vibrational hot bands dominate the room-temperature 
spectrum in the origin region. Nevertheless, by means 
of a careful analysis of the chlorine isotope splittings 
in the photographic spectra Judge and Moulels were 
able to identify two upper-state vibrational progressions 
and assigned a weak band at 34 278 cm-l as the origin. 
However Dixon and Western,lg using an optical-optical 
double resonance technique (SZ - SI - SO), reassigned 
the origin of the Sp - So system to 33 991 cm-l and 
found four progressions in upper-state modes, none of 
which corresponded to those observed by Judge and 
Moule. Most recently Ludwiczak et al.20confirmed the 
analysis of Judge and Moule using laser-induced 
fluorescence excitation (LIFE) spectroscopy in super- 
sonically expanded ClzCS and located an upper state 
predissociation threshold at 35 725 i 50 cm-l, some 
1450 cm-l above the zero-point level. The results of 
Dixon and Western remained unexplained. However, 
given the relatively large numbers of electronic states 
accessible at these energies, the possibility that se- 
quential two-photon absorption does not populate the 
same final state as that reached on direct one photon 
excitation in the UV should be assessed. 

Only the triplets of (n,?r*) configuration have been 
well characterized in the thiocarbonyls.* However, both 
ab initio calculations and fragmentary experimental 
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Table 11. Electronic Energies of the Valence States, Ground-State Dipole Moments, and Vertical Ionization 
Potentials of Selected Thiocarbonyls 
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electronic energy,a,b cm-1 
compound p, D vert IP, eV TI SI sz ref(@ 
CHzCS 1.02 8.89 - 18 OOO (g) 55,30,4,34 
CH3CHS 2.33 8.98 16 294 56,30,4,35,36 
(CHdzCS 2.37 8.60 17 328 (g) 19 880(?) (g) 57,30,4,37 
Id 2.19 7.8 57,58 
3 17 280 (PF) 19 500 (PF) -36 300 (9) 38,39 
4 2.59 8.1 17 920 (EPA) 19 400 (PF) -36 300 (9) 57,30,38,39,40 
5 2.89 8.17 -36 300 (g) 57,58,38,39 
6a 3.95 17 180 (PF) 17 790 (PF) 27 490 (PF) 59,41,49,50 

17 305 (S) 42 
6b 3.9 59 
7a 16 090 (PF) 16 780 (PF) 25 540 (PF) 41,49,50 

Sa 5.4 15 130 (A) 15 970 (A) 23 650 (A) 60,41,49 
16 090 (S) 25 841 (S) 42,48 

15 102 (S) 16 093 (S) 23 333 (S) 43,44 
15 382 (C) 16 039 (C) 24 275 (SSJ) 45-48 

Sa-ds 15 312 (S) 24 302 (SSJ) 42,51 
8b 5.4 13 843 (S) - 14 900 (PF) 21 980 (PF) 60,42,49,50 
8c 5.2 - 14 900 (A) 20 650 (A) 60,172 
8d 14 700 (A) -26 800 (PF) 50 
10a 16 150 (PF) 17 540 (PF) 26 480 (PF) 41,50 
1 la 3.4 8.0 14 600 (A) 15 975 (A) -27 OOO (S) 61,30,40 

13 880 (B) 15 830 (A) 52 
l lb  16 475 (EPA) 40 
1 I C  15 625 (EPA) 17 180 (EPA) 40 
12 13 300 (A, 77 K) 14 450 (A, 77 K) 26 660 (A, 77 K) 53,54 

13 141 (S) 44 
0 Energies in cm-1 are taken from the origin bands of the absorption or excitation spectra. Abbreviations: S, Shpolskii matrix; PF, 

perfluoroalkane solvent; A, alkane solvent; B, benzene; C, crystalline host; EPA, ether pentane alcohol glass; SSJ, supersonic jet 
expansion; g, gas phase. 

23 990 (PF) 50 

evidence show that Tz, of 3A1 symmetry, lies relatively 
close to S1 and T1 and may therefore play an important 
role in the photochemistry and photophysics. TZ is the 
~(A,A*) companion of the lA1, ~(A,A*) state, but unlike 
S1-T1, the SZ and TO states are well separated in energy 
due to strong correlation effects of electrons in the 
spatially overlapping A and A* orbitals. Among the 
small thiocarbonyls Tz has been observed spectroscop- 
ically only in C12CS. For this compound the electron- 
impact energy-loss spectrumz8 exhibits a broad feature 
with a maximum near 25 OOO cm-l(3.1 eV) and an onset 
near 20 OOO cm-l(2.5 eV). The assignment of the upper 
state to Tz is consistent with ab initio calculationsz9 
which place this state only slightly higher than S1 in 
the prototype, HzCS. 

B. Larger Molecules 

Over the last 50 years substantial numbers of 
spectroscopic data have been accumulated for organic 
molecules containing the thiocarbonyl group. Table I1 
summarizes the available electronic state energies, 
ground-state dipole moments, and vertical ionization 
energies for those compounds which have been the 
object of photochemical and photophysical study. In 
order to provide comparable data for the largest number 
of compounds, the energies of the various electronic 
states have been taken from the absorption or excitation 
spectra when possible. Because these are subject to 
medium-induced shifts, preferred values are given for 
a variety media, including Shpolskii matrices, crystalline 
hosts, liquid solvents, and, in a few cases, the gas phase. 
The most comprehensive source of data on ionization 
energies is the review by Gleiter and Spanget-Larsen.30 

Only scattered experimental measurements of the 
dipole moments of larger thiocarbonyls exist in the 
current literature. However, extensive tables of cal- 
culated ground-state dipole moments have been com- 
piled by Jug and IfferP using SINDOl and by Dewar 
and McKee33 using MNDO. Frequent reference will 
be made to the experimental dataM+ in this review. 
Recent at various levels of approxi- 
mation complement these measurements. 

Maki and and B ~ r l a n d ~ ~ - ~ ~  have 
employed both optical spectroscopy and optical de- 
tection of magnetic resonance (ODMR) techniques to 
characterize the lowest triplet states of a number of 
larger thiones in various cryogenic media. The TI states 
of the aromatic thiones 6a, 6c, 7a, 8a, 8a-d~,8b, and 12 
are all of 3(n,~*) configuration in the n-pentane and 
n-hexane Shpolskii matrices and xanthone crystalline 
hosts used in these studies. The SZ - SO, SI + SO, and 
TI + SO absorption and SZ - SO and TI - SO emission 
spectra all consist of sharp lines in these ordered media 
at low temperatures, although they are complicated by 
phonon sidebands and multiple trap sites in some cases. 
The (n,r*) triplets are characterized by unusually large 
values of the zero-field splitting parameter, D*, (cf. 
Figure 31, and this results in the observation of two 
clearly resolvable subspectra in the TI- SO phospho- 
rescence emission. The subspectra are assigned to 
transitions between TI, and SO or between the closely 
spaced (Tlz,Tly) pair of substates and SO. The relative 
intensities of these subspectra as a function of tem- 
perature are consistent with the establishment of a 
Boltzmann (thermal equilibrium) distribution of pop- 
ulations in the near degenerate (T1=,TIy) and the higher 
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Figure 3. Schematic diagramshowing the zerefieldsplittings 
and sublevel symmetries of the TI and TZ states of CZU 
thiocarbonyls. The ordering of the energies of Ta and (Tb, 
Tz,) is arbitrary in this diagram. p*I and 2m are defined in 
the bottom panel. 

TIr sublevels even at temperatures as low as 1 K. This 
has enabled xanthione triplet (8a) to be used as a 
molecular sensor in a device for measuring temperatures 
in the 1 K I T I 20 K region.67 The zero-field splitting 
parameters of the TI states of these thiones are 
summarized in Table 111. Their energies are listed in 
Table 11. 

The (n,?r*) triplets of the aromatic thiones exhibit 
values of D* ranging from -8.0 to -28 cm-' and values 
of of ca. 0.05-0.07 cm-l. (See Figure 3 for the 
definitions of these parameters.) The values of have 
been determined by microwave slow passage ODMR 
experiments, monitoring single vibronic band emission 
while sweeping through the 2(EI zero-field transition. 
The 2E splitting arises from spin-spin dipolar inter- 
actions in the triplet, but no discernible trend in is 
apparent in the series of thiones investigated to date. 
From a photophysics perspective, much more valuable 
information is obtainable from D* which, in these thione 
triplets, is generally negative and unusually large. 

Spin-orbit coupling is expected to be relatively 
important in these compounds owing to a modest "heavy 
atom" effect of the S atom (spin-orbit coupling constant 
of 397 cm-I vs. 152 cm-I for 0). This, together with the 
close proximity of the T2, 3(7r,~*) state of 3A1 electronic 
symmetry, was recognized in the first reports of Maki 
and co-workers71 and of B ~ l a n d ~ ~  as the origin of both 
the sign and magnitude of D*. As shown in Figure 3, 
the overall (spin 8 orbital) irreducible representations 
of TI, and TI, are the same as those of T2, and Tb, 
respectively, in CtO symmetry. The spin-orbit inter- 
action between the two pairs of states of the same 
symmetry raises Tb and T2, and lowers Th,Tly, whereas 
the TI, level is affected primarily by spin-orbit coupling 
with S2  AI). Because the T2-T1 separation is relatively 
small whereas the SzTl gap is large, (T1,,TlY) are 
depressed and reside below TI,, resulting in a large, 
negative D*. 

Measurements of D* allow the location of T2 to be 
deduced using a model in which the spin-orbit inter- 

action is dominated by one-center terms on the S atom, 
viz. 

The spin-orbit coupling matrix element, CY-, may be 
estimated either from atomic parameters or from the 
observed radiative rate constant for TI, leaving E(T2) 
as the only unknown in eq 1. The calculation suggests 
that T2 should lie within 600-2400 cm-I of TI for 8a in 
a variety of host which places it either slightly 
lower than or slightly higher than SI. The dynamic 
studies of Molenkamp et al.46 (vide infra) favor a T2-T1 
gap at the high end of this range for 8a in a crystalline 
xanthone host. Similar applications of eq 1 suggest 
that the structurally related series 6a, 7a, and 8a could 
exhibit Tz-TI gaps which increase with increasing 
molecular size. 

For comparison, Table I11 also presents values of p*l 
and for several 13, in which the TI states 
are of ~ ( T , T * )  configuration. Phosphorescence polar- 
ization measurements indicate that these triplets are 
nonplanar and that this enhances ' (T ,T* )~ (T ,T* )  rather 
than ~(~,T*)-~(T,T*) mixing in these compounds. Note 
their relatively small values of p*I. 

The Tl-So phosphorescence and phosphorescence 
excitation spectra of a number of aromatic thiones have 
been measured under conditions which permit the 
resolution of their single vibronic features in some 
detail.49"L6*6s970 In each case in which TI is 3(n,+*), the 
origin is the strongest band in the spectrum, suggesting, 
on Franck-Condon grounds, that the molecule is not 
greatly distorted in the triplet state. In all such cases 
T1,-So carries the majority of the oscillator strength of 
the transition. This, in turn, suggests that spin-orbit 
coupling between TI, and $2 allows Tl-So to "borrow" 
intensity from the strong, z-polarized SZ-SO transition. 
These ideas are completely consistent with the model 
used to explain the observed triplet zero-field splittings 
in the same aromatic thiones. 

Although strong phosphorescence has been observed 
in almost all thiocarbonyls which have TI states of 
3(n,?r*) character, in condensed media at temperatures 
177 K the emission generally consists only of several 
broad peaks separated by ca. 1100-1200 cm-I (cf. Figure 
4). Such spectra may be used to establish the energies 
of the TI s t a t e s  with modest accuracy, but are deceiving 
from a structural perspective. In the pastaJ3 the 
1100-1200-~m-~ spacing in TI - SO was attributed to 
single quantum increments in the ground state C+ 
stretching mode. However, Mahaney and Hubefi3 
showed, in 8a, that each peak in this apparent pro- 
gression is in fact a composite of several strong bands, 
none of which is attributable to the C-S stretching 
mode. For this reason we shall discuss only those 
spectra which have been measured under conditions 
where sufficient vibrational resolution is available to 
permit a reasonable analysis. 

Phosphorescence excitation spectroscopy in Shpolskii 
matrices has been used to establish the frequencies of 
a number of optically active fundamental vibrations in 
the TI states of 6a,4296s 6c,42~6s 7a,42 8a,42-u 8a-da,'9 8b,U 
and 12.4 SZ - SO and TI - SO emission spectroscopy 
in both low-temperature mat rice^^^**^@ and, for 8a, 
supersonic expansions47 have also been employed to 
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Table 111. Triplet Zero-Field Splitting Parameters for Several Thiocarbonyls in Cryogenic Matrices' 
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compd hostb D*, cm-l m, cm-l ref(s) 
6a n-pentane (SI - 2 8 , ~  -24'21 0.060 95,") 0.063 35(2) 69 
6c n-hexane (S) - 2 4 ~  0.067 84,(l) 0.068 13@) 69 
7a n-pentane, n-hexane (S) -20.2 0.062 333 42 
8a n-pentane, n-hexane (S) -15.9, (-15.5) 0.061 14 42,44,68,71 

8a-ds n-pentane, n-hexane (S) -15.9 0.061 44 42 
8b n-pentane, n-hexane (S) -15.5 0.065 58 71 

12 n-pentane, n-hexane (S) -8.0:') -8.0'*' 0.054 15,(l) 0.051 55(l) 71 
13a l-methyluracil (C)  0.2895' 0.072 a 70 
13b l-methyluracil (C) 0.605' 0.050 0 70 
13c l-methyluracil (C) 0.87W 0.045 8 70 

xanthone ( C )  -20,") -11(2) 45,72 

a See Figure 3 for definitions. Abbreviation are as follows: S, Shpolskii matrix; C, crystalline host. T1 is 3(7r ,~*) .  Values of p*l 
are given. (1) and (2) are trap A and trap B, respectively. 

300 400 500 600 700 800 

WAVELENGTH (nm) 

Figure 4. Absorption (-) and emission (- - -) spectra of 7a 
in 3-methylpentane at 293 K. TDF refers to thermally 
activated delayed S1 - SO fluorescence. 

determine the corresponding frequencies of the optically 
active modes in the ground state. Xanthione (8a) has 
been most thoroughly studies and is a useful model. 
This planar, C2" molecule has 63 normal modes (22a1, 
982, l lbt ,  and 21b2), about one third of which can be 
identified as fundamentals in the emission, IR,43 and 

spectra. The low-frequency modes are of 
particular interest because of their involvement in 
mode-selective vibrational predissociation of the van 
der Waals c ~ m p l e x e s . ~ ~ ~ ~ ~  In 8a the observable fun- 
damentals of lowest frequency are 239 (2471,320, and 
380 (372) cm-' in the ground state and 222 and 411 cm-I 
in TI. Progressions in the SO frequencies are attached 
to bands due to ring vibrations of 1031,1243, and 1341 
cm-I frequency in the TI - SO spectrum. The C-S 
stretching mode, which appears strongly in the spectra 
of the smaller thiocarbonyls, is observed only as a weak 
band at 1285 cm-I in the TI - SO spectrum of 8a. In 
total, the spectra suggest that in the aromatic thiones 
TI is not greatly distorted compared with the ground 
state, that TI and T2 are close in energy and significantly 
mixed, and that the shift in electron density associated 
with TI- So occurs mainly from S to the adjacent C. 
The latter is in agreement with CNDO/2-CI calcula- 
t i o n ~ . ~ ~  

Measurement and partial vibrational analysis of the 
TI - SO absorption and phosphorescence excitation 
spectra of thioa~etaldehyde~p~~ in the gas phase at room 
temperature and of t h i ~ a c e t o n e ~ ~  in a supersonic jet 
have also been reported. The room-temperature spectra 
are crowded, owing to the prominence of transitions 

involving the low-frequency internal rotational (tor- 
sional) modes of the methyl groups, and mild cooling 
in a supersonic expansion is of great help in simplifying 
the spectra and identifying the torsional progressions. 
In the planar ground state of CH3CHS the eclipsed 
conformer is the preferred form, whereas in the 
pyramidal TI and SI states the antieclipsed conformer 
is preferred. In thioacetone the pattern of vibronic 
bands has been attributed to activity of both the 
methyl torsion and sulfur out-of-plane wagging modes. 
The planar ground state has an eclipsed-eclipsed 
conformation, but TI is pyramidal so that a complex 
potential surface governs the low-frequency motions. 

The Sl-So spectra of a limited number of larger 
thiocarbonyls have also been investigated by absorption 
and phosphorescence excitation spectroscopy in low- 
temperature matrices and in the gas phase. Fluores- 
cence from SI, l(n,P*), is very weak in these compounds, 
however, owing to SI'S rapid radiationless relaxation to 
TI in all environments. The SI-SO transitions are 
uniformly z-polarized in CZU thiones, suggeting that they 
gain intensity by vibronic coupling between SI ('At) 
and S2   AI). (See ref 73, however, for an alternate 
interpretation.) The energies of a few SI vibrational 
levels have been reported only for 8a,43946 thio- 
a ~ e t a l d e h y d e , ~ ~ ~ ~  and thi~acetone.~~ Nevertheless, the 
available data suggest that SI and TI, both of (n,r*) 
configuration, are structurally similar in all cases. 

The S2 state is of ~ ( P , P * )  configuration ('A1 in Cz0 
symmetry) in all the simple aliphatic thiocarbonyls and 
in most aromatic thiones examined to date. The Sn-So 
absorption and emission spectra (cf. Figure 4) are much 
broader than those of lower energies, and the origin 
bands carry a smaller fraction of the oscillator strength. 
This suggests that, in general, the S2 states are rather 
more distorted than St and TI. This is particularly 
true in the bi- and tricyclic t h i ~ n e s ~ ~  3-5, and in 
thioacetaldehyde>136 thi0acetone,3~ and related thioke- 

which exhibit structureless S2 - SO spectra at 
low resolution. 

Thiofluorenone (12) is apparently exceptionalM*" and 
exhibits a weak S2 ('B2) - SO (lA1) transition at ca. 
18 710 cm-l(3-methylpentane glass at 77 K). The strong 
P - u* transition is then with an origin at 26 600 
cm-'. 

Vibrationally resolved S2-So fluorescence, fluores- 
cence excitation, and phosphorescence excitation spec- 
tra have been m e a s ~ r e d ~ ~ ~ ~ '  only for 8a, although an 
SZSO fluorescence excitation spectrum of supersonically 
expanded 7a has also been reported recently. The 
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Table IV. Energier of the Loweat Rydbrg Stater of 
Thioacetaldehyde and Several Thioketoner. 

compd 'B~(n,4s)~ 'Bz(n,4pZ)*f lAl(n,4p,Jbf ref I l-l I (4) s (4) 

W 
0 

f 2 0 0  205  2 1 0  
0.1 - 
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m a 
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200 220 240 260 280 
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Figure 5. Absorption spectrum of gaseous 5 in the UV region. 
Arrows mark the origins of Rydberg transitions. The inset 
shows the 200-210-nm region in greater detail. 

excitation spectra of 8a in both Shpolskii matrices and 
in a supersonic expansion are rich in vibrational 
information, but a detailed analysis from which an S2 
structure might be obtained has not yet been attempted. 
Low-frequency excited-state modes of 147, 186, 230, 
335,340,405,623, and 651 cm-' can be identified from 
the spectrum. Of these the 335 and 623 cm-' vibrations 
are particularly active in the spectra and also act as 
promoting modes in the nonradiative decay of the upper 
state (vide infra). Both the spectra and CNDOI2-CI 
calc~lat ions~~ suggest that the Sa - SO transition in 8a 
is well characterized by a one-electron ACS - A*CS 
promotion involving the transfer of considerable elec- 
tron density from S to the thiocarbonyl C atom, but 
relatively little to the ring C atoms. This is in sharp 
contrast to 8a's carbonyl analogue, xanthone, in which 
the lowest A - A* transition is localized mainly in the 
aromatic rings.73 

The lowest Rydberg transitions in the larger thio- 
carbonyls are readily identified as sharp features 
superimposed upon the broad, structureless SZ + SO 
system in their gas-phase UV absorption spectra (cf. 
Figure 5) .  Vibrational structure is associatedwith these 
transitions in some cases. Three such absorptions are 
generally observable in the quartz ultraviolet, the upper 
states of which are of 'Bz(n,4s), lB2(n,4pz), and 'AI- 
(n,4pY) character for the CpV molecules. The corre- 
sponding transition to the 'A2(n,4pZ) state is electric 
dipole forbidden and has not been observed. Sub- 
stantial mixing of the 'AI, l(n,4py) Rydberg, and ' (A,A*) 
valence state  conjugate^^^ is expected. In the larger 
thioaldehydes the (11,481 Rydberg state is of 'A' sym- 
metry and is expected to mix substantially with the 
underlying 'A', ' (T ,A*)  valence state. In thioacetalde- 
hyde4.= this results in the appearance of a progression 
of five bands separated by single quantum increments 
of 1150 cm-' in the Rydberg state's C=S stretching 
mode. The energies of the lowest Rydberg states of 
thioacetaldehyde, thioacetone, and related thiones, and 
the bi- and tricyclic thiones, 3-5, are collected in Table 
IV. The assignments are supported by high-level, ab 
initio multireference CI calculations on H z C S ~ ~  and 

With the gas-phase spectra in hand it is possible to 
assign weak features in the UV spectra of 3-5 in 
transparent condensed media to the same Rydberg 
 transition^.^^ In such cases these bands are featureless 

( C H ~ ) Z C S . ~ ~  

5.61 6.39 6.54 36 
5.49 6.40 6.52 37 
5.54 6.21 6.42 74 
5.59 6.27 -6.4 74 

3 5.43 6.01 6.15 39 
4 5.55 5.94 6.08 39 
5 5.54 6.00 6.09 39 

Energies in eV (1 eV = 8066 cm-'1. * Symmetries are given 
for the Cb point group. The ordering of the (n,4p,) and (n,4py) 
stateg ie baaed exclusively on the order predicted by calculation, 
refs 29 and 76, and could be reversed in some caws.  
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Figure 6. Perturbations in the v' = 0, K = 0 level of the SI 
('A21 excited state of H2CS. The open circles indicate levels 
observed only in absorption; the triangles indicate levels 
observed in both absorption and magnetic rotation. The full 
lines show the fit using calculations based on the vibronic 
spin-orbit mechanism (from ref 21). 

and are asymmetrically broadened to higher energies, 
but are unambiguously assignable. There are no 
published reports of the observation of Rydberg tran- 
sitions in the aromatic thiones. 

C. Interstate Coupllng 
Full comprehension of the photochemistry and pho- 

tophysics of any molecular system must include an 
understanding of the nature and extent of the mixing 
of ita zeroth-order electronic states. In principle both 
singlet-singlet and singlet-triplet perturbations wil l  be 
manifest in the electronic spectra of all molecules with 
closed-shell ground states. In practice, however, the 
details of such perturbations can only be observed in 
the gas-phase spectra of relatively small species with 
open rotational structures. Fortunately, thioform- 
aldehyde is one such molecule, and it has been the 
subject of intense study in the past decade. Pertur- 
bations in the rovibronic spectra of HzCS were first 
noted by Judge and King77J8 and have since been the 
subject of a series of papers by Clouthier, Ramsay, and 
c o - w ~ r k e r s ~ ~ ~ ~  and recent, elegant work by Dunlop and 
Clouthier.= 

The rotationally resolved Sl-So absorption and LIF 
spectra of H2CS clearly exhibit perturbations of SI by 
both TI and SO. For example, the large triplet per- 
turbation of the ka = 0 subband of the magnetic dipole 
allowed SA30 origin is shown in Figure 6. The general 
selection rules for perturbations between rovibronic 
states require that only levels of the same overall 
symmetry species may interact, and that AJ = 0. The 
application of these rules to the SI ('A21 and TI (3A2) 
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states of H2CS have been discussed.21 Although direct 
spin-orbit coupling between states of the same orbital 
symmetry is not allowed, second-order vibronic-spin- 
orbit coupling89 can quantitatively accounts0 for the 
observed ' A Z - ~ A ~  perturbations in H2CS. 

Coupling of S1 to high vibrational levels of the ground 
state of HZCS has also been observed by Ramsay and 
co-workers using microwave-optical double reso- 

sub-Doppler intermodulated fluorescence,85@j 
and Zeeman effect  technique^.^^ The perturbations are 
small but are clearly associated with coupling to the 
ground state because magnetic rotation effects are 
absent. Measurements of the rotational g factors of 
the combining levels show that K, is not a good quantum 
number in the high vibrational levels of S0.86,87 

The wealth of detail available from the study of 
H2CS is of considerable value in interpreting the 
electronic spectra and excited state dynamic behavior 
of the larger thiocarbonyls. In particular, the obser- 
vation of both singlet-singlet and singlet-triplet per- 
turbations in the S1 state of HZCS demonstrates that 
both internal conversion and intersystem crossing must 
be considered in elucidating S1's excited state dynamics. 
The following provides an overview of our current 
understanding of the nature of the nonradiative pro- 
cesses which are associated with interstate coupling 
interactions in these systems. 

In the thiones the radiative T1-So transitions are 
z-polarized, in keeping with a direct T1,-Sz spin-orbit 
coupling mechanism. The T1 - SO absorption thus 
initially populates the TI, sublevel almost exclusively, 
and subsequent spin-lattice relaxation (spin depolar- 
ization) is therefore required to populate TI, and TI,. 
T1, undergoes direct spin-orbit coupling with SO, and 
this provides the preferred mechanism of T1 -> S; 
intersystem crossing. However, the T1-So electronic 
ener gap is relatively large, and unfavorable Franck- 
Con Y on factors limit the rate of the process. 
S1 (1A2) is vibronically coupled with So ('AI) via any 

of the non-totally symmetric vibrations of the molecule. 
Nevertheless S2 m> S' can also be relatively slow, again 
because of the small $ranck-Condon factors associated 
with the transition. 
S1 does not exhibit direct spin-orbit coupling with 

TI, but does interact directly with Th which is also of 
A2 molecular symmetry. TI, and TI, interact directly 
with T2, and Tzx respectively, as previously described, 
but TI, does not exhibit first-order spin-orbit coupling 
with any of the T2 sublevels or with SI. Spin-lattice 
relaxation would be required (i) before TY produced 
by direct TY, - So absorption could cross tok2, and (ii) 
before T2, produced by intersystem crossing from SY 
could relax to T1 by direct spin-orbit coupling mech- 
anisms. The fact that the quantum yields of S1 w> T1 
intersystem crossing a proach 1 and the lifetimes of S1 
temperature and in the gas phase therefore indicate 
that second-order vibronic-spin-orbit coupling between 
S1 and T1 is very effective in the larger thiones. This 
conclusion is in complete accord with the direct 
spectroscopic observations on H2CS. However, studies 
of the dynamic behavior of S1 at 1 K indicate that direct 
spin-orbit coupling of Sy to TZ is even more effective46 
(vide infra). The close roximity of TI, SI, and TZ 

are very short46 bot R in condensed media at low 

sug ests that each state wi p1 contain sizeable admixtures 
o f t  fl e other two. 
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SZ ('AI) will be vibronically coupled with S1 ('Az) via 
the non-totally symmetric vibrational modes of the 
molecule. Nevertheless, the SZ *> S; internal con- 
version rate can still be relatively slow in rigid thiones 
like 7a and 8a, owing to the presence of a relatively 
large S2-S1 electronic energy gap. Within the frame- 
work of the theory of radiationless transitions,w high- 
frequency a1 and bz in-plane symmetric and antisym- 
metric C-H stretching vibrations are expected to be 
the preferred accepting modes for S2 m> Sy internal 
conversion. Direct spin-orbit coupling between Sz and 
TI, provides a possible mechanism for Sz - TY 
intersystem crossing, but the SZ-Tl energy gap is large 
and no evidence of such a process has yet been found 
in the thiocarbonyls (vide infra). 

The S2 and So states are of the same orbital symmetry, 
so strong coupling between them is expected in regions 
of close approach of the zeroth-order states. Such 
interactions lead to avoided crossings which severely 
distort the zeroth-order surfaces and alter the electronic 
character of the resulting upper state at different 
geometries. The upper-state surface can therefore be 
very complex, as demonstrated by calculations on 
H2CS.14 

D. van der Waals Complexes and Mlcrosolvatlon 

The solvent plays several important roles in the 
photochemistry and the photophysics of larger thiones 
in condensed fluid media. First, the n - ?r* and ?r - 
?r* electronic transitions of the thiones undergo hyp- 
sochromic and bathochromic shifts, respectively, with 
increasing solvent polarizability, in a manner similar 
to that of many other systems. However, because T1 
and Tz are in close proximity and are of different 
configuration in the thiones, they can invert in energy 
in more strongly interacting solvents such as benzene 
and a~etonitri le.~~ Second, and of even greater im- 
portance, excited solute-solvent interactions dominate 
the photophysics of the Sz states of the aromatic thiones 
in most common solvents, and as well, often dominate 
the Sz and T1 photochemistry of both the aliphatic and 
aromatic thiones. These matters will be reviewed in 
detail in subsequent sections. Recently, however, 
important information about solute-solvent interac- 
tions in the aromatic thiones has been obtained from 
studies of the spectra of van der Waals complexes of 
7a and 8a in supersonic expansions, and this will be 
reviewed separately in the following section. 

Topp and ~o-workers~7~9~ were the first to synthesize 
several van der Waals complexes of an aromatic thione, 
8a, in a supersonic expansion and to examine them 
spectroscopically using both SZ-SO fluorescence and 
ground-state depletion (hole-burning) techniques. The 
&-So LIFE, LIF, and hole-burning spectra of the bare 
thione are rich in vibrational structure and are in many 
ways typical of the rovibrationally cold, isolated species 
produced in supersonic expansions. Additional, red- 
shifted features appear in the low excitation energy 
region of these spectra when the fluorophore is coex- 
panded with a smaller complexing partner. These 
groups of lines are assigned to van der Waals complexes 
consisting of the substrate and one or more addends. 
Topp and c o - w ~ r k e r s ~ ~ ~ ~ ~  examined 8a with a number 
of C5-ClO alkanes, perfluoro-n-hexane and benzene. 
Later Steer and co-workers measured the SZ-SO LIFE 
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Table V. Microscopic Solvent Shifts Observed in the 
S r S e  LIFE Spectra of 1:l van der Waals Complexes of 
Benzopyranthione (7a) and Xanthione (8a) 

shift: -Ai, cm-l 
partner 7a 8ab ref 

He 
Ne 
Ar 
Kr 
Xe 
CH4 
n-pentane 
n-hexane 
n-heptane 
n-octane 
n-decane 
isooctane 

3.5(?) 7.5 (6.4) 
17.5 18.5 (15.4) 
57.0 55.5 (53.4) 
76.0 76.0 (82.2) 
103.0 108.8 (108.5) 

103.5 
215 
235 
252 
264 
277 
130 

48 
48 
48 
48 
48 
93 
47 
47 
47 
47 
47 
92 

cyclohexane 234 92 
CFA 78 93 
n-cp l r  107,144’ 92 
Shifts are for the origin band. Numbers in parentheses are 

calculated for &z) = f2.0 D. Possibly two isomers (cf. ref 92). 

spectra of 7a and 8a complexed with the rare gases4 
and a wide variety of other species.93 

The spectra due to the van der Waals complexes have 
a number of characteristics in common. First, the 
features due to the 1:l complex are uniformly red- 
shifted by almost identical amounts compared with the 
same bands in the bare substrate molecule. This is 
taken as strong evidence that coupling between the 
vibrational modes of the aromatic substrate and either 
the low-frequency -van der Waals’’ modes of the 
complex or the vibrational modes of the complexing 
partner itself is weak. Small perturbations are seen, 
however, and these are ~ igni f icant .~~  Second, the 
microscopic solvation shifts are always to lower energies, 
consistent with the observed (S2-So) transitions in 
condensed media (Table 11). This shows unequivocally 
that the 1:l complexes are more strongly bound in the 
S2 state than in SO. Third, as shown in Table V the 
magnitude of the shift depends upon the structure of 
the complexing partner, increasing with its increasing 
size within a homologous series and with increasing 
polarizability down a group, and is generally larger for 
the alkanes than for the corresponding perfluoroal- 
kanes. Fourth, the features due to the van der Waals 
complexes disappear from the spectra when exciting to 
higher levels in the vibrational manifold due to vibra- 
tional predissociation. Finally Topp et al.47@ have used 
both hole-burning and emission techniques to show 
elegantly that several upper-state vibrations (; = 335, 
623 cm-*) act as promoting modes for the S2 - (S1/T1) 
radiationless transition in the bare molecule. The effect 
is amplified in the van der Waals complexes with some 
larger molecules through perturbations by and con- 
formational changes of the addend. The implications 
of these and related observations will be reviewed in 
section IV. 

The spectra of the complexes of 7a and 8a with 
polyatomic addends are crowded and have not yet 
admitted a detailed vibrational analysis. On the other 
hand, the spectra of the complexes with the rare gases 
are relatively simple; those of 7a are more revealing 
than those of the larger thione, 8a.4 Figure 7 shows 
a small portion of the S2-So LIFE spectra of 7a with 
Ne. The spectra of both 7a and 8a expanded with He, 

7,” + Ne 

- 
i j -  

Figure 7. A portion of the &-SO fluorescence excitation 
spectrum of supersonically expanded 7a in the region of the 
origin. A is the bare molecule. B is with ca. 1 atm of Ne. C 
is with ca. 3 atm of Ne. The total pressure is 4 atm, with the 
balance composed of He. 

Ne, Ar, Kr, and Xe all exhibit two line like features 
shifted by equal increments to the red of each corre- 
sponding band in the bare molecule. These bands have 
been assigned to the 1:l and 2:l complexes. The rare 
gas atoms reside over the pyranthione ring, and the 2:l 
complex therefore has a sandwich structure which, in 
8a, preserves CzV symmetry. The spectra also show 
broad, underlying features which grow with increasing 
pressure of the complexing partner. These features 
are attributed to cluster formation and resemble similar 
features seen in the spectra taken in Shpolskii matri- 
c e ~ . ~ ~  

The rare gas atoms are bound to the thione by dipole- 
induced dipole and by dispersive forces. The theory of 
microscopic s o l v a t i ~ n ~ ~ ~ ~ ~  permits one to calculate the 
shifts in the vibronic bands on complexation using the 
ground-state polarizabilities and ionization energies of 
the substrate and ita complexing partners, the ground- 
and excited-state dipole moments of the substrate, the 
energy and moment of the transition, and the distances 
between the centers of mass of the substrate and rare 
gas atom. For the rare gas complexes of 8a, all of the 
required information except the excited-state dipole 
moment is either available (cf. Table 11) or can be 
calculated.4 The magnitude of the excited-state dipole 
moments of 8a can therefore be deduced by finding the 
value which results in the best agreement between the 
calculated and observed shifts. For 8a, p(S2) = *2.0D 
results in an excellent fit (cf. Table V). Since  SO) = 
5.4 D (Table 11), a substantial decrease in dipole 
moment must occur on excitation of 8a, in agreement 
with the qualitative results of CNDO/P-CI calcula- 
t i o n ~ . ~ ~  Because p(S2) of 8a is small, its excited-state 
van der Waals complexes with nonpolar molecules will 
be stabilized almost exclusively by dispersive interac- 
t iomM This conclusion has important implications in 
the interpretation of the photochemistry and photo- 
physics of the second excited singlet states of the 
aromatic thiones. 
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I I I .  Photophysb and Photochmlstry of 
Tetraatomk Thlocarbonyls 

With a few exceptions,96 excited-state emiasion mea- 
surements have proved to be the most useful-and often 
the only-tools for examining the photophysical be- 
havior of the small thiocarbonyls. When emission can 
be observed both quantum yields and excited-state 
lifetimes can, in principle, be measured as a function 
of a number of experimental variables. This, in turn, 
allows both intramolecular and intermolecular excited- 
state relaxation processes to be explored at levels of 
detail limited only by one's ability to resolve and 
understand the spectroscopic features of the target 
molecule. 

H2CS is photostable in SI and TI and its electronic 
spectroscopy is relatively well understood, whereas 
Cl2CS is known to undergo molecular and/or free radical 
dissociation when excited to S2 or high vibrational levels 
of SI. These two molecules have therefore been adopted 
as models in studies of the photophysical and photo- 
fragmentation dynamics of the tetraatomic thiocar- 
bonyls. With the exception of some early work on 
ClFCS,8sg7 no photochemical or photophysical studies 
of the other known tetraatomic thiocarbonyls have been 
reported. 

Chemical Review6, 1903, VOI. 03, NO. 1 n 
and othemg0 Unperturbed levels exhibited fluoregcence 
quantum yields near unity and produced a very narrow 
range of lifetimes centered at 174 ws. The latter was 
taken to be the pure radiative lifetime of HzCS ($31) in 
the 4' level. Single rovibrational levels coupled to T1 
(as shown by triplet perturbations in the spectra) 
exhibited moderately longer lifetimes and quantum 
yields which were not significantly smaller than 1. The 
couplings are weak and rely on accidental near- 
coincidences of levels in SI and TI. Levels of SI coupled 
to SO fell into two categories: those which exhibited 
behavior similar to those coupled to TI, and a small 
number, characteristic of intermediate case photo- 
physics, which exhibited substantially reduced fluo- 
rescence quantum yields and the longest lifetimes. 
Dunlop and Clouthier proposed a sequential coupling 
model similar to that developed for pyrazinel10 to 
account for the observed dynamics of molecules excited 
to these levels. 

Phosphorescence from the TI state of H2CS was first 
observed by Clouthier and Kerr111J12 who employed 
laser-induced phosphorescence excitation spectroscopy 
to extend the vibrational analysis of the Tl-So spec- 
trum,"' to measure the upper-state dipole moment,l12 
and to determine the rudiments of TI'S collisional 
behavior,"' The phosphorescence intensity of H2CS 
was reported to increase with increasing pressure, and 
it was concluded that the bimolecular interactions of 
TI are dominated by collisional rovibrational relaxation. 
This behavior is in sharp contrast to that of the SI state 
which exhibits very efficient electronic quenchinglmJw 
and little or no rovibrational relaxation.'ll 

No photophysical or photochemical studies of H2CS 
excited to higher electronic states have been reported, 
although the potential for important work is clear. First, 
H2CS excited to the S2 ('AI) state may undergo 
photofragmentation: molecular or free radical disso- 
ciation and photoisomerization are all thermodynam- 
ically possib1e.*lo1 In the molecular dissociation 
channel CS is an obvious candidate for state-to-state 
dynamics studies because of its ready detection by either 
LIF or photoionization methods.l13 In addition, the 
sharp rotational structure seen in the S3 ('Bz) + SO 
spectrum of the molecule2s suggests that the upper 
Rydberg state may be sufficiently long-lived to produce 
measurable fluorescence. If observable, such fluores- 
cence would provide a useful experimental handle for 
examining this state's dynamics. 

A. H&S 

The H2 + CS dissociation limit in H2CS lies about 
2000 cm-' below SI.% However, calculations*1o1 predict 
that the barrier to molecular dissociation on the ground- 
state surface is very high in the isolated molecule, and 
lies at about the same energyas those for fragmentation 
to H + HCS and isomerization to thiohydroxymethylene 
(HSCH). Thioformaldehyde is therefore expected to 
be photostable in S1 and TI, and unlike H2C0,1°2 the 
presence of the H2 + CS dissociative continuum should 
not affect the dynamic behavior of the molecule. 
Although there have been some s u g g e s t i o r ~ s ~ ~ ~ ~ ~ ~  that 
photochemistry plays an active role in the intramo- 
lecular dynamics of H2CS in SI or TI, recent experi- 
ments= have shown this not to be the case. 

S1-So fluorescence from H2CS was first observed by 
Clouthier and co-workers,105 and the initial photophys- 
ical measurements on the molecule were made by Bruno 
and Steer" and by Kawasaki et al.103J04 using relatively 
broad band laser excitation sources. However, recent 
work= has shown that the SI fluorescence lifetimes 
reported in these earlier studies were not measured 
under collision-free conditions and are too short. 

In a tour de force of H2CS photophysics Dunlop and 
Clouthielae recently measured the fluorescence lifetimes 
and relative fluorescence quantum yields of a large 
number of single rotational levels in the SI (4l) state 
under collision-free conditions (pressures as low as 5 X 
lC7 Torr). The absence of quantum interference effects 
and the single exponential nature of the fluorescence 
decay in all cases led them to the conclusion that the 
whole set of molecular eigenstates associated with a 
given rovibronic transition and lying within the Doppler 
width of the absorption line was excited within the 
0.04 cm-l line width of their pulsed laser excitation 
source. Four groups of excited-state levels were dis- 
tinguishable and were classified using the theoretical 
framework of Tramer and Voltz,lo7 Jortner et al.,lo8JOe 

6. Cl&S 
Thiophosgene, Cl&S, has been the subject of nu- 

merous photochemical and photophysical studies since 
the observation of its SI - Sol1' and SZ - 
fluorescence nearly two decades ago. Early work on 
this molecule has been reviewed.8 Later work has 
focused on elucidating the dynamic behavior of both 
the ground and several excited states. Most of this 
research has been conducted on gas-phase systems, but 
several reports of the photochemistry and photophysics 
of the molecule in fluid condensed media have also 
appeared recently. The electronic energy level diagram 
of Cl&S (Figure 8) will aid in the following discussion. 

Brenner and co-workers118-121 have used IR-optical 
double resonance techniques to examine the photo- 
physical behavior of ClzCS in both SO and SI. In the 
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+ C1CS(2A')I corresponded to the energy at which 
McDonald and Brus114 observed fluorescence weakening 
(by predissociation) in SI. Okabe122 reported quantum 
yields of C1 production, 4~1, of 0.38 f 0.19 at X = 435.8 
nm (&b = 4089 cm-l) and 0.90 f 0.17 at X = 366.0 nm 
(&b = 8606 cm-I), by extrapolation of data obtained 
at rather high-pressure to a low-pressure limit of 1 Torr. 
Brenner and Peters120 took the report of 4cl< 1 at EYib 
> 3450 cm-l as evidence that another bound state (Tp) 
was involved in the dynamics. However, this inter- 
pretation should be viewed with caution in light of the 
difficulties in obtaining reliable values of 4 ~ 1  by Stern- 
Volmer extrapolation of data taken at pressures very 
far from the collision-free limit. Moreover, details of 
the curve crossing leading to predissociation are not 
known, and it is therefore prudent to consider that the 
onset of fluorescence weakening in SI provides only an 
upper limit of the ground-state dissociation energy.gsJ23 

Excitation of low pressures of ClpCS to low vibrational 
levels of S2 results in strong fluorescence, the lifetime 
of which (7 = 20-40 ns) is comparable to the radiative 
lifetime of the upper state obtained from the oscillator 
strength? At modest vibrational energies (&b k 1450 
cm-l) fluorescence weakening is observed, and this has 
been attributed by Ludwiczak et aL20 to predissociation 
by a state of undetermined identity. At still higher 
vibrational energies in S2, Okabe122 found 4 ~ 1  = 1, 
whereas Ondrey and B e r ~ o h n l ~ ~  observed photofrag- 
mentation of ClzCS by two parallel processes: 

w 
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Figure 8. Energy level diagram for ClzCS and ita dissociation 
produds. The state at ca. 30 OOO cm-I is a dark, doubly excited 
state (cf. ref 27). 

studies of So, Sl-SO laser-induced fluorescence was used 
as a probe to monitor the populations of ground-state 
rovibrational levels in the presence of C02 laser fields 
under both collisionless and collision-perturbed condi- 
tions.116118 Of particular photophysical interest, very- 
long-range interactions were found to reduce the 
probability of infrared multiphoton absorption (IRM- 
PA) in ClzCS, likely as a result of collisional dephasing. 
The relative efficiency of this collisional perturbation 
was shown to be related to the Lennard-Jones well depth 
for the perturber, thiophosgene itself having the largest 
effect.l18 

Fluorescence from the SI state of Cl2CS was first 
observed by McDonald and Brus114 who reported single 
exponential decay (7 - 35 ps in the collisionless limit) 
at  all Evib I 3450 cm-', followed by an abrupt break off 
of emission (7 < 150 ns) at higher levels. This was 
confirmed by Brennerllg who also examined the pho- 
tophysics of SI by populating selected vibrational states 
by one-photon optical excitation and observing the 
extinguishing of their fluorescence by subsequent 
IRMPA and dissociation of the molecule using a C02 

Evidence of intramolecular relaxation of 
the molecule at Evib I 2500 cm-I was found. Later, 
Kawasaki and co-workers" reported that the emission 
from ClZCS (SI) under effusive flow conditions at low 
pressure consisted of two components: a short one of 
lifetime similar to that observed by McDonald and 
Brus,Il4 and a much longer one which was not T1 
phosphorescence. These observations were interpreted 
in terms of an intermediate case coupling model in which 
SI and TI exhibit mutual perturbations at all energies 
within the SI vibrational manifold. 

Although the intramolecular dynamics of the bound 
levels of the S1 state of C4CS are complex and remain 
uncertain, there can be little doubt that the abrupt 
break off of fluorescence at Evib k 3450 cm-1 is due to 
dissociation. Using a chemical scavenging technique 
Okabe122 observed the production of C1 atoms at 
photolysis wavelengths of 435.8 and 366.0 nm within SI 
-SO. He therefore deduced that the lowest dissociation 
limit for CLCS [i.e. that for fragmentation to C1(2P3/2) 

c12cs(s;) - c1+ ClCS (2) 

cl2cS(s;) - C12(1Z3 + CS('Z) (3) 

with 4(2) = 0.8 and 4(3) = 0.2. In both experiments 
Cl2CS was excited to energies well above both the 
molecular and free-radical dissociation barriers on the 
ground-state surface.* By measuring the time-of-flight 
distribution of the fragments Ondrey and B e r s o h ~ P ~  
determined the average translational energy content 
of the radical products and showed that this was 
consistent with an impulsive spectator model for the 
photofragmentation (eq 2). However, both Ondrey and 
Bersohnl' and Brenner and PetersI2O assumed that only 
ground-state, bent C1CS(2A') radicals could be produced 
in eq 2, whereas subsequent calculations by Chan and 
G ~ d d a r d ' ~ ~  and by Hachey et show that a very- 
low-lying excited singlet state (2Aff = (linear)) is also 
thermodynamically accessible (cf. Figure 8). Hachey 
et delp3 reevaluated the energy disposal in the UV 
photofragmentation of Cl2CS to account for this pos- 
sibility. 

The observation of strong fluorescence from both SI 
and Sp offers the possibility of doing various two-photon 
experimentswith ClpCS. Clouthier et al.128showed that 
S2 could be excited by one-color, resonant two-photon 
absorption via TI. Dixon and Westerdg used S&-& 
two-color, optical-optical double resonance to attempt 
to sort out the difficult spectroscopy of S2, but the resulta 
are at odds with those obtained by direct, one-photon 
S2-So excitation18Ip0 and remain unexplained (vide 
supra). 

S2 - So emission resulting from singlet-singlet 
annihilation has also been observed in C ~ Z C S . ~ ~  When 
Cl&S(g) is excited to SI in the mid-visible, weak 
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emission from SZ in the blue can be observed in addition 
to the red-near infrared emission from SI. This blue 
emission is clearly excited by the absorption of two 
photons, but cannot be due to prompt SZ - SI - SO 
because such a sequence populates vibrational levels of 
S2 which lie above its dissociation threshold and are 
therefore nonfluorescent. The blue emission is char- 
acterized, however, by pressure-dependent growth and 
decay and is therefore clearly attributable to a unique 
singlet-singlet electronic energy pooling process: 

(4) 
Triplet-triplet and tripletainglet annihilation pro- 
cesses are both well known in fluid media, but singlet- 
singlet annihilation is exceedingly rare in polyatomic 
molecules. The subject has been reviewed re~ent1y.l~~ 

Several reports of the photophysics and photochem- 
istry of Cl2CS in condensed media have also appeared 
recently.1s130 At  high concentrations, thiophosgene 
undergoes aggregation in solution to form van der Waals 
dimers and higher oligomers. However, the monomers 
can be investigated without interference from aggre- 
gates in solutions which are sufficiently d i 1 ~ t e . l ~ ~  
Emission from three states, SZ, SI, and TI, has been 
observed. 

The near-infrared SI - SO and TI - SO emissions130 
are weak and the spectra are severely overlapped. 
However, this emission exhibits a clear, biexponential 
temporal decay profile, consisting of a short-lived (7 = 
40 ps), concentration-independent, relatively blue- 
shifted component assigned to SI - SO fluorescence, 
and a longer-lived, concentration-dependent, relatively 
red-shifted component assigned to TI - SO phospho- 
rescence. Phosphorescence from Cl2CS has not been 
observed in the gas phase, despite several attempts to 
find it.1'J4J31 

Measurements of the fluorescence and phosphores- 
cence quantum yields and lifetimes as a function of 
ClzCS concentration permitted values of the rate 
constants for radiative and nonradiative decay of SI 
and TI at  infinite dilution, and the rate constant for 
bimolecular self-quenching of TI to be determined.I3O 
TI self-quenching occurs at diffusion-limited rates. At 
infinite dilution in inert solvents, both SI and TI decay 
primarily by relaxation directly to the ground state, 
and unlike the larger thiones (vide infra), thermal 
equilibrium between SI and TI is not established in 
solution a t  room temperature. In liquid solution 
CbCS therefore behaves like a statistical limit molecule 
with respect to the coupling of SI and TI to SO, in 
immediate contrast with its small or intermediate case 
behavior in the gas phase. 

ClzCS is also observed to emit relatively strongly from 
S2 and to exhibit nanosecond lifetimes when embedded 
in sufficiently inert solvents, such as the perfluoroal- 
kanes.lBJm Two processes dominate the decay of S2 in 
inert media at  infinite dilution; fluorescence to SO and 
a single fast radiationless decay process. The latter is 
characterized by an activation energy which is nearly 
identical to the zero point-to-predissociation thereshold 
energy difference observed in the SZ& LIFE spectrumm 
and is therefore ascribed to dissociation over a low 
barrier. The nature of the photolysis products have 
not been reported. 

In more concentrated perfluoroalkane solutions self- 
quenching of SZ is observed to occur at diffusion-limited 

2Cl2CS(S1) - C12CS(S2) + CI,CS(S,v) 
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rates. In solvents other than inert perfluoroalkanes 
the quantum yields of fluorescence and the SZ lifetimes 
are drastically reduced.128 An additional radiationless 
decay channel, solvent-induced excited-state rela- 
xation-a photophysical rather than a photochemical 
process-appears to be responsible.lm 

I V. Photophydcs of Larger 7Blocarbonyls 

As is the case for the tetraatomics, the observation 
of s trong emission from several excited states has proved 
to be the most useful tool for elucidating the dynamic 
behavior of larger photoexcited thiocarbonyk8 Unlike 
the smaller molecules, however, most of the work on 
the larger thiones has been carried out in condensed 
media where prompt emission is generally seen only 
from SZ and/or TI, not SI. On the other hand, thermally 
activated delayed fluorescence from SI can be observed 
under favorable circumstances from some of the larger 
thiones in condensed mediatl and extensive use has 
been made of triplet-triplet absorption methods to 
characterize the lowest triplet states.10*62J32-198 In 
addition, intermolecular interactions can be investi- 
gated by using well-established energy transfer and 
quenching techniques. A variety of tools is therefore 
available for studies of the photophysics of the larger 
thiocarbonyls in condensed media. 

The solvent plays a critical role in these studies. First, 
the excited state radiative decay rates generally depend 
upon the square of the refractive index of the medium.139 
Second, the "solvating power" of the medium influences 
the effective electronic energy spacings of the dissolved 
solute. This, in turn, alters the rate of intramolecular 
radiationless decay of a given excited state since (in the 
weak coupling limit for large molecules) the nonradi- 
ative rate constant decreases approximately exponen- 
tially as the energy gap between the two coupled states 
increases.@-' Third, the TI (3A2) and T2 (3A~) states of 
the thiocarbonyls can invert in strongly interacting 
solvents.s1 Finally, interaction with the solvent can 
provide additional, fast nonradiative decay channels 
for excited-state relaxation.140 Electronic energy trans- 
fer to or net photochemical reaction with the solvent 
are possible for some solvent-excited thione combina- 
tions. However of greater importance in sorting out 
the behavior of the second excited singlet states of the 
thiones in liquid solution is the observation that many 
common solvents (alkanes, CCt, benzene) induce the 
rapid, radiationless decay of S2 by a mechanism which 
involves neither electronic energy transfer nor net 
photochemical reaction." This solvent-induced pho- 
tophysical decay process is not seen in azulenes and 
other nonaltemant hydrocarbons which have long-lived 
S2 states and has been the object of considerable 
speculation and some experimental study. It will be 
dealt with separately under the heading of quenching 
in this review. We introduce the matter early in this 
section, however, because the nature and impact of 
solvent-excited solute interactions have not always been 
appreciated in earlier photochemical and photophysical 
studies. For this reason, readers of the literature must 
be very careful when interpreting the results of exper- 
iments in which the dynamics of the TI and SZ states 
of the thiones have been investigated in common 
solvents at ambient temperature. 
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Of the various solvents employed to date, only the 
perfluoroalkanes have proved to be sufficiently inert 
to permit the “intramolecular” photochemical and 
photophysical behavior of the larger thiocarbonyls to 
be unmasked in solution. The perfluoroalkanes gen- 
erally cause the smallest shifts in the energies of the TI, 
SI, and S2 states of the thiones relative to those of the 
bare molecule (cf. Table I). They are almost completely 
photochemically inert (vide infra). The unquenched 
lifetimes of TI, and particularly SZ, are longer in the 
perfluoroalkanes than in any other liquid solvent 
investigated to date, and the S2 - SO and T2 - SO 
emission quantum yields are the largest. In 1:l van der 
Waals complexes with the S p  states of 7a and 8a, the 
perfluoroalkanes exhibit only small microsolvation 
spectral shifts (Table V) and modest SO lifetime 
reductions compared with the bare molecules.g2 The 
overall conclusion is therefore that the perfluoroalkanes 
act very nearly as classical heat baths141 in photochem- 
ical and photophysical studies of the thiones. That is, 
the perfluoroalkanes act as effective vibrational ther- 
malizing media, but have a minimal effect on the 
intramolecular electronic relaxation processes of the 
chromophoric solute molecules. Other common sol- 
vents interact much more strongly with the excited 
thiones (particularly with S2) and may mask the 
intramolecular dynamics of the vibrationally relaxed 
electronic excited state. The use of perfluoroalkane 
solvents in studies of the photochemistry and photo- 
physics of polyatomic molecules in solution has recently 
been reviewed thoroughly by Ma~iejew8ki.l~~ 

MaCle)OW8kl and S t W  

Table VI. Triplet Sublevel Lifetimer of Several 
Aromatic Thionee in Cryogenic Media” 
compd hostb 7z, ms 7y, ms 7z, gs 7 . , . : ~  ref 

A. Ti 

The lowest triplet states of the larger thiones may be 
populated selectively by direct one-photon absorption 
in the spectrally resolved, long wavelength part of the 
TI - SO absorption band, by intersystem crossing, 
following excitation to SI or S2, or by energy transfer 
from triplet sensitizers. The dynamics of the TI state 
have been explored using phosphorescence lifetime and 
quantum yield measurements, triplet-triplet absorp- 
tion, and intermolecular triplet quenching and energy 
transfer techniques. Thermally activated, delayed 
emission has been observed from SI in the aromatic 
thiones41 and from T2 in the alicyclic thiones,% and this 
has provided crucial information about the decay 
dynamics of the thione triplets in solution at room 
temperature. 

Owing to the large values of D*, individual triplet 
sublevels of the aromatic thiones may be selectively 
populated either by direct absorption (TI, - SO) or by 
intersystem crossing from SI (SI -> TI,, TI, is likely) 
at low temperatures in ordered media. However, 
because spin-lattice relaxation is very fast (<W s),a 
a Boltzmann distribution of triplet sublevel populations 
is observed in both steady-state and submicrosecond- 
pulsed experiments at  all temperatures down to ca. 1 
K.67 The population relaxation time of the upper TI, 
level at  very low temperatures is therefore determined 
by its rate of spin-lattice relaxation to TI, and TI,. 
Fortunately, microwave fast passage experiments may 
be used to distinguish between those TI - SO vibronic 
transitions originating in TI, and those originating in 
TI and to measure directly the lifetimes of the 
individual TI, and TlY sub level^.^^ The lifetime of TI, 
may then be obtained indirectly by measuring the 

6a n-pentane (S) 2.3 3.7 21 85 69 
6c n-hexane (S) 4.7 2.9 26 104 69 
7a n-hexane@) 1.1 1.8 16 61 42 
8a n-hexane (S) 0.76 1.4 10 35 42 
8a-ds n-hexane(& 1.4 2.6 18 64 42 

a Rate constante for the decay are the inverse of the lifetimes. 
S signifies a Shpolskii matrix at 1.2 K. 7.,. is measured at 77 

K and is used to derive 7z. 

average lifetime of the thermally equilibrated triplet, 
7av, at a higher temperature (e.g. 77 K) and employing 
the relationship 

7-l av = (&TL1)/(Xpi) (4) 
I 1 

where Ti and pi are the lifetimes and populations of the 
individual sublevels at the temperature in question. 
Since thermal equilibrium is maintained at all tem- 
peratures, the pi may be obtained from the Boltzmann 
equation, leaving T~ as the only unknown in eq 4. Using 
these techniques Maki and c o - ~ o r k e r s ~ ~ ~ ~ ~  have deter- 
mined the triplet sublevel decay constants of a number 
of aromatic thiones, and these are summarized in Table 
VI. 

The fact that spin-lattice relaxation among the TI 
sublevels is faster than s at 1 K is very unusual and 
caused some initial c o n f u ~ i o n ~ ~ ~ ~ J ~  concerning the SI 
to TI intersystem crossing mechanism in 8a. However, 
despite the fact that TI, *> Tlx,Tly spin-lattice 
relaxation requires the spontaneous creation of a 
15.5-cm-l lattice phonon at  an unprecedented rate at 
1 K, Maki and co-~orkers~~@3 have shown that the 
preferred mode of population of TI from the singlet 
manifold is SI *> TI, TL Tlx,Tly. The SI I*> TI, 
process must occur by a second-order vibronic-spin- 
orbit cou ling mechanism. 

In rigicfcryogenic media there is little doubt that SI 
decays irreversibly to TI and that TI then decays directly 
to SO by either radiative or nonradiative means. Table 
VI shows that TI lifetimes generally increase with 
deuteration or with decreasing molecular size in the 
series 8a, 7a, 6a. The quantum yield of TI - SO 
phosphorescence of 6a is very large (0.47) in perfluo- 
roalkane solution even at room temperature (vide 
infra).l& Therefore the fact that the average lifetime 
of 6a is a factor of ca. 2 larger at 77 K than at infinite 
dilution at room temperature suggests that 6s decays 
almost exclusively by radiative means at cryogenic 
temperatures. Similar arguments indicate that the 
fraction of TI which decays nonradiatively increases in 
the order 6a < 7a < 8a. Since hE(T1-So) decreases in 
the same sequence (Table II), these results are all in 
qualitative accord with the energy-gap law of radia- 
tionless transition theory.g0 

At room temperature, the quantum yields of triplet 
formation, triplet lifetimes, T, + TI absorption spectra, 
and TI - SO emission spectra and quantum yields have 
been measured for a substantial number of thiones in 
a variety of fluid media. Table VI1 summarizes the 
results of phosphorescence lifetime and quantum yield 
experiments, and Table VI11 presents the intrinsic 
triplet lifetimes, quantum yields of triplet formation, 
&, and quantum efficiencies of ‘ 0 2  formation on triplet 
quenching, 44, obtained from time-resolved triplet- 
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Table VII. Photophysical Decay Parameters for Triplet Thiones in Fluid Solvents at Room Temperature 

thione solvent" 1024@z)b 1Oz4:(SJb 102@T,)b &, ps s-l 1 0 - 4 C k ~ ~ ~ ,  s-l ref(@ 
3 

4 
5 
6a 

7a 

7b 

8a 

8a-de 

8b 

1 Oa 

10b 

l lb  

1 I C  

PFDMCH 
PFH 
c-hexane 
PFDMCH 
PFDMCH 
PFDMCH 

PFDMCH 

PFDMCH 

PFDMCH 
PFH 

PFDMCH 

PFDMCH 

PFDMCH 

PFDMCH 

PFDMCH 

3-MP 

3-MP 

3-MP 

3-MP 

3-MP 

3-MP 

3-MP 

3-MP 

3-MP 
3-MP 

2.3 
2.5 
1.1 
5.6 
2.4 

3.4 
7.6 
3.2 
4.8 
4.2 
3.8 
3.6 
3.5 
7.6 
8.6 
0.54 
0.48 
6.8 
6.9 
8.3 
5.0 
0.087 
0.079 
1.3 

33 

2.0 
2.2 
1.2 
7.2 
2.9 

5.1 
9.2 
3.6 

33 

4.3 

9.6 

8.3 
8.2 

12 

47 
5.6 

13 
5.4 
8 
7.0 

(6.2)' 
(5.9)' 
5.4 

(12)' 
15 
0.9 
0.8 

12 
13 
13 
12 
0.15 
0.14 
2.2 

43.3 
38.8 
17.6 

154 
46.3 
43 
6.5 

16 
7.3 
8.5 
5.8 
8.2 
8.1 
7.1 

21 
14.5 
1.01 
0.99 

38 
30 
21.7 
17.9 
3.04 
3.0 
0.72 

0.47 
0.57 
0.68 
0.53 
0.63 

8.6 
8.1 
7.4 
9.4 

7.6 
7.3 
7.6 
5.7 

8.9 
8.1 
3.1 
4.3 
6.0 
6.7 
0.49 
0.46 

11 

12 

10 

30 

2.3 
2.5 
5.6 
0.6 
2.1 
1.2 
1.4 
5.4 

13 
11 
16 
11 
12 
13 
4.2 
5.9 

100 
100 

2.3 
2.9 
4.0 
4.9 

33 
33 

140 

38,144 ~ 

38,144 
38,144 
143 

145,146 

145,146 

145,146 

145, 146 

145,146 

145,146 

145,146 

145,146 

145,146 

0 Abbreviations are as follows: PFMCH, perfluoro-1,3-dimethyIcyclohexane; PFH, perfluoro-rz-hexane; 3-MP, 3-methylpentane. 
b Upper state of the initial absorption given in parentheses. Estimated. See ref 145. 

Table VIII. Triplet Energies, Lifetimes, and Yields from the Flash Photolysis of Thiones at Several WavelenGhs 

4T a 44 
thione solvent ET, kJ mol-' G, PS SI - so s2 - so Sl-So sz-so ref(@ 

Id 
3 
4 

5 
8a 
8b 
8c 

9 
1 la 

l l b  

l l c  

14a 
14b 
14c 
14d 
15 

16b 
16c 
17 
18a 
18b 
18c 
18d 
18e 

benzene 
EPA, 77 K 
EPA, 77 K 
benzene 
benzene 
benzene 
benzene 
c- hexane 
benzene 
CH30H 
CH3CN 
benzene 
benzene 
EPA, 77 K 
benzene 
EPA, 77 K 
benzene 
EE, 77 K 
benzene 
benzene 
benzene 
benzene 
c-hexane 
benzene 

benzene 
benzene 
benzene 
c-hexane 
c- hexane 
c- hexane 
c-hexane 
c-hexane 

CH30H 

190 
208 
214 

181 
166 
180 

212 
166 
170 
172 
176 
176 
182 - 190 - 190 - 190 - 190 
163 

187 
187 
195 

0.56' 
120 
455 

0.17' 
0.28' 
1.8 
0.83 
2.6 
2.5 
2.3 
1.6 

12.5 
1.7 

44 
1.4 

123 
1.3 

170 
0.33 
1.1 
0.61 
0.30 
0.13 
0.86 
0.78 
0.06 
0.08 

0.60 
0.50 
0.20 
0.50 
0.50 

1 5  

0.95 

1.1 
1.0 
1.0 

0.95 
0.88 
0.90 
0.87 

1.0 

1.0 

1.0 

1.0 
1.0 
1.0 
1.0 
0.7 
0.7 
0.4 
1.0 
1.0 
1.0 
1.0 
1.0 
1.2 
1.1 
1.0 

-1 

0.8 (0.5)b 
0.8 (0.6Ib 
0.79 
0.85 
0.75 
0.76 

20.9 
0.6 

0.5 

0.4 (0.6)b 

0.7 
0.9 
0.7 
0.8 

10.8 
10.3 
10.4 

0.85 

1.1 
0.92 
1.0 
0.85 
1.0 

-1 

1.0 
0.87 
0.98 
1.1 

-1 

1.0 
1.0 
0.9 

133 
40 
40 
133 
133 
52 
52 
132 

0.8 136 
52 
40 
52 
40 
52 
40 
135 
135 
135 
135 
138 

0.7 136 
0.8 136 
0.6 136 

133,134 
134 
134 
134 
134 

" 6 is normally accurate to 110 or i 2 0 % .  b Numbers in parentheses are for A,, = 425 nm, in the region of overlap of S2 - SO with 
SI + SO. See text. A t  1 X M thione. Highly self-quenched. See text for definition. 

triplet absorption studies. Figure 9 shows the structures 
of the thiones examined, and Figure 10 shows a typical 
triplet-triplet transient absorption spectrum. The 

general picture is that thione triplets are formed in 
high yield by intersystem crossing from the singlet 
manifold, have unquenched lifetimes ranging from ca. 
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Second, the influence of the solvent on the photophysica 
is not always readily apparent. For example, Das and 
c ~ - w o r k e r s ~ ~ J ~ ~ - ~ ~ ~  have measured the triplet-triplet 
absorption spectra and triplet decay kinetics of a large 
number of thiones in liquid solution using nanosecond 
laser flash photophysics methods. However, many of 
these measurements have been made in benzene in 
which TI and TP are energetically very similar, the lowest 
triplet is of 3Al, 3(1r,7r*) character in some cases.91 The 
assignment of the identity of the transient and the 
interpretation of the photophysics are not always 
straightforward in these experiments. 

The data in Tables VI1 and VI11 refer to the intrinsic 
triplet lifetimes, T;, Le., those which would be mea- 
sured at infinite dilution in the solvent in question. 
Both 7; and the corresponding phosphorescence quan- 
tum yields, I$:, have been obtained by linear extra- 
polations of measurements at finite concentration of 
thione ([SI) using the Stern-Volmer formalism, i.e. 

a) R = H  

b) R=OCH3 

C) R = F  

d) R =  C1 

a) R1 = CH3, R2 = H 

b) R1=H, q = C H 3  

C) R1,R2 = CH3 

a) X = S  

b) X = O  

C) X = C(CN)z 

d) X = C(CN)(COOC~HS) 

e) X = N - P h  

29 e) R1 = (CH&N, & = C(CH3)zCHzCH2CHzCH3 

Figure 9. Structures of thiocarbonyls. 11. 

t t a 0.01 

0.0 
300 400 500 600 700 

WAVELENGTH /nm 
Figure 10. Triplet-triplet transient absorption spectrum of 
l la in benzene at room temperature (from ref 52). 

100 ns to 100 pa, are self-quenched (or are quenched by 
0 2  and many other addends) at diffusion limited rates 
in the absence of steric crowding, tend to phosphoresce 
strongly in fluid media, and are often quite photostable 
(vide infra). 

The precise interpretation of the triplet dynamics in 
fluid solution at  room temperature is, however, not so 
straightforward as it is in rigid cryogenic media. First, 
self-quenching of sterically unhindered triplet thiones 
generally occurs at  diffusion-limited rates (vide infra). 
The intrinsic lifetimes of the T1 states can therefore 
only be approached when the measurements are made 
in very dilute (e.g. <lo-' M) solutions in common 
solvents at  room temperature. Many triplet lifetimes 
reported in the literature have been measured in much 
more concentrated solutions in which the lifetime is 
determined primarily by the rate of self-quenching. 

The 7; and 4;. data in Table VI1 were obtained in 
solvents in which it is certain that TI is of 3(n,r*) 
configuration in all cases. From these data one may 
obtain ~ R T ~ ,  the rate constant for the radiative (phos- 
phorescence) decay of TI, and CkmT,, the sum of the 
rate constants for all parallel first-order or pseudo-first- 
order radiationless processes by which T1 relaxes, using 

(7) 

Although these parameters apply to infinitely dilute 
solutions in which the identity of TI is clear, thermal 
activation effects complicate their interpretation when 
the measurements are made at room temperature 
because hE(S1-Tl) and AE(T2-Tl) are small. 

B. SI and S1-T1 Equlllbrla 
Close examination of the red and near-infrared 

emission spectra of many aromatic and alicyclic thiones 
reveals the presence of a weak, but distinct shoulder on 
the blue edge of the TI- SO spectrum (cf. Figure 4). 
The intensity of this feature grows with increasing 
temperature and has been identified unequivocally as 
E-type, thermally activated, delayed SI - SO fluores- 
cence in the aromatic thiones 6a, 7a, 8a, and loa." The 
lifetime of this thermally activated emission is the same 
as that of phosphorescence from TI, and the ratio of ita 
intensity to that of phosphorescence (i.e. ITDF/&) is 
proportional to exp{-hE(S1-T1)/RT). Thus for these 
aromatic thiones SI and TI are in thermal equilibrium 
in liquid solution at room temperature. The average 
instantaneous thermal vibrational energy content of a 
thione such as 8a is about the same as the &-TI energy 
gap.14' S1 levels will therefore be populatedsignificantly 
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at room temperature in condensed media whenever T1 
is p r o d ~ c e d . ~ ~ ~ J ~ ~  

The existence of an SI ?> T1 equilibrium has 
important im lications for s td ies  of both the photo- 
chemistry an a photophysics of the thiones. First, all 
photochemical reactions involving the n,r* states of 
the thiones could conceivabl proceed on either the 

at room temperature. This may be of importance in 
evaluating a number of apparently anomalous reports 
in which an excited-state photochemical reaction of a 
large thione appears to proceed by a singlet mechanism 
despite the fact that the yield of tri let is high and the 

of 1-(thiobenzoy1)naphthalene (15) and similar poly- 
cyclic aromatic thiones, first reported by de Mayo and 
c o - w o r k e r ~ ~ ~ ~  and recently reinvestigated by Minto et 
al. , l38 is a case in point. 

Back-intersystem crossing from TY *> S1 followed 
by S1 -+ SO internal conversion may also act as an 
important intramolecular radiationless decay channel 
for thiones in their lower excited states at room 
temperature. The observation of a large deuterium 
isotope effect on Tl’s nonradiative decay rate and the 
existence of a ood linear relationship between log 

that the main radiationless decay path of the thione 
triplets is T1 -+ SO inters stem crossing.49 However 

AE(T1-So), a good correlation is also found if one plots 
log ( C ~ N R T J  vs AE(S1-So). The most complete kinetic 
data are available for xanthione @a). For this com- 
pound Szymanski et recently showed that ca. 40 96 
of the molecules in the coupled SI;: T1 system could 
decay by the T1 *M> S1 m> SO route at room temperature. 

Thermally activated emission is also observed in the 
alicyclic thiones 3,4, and 5.38 In these cases, however, 
the temperature dependence of the intensity of the 
emission, while Arrhenius-like in nature, was found not 
to be related to the S1-T1 energy gap. The thermally 
activated emission was therefore assigned to T2 - SO 
phosphorescence in these compounds. 

The lowest excited singlets have been the most 
difficult states to obtain dynamic information about in 
the larger thiocarbonyls. These states are very short- 
lived, exhibit no measurable prompt emission when 
excited in condensed media at low temperatures, and 
have never been observed in transient absorption 
experiments. The only report of the direct observation 
of the dynamics of the S1 state of a larger thiocarbonyl 
is that of Molenkamp et ale6 who used photon-echo 
and optical detection methods to examine 8a in a 
crystalline xanthione host at low temperatures. Ac- 
cumulated photon-echo decays revealed a temperature- 
dependent dephasing (attributed to activation of a local 
phonon mode) and a low-temperature, single-expo- 
nentid SI population decay time of 19.6 ps for E v i b  = 
0 at 1.7 K. The latter was shown to be due to S1 + 
TI intersystem crossing. The S1 lifetime at 1.7 K was 
also found to be a function of E v i b  in SI, as a result of 
vibrational relaxation receeding SI -+ TI at low E v i b .  

to 50.4 ps at E v i b  1 1678 cm-l. This drastic reduction 
in S1’s lifetime at these higher vibrational energies was 
attributed& to intersystem crossin to T2 by a direct, 
spin-orbit cou lin mechanism. (Ql ~d T2* are both 

symmetry.) If this interpretation 
is correct, T2 would be located approximately 2000 cm-1 
above TI, in almost perfect agreement with Burland’s 

lowest triplet or the lowest sing i et surfaces in fluid media 

lifetime of the singlet very short. 4 he pericyclization 

(C~NRT, )  and A% (Tl-So) has been taken as evidence 

because hE(S1-Tl) is smal K compared to AE(S1-So) or 

At E v i b  = 1256 cm-1 the E 1 lifetime was 1.0 ps, decreasing 

of A2 spin @ or \J i 
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SO 
Figure 11. Schematic energy-level diagram of a typical 
aromatic thione in a perfluoroalkane solvent. The numbers 
are the values of the rate constants in units of s-l of the 
processes shown for 8a. 

estimate45 for 8a in the same medium based upon its 
T1 zero-field splitting. Note also that SI -> T1 is very 
fast a t  E G b  = 0 in S1 despite the fact that a second-order 
vibronic-spin-orbit coupling mechanism must be in- 
volved. 

The data of Molenkamp et al.46 on the lifetime of the 
SI state of 8a have been employed together with 
measurements of the relative intensity of thermally 
activated delayed fluorescence to that of phosphores- 
cence41 to establish an approximate value of its rate 
constant for back-intersystem crossin (TI -+ SI, ~ T ~ S J  
in fluid media at room temperature. 8he  value is large 

= 6 X lo9 s-l) and shows that S1 ;L T1 
equdibrium is established rapidly. These data, in turn, 
have permitted the remaining rate constants for the 
radiationless and radiative decay of S1 to be evaluated 
for 8a.148 The data are shown schematically in Fi ure 
11. Xanthione (8a) is the only thiocarbonyl for w t ich 
a complete set of such data is available. 

Laser flash photolysis/transient absorption studies 
have been carried out for a relatively large number of 
aromatic, arylalkyl, and aliphatic thiones in solution 
(cf. Table VIII). Since the experiments often involve 
excitation at several wavelengths in the singlet ab- 
sorption bands (S3/S2/S1- SO) the quantum yields of 
the triplet transients give quantitative information 
about the fate of the initially populated singlet states. 
The same information is available from measurements 
of the quantum yields of TI - SO phosphorescence 
resulting from excitation within the SI- SO and Sz - 
SO absorption systems, compared with direct excitation 
to TI within the resolved TI - SO absorption band (cf. 
Table VII). The two sets of experiments give similar, 
but not quantitatively identical, results for the same 
thione. Triplet-triplet absorption studies show that 
the yield of triplet is high-often 1 (within an error of 
f10-20% )-on excitation to SI. Relative phospho- 
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Table IX. Photophysical Decay Parameters for the SZ States of Thiones in Perfluoroalhne Solution at Room 
Temperature 

Meclejewskl and Stew 

thione solvent 4dS2) T ( S Z ) ,  Ps km, 8-l Zk-, F' ref(s) 
3 
4 
5 
6a 
7a 
7b 
8a 
I)a-da 
8a-da 
h - d r  
8b 
8d 

10a 
l l b  
16b 
16c 
17 
19 

PFDMCH 
PFDMCH 
PFDMCH 
PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 
PFDMCH 

PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 
PFMCH/PFH 

Based on a calculation of km. 

1.7 X lo-' 
3.4 x 106 
6.5 X 
1 x 10-4 
2.3 X 

1.4 X 1W2 
3.8 X 
4.2 X 
3.8 x 
2.3 x 10-3 

3.8 x 10-3 

1.7 X 
0.14 
5.6 X lo-' 
2.6 X 1W2 
3.3 x 1 0 - 3  
1.8 x 10-3 
4.1 x 

See ref 144. 

0.3O 
0.05" 
0.1" 

<20 
210 
101 
175 (162) 
626 
602 
571 
64 

410 
880 
35 

153 
19 
11 

250 

6x108"  
7 X 108" 
6X108O 

1.1 x 108 
3.8 X 108 

>0.5 x 107 

8.0 x 107 
6.1 x 107 
7.0 x 107 
6.1 x 107 
3.6 x 107 
4.1 x 107 
1.6 X 108 
1.6 X 108 
1.7 X 108 
1.7 X 108 
1.6 X 108 
1.6 X 108 

3 x 10'29 
2 x 10130 
1 x 10130 

>5 x 1010 
4.8 X 108 
9.9 x 108 
4.8 X 109 
1.5 X 108 
1.6 X loB 
1.7 X 108 
1.6 X 1O1O 
2.4 X 109 
9.7 x 108 
2.9 X 1Olo 
6.4 X 109 
5.9 x 10'0 
9.1 x 10'0 
3.9 x 108 

144 
144 
144 
50 
50 
50 
50 (156) 

158 
158 
158 
60 
50 
50 
50 

160 
160 
160 
160 

rescence quantum yield data show that the apparent 
quantum yield of triplet formation often approaches 1, 
but is in fact slightly less than unity at all excitation 
wavelengths within SI - SO in many systems. Direct 
S1 -> SO internal conversion is most likely responsible 
for the small difference, and the possible nonequilibrium 
mechanisms whereby this may occure have been 
discussed r e ~ e n t l y . l ~ ~ J ~  

C. S p  and Higher States 

The second excited singlet states of the thiones are 
of interest because, like azulene and other nonalternant 
hydrocarbons, many of them are photostable in inert 
media and are relatively long-lived, owing to the intrinsic 
slowness of their nonradiative decay rates (large hE(S2- 
SI)). Because the S2 - SO transitions of the thiocar- 
bonyls are electric dipole allowed, the rigid photostable 
thiones therefore fluoresce with large and readily 
measurable quantum yields (cf. Figure 4). The S2 
fluorescence decays are generally monoexponential in 
condensed media, fall in the nanosecond to picosecond 
range, and can be accurately measured using picosecond 
laser techniques. Self-quenching of S2 often occurs at 
diffusion-limited rates but, unlike TI, this presents no 
major difficulty because the S2 lifetimes are short. 
Bimolecular quenching only becomes significant in 
relatively concentrated solutions. The S2 states of the 
thiones are therefore amenable not only to intramo- 
lecular photophysical studies, but also to photochemical 
investigations. 

The first reporta of emission from the SZ states of 
larger thiones appeared within a month of one another 
in 1975. Huber and Mahaney150 described the obser- 
vation of S2 - SO emission from xanthione (8a) and 
almost simultaneously de Mayo, Ware, and co-work- 
e r ~ ~ ~ ~  independently reported measurements of the 
lifetimes and S2 - SO fluorescence quantum yields of 
a number of aryl alkyl thiones 20. These reporta were 
followed by several series of measurements of the 
photophysical and photochemical properties of a large 
number of thiones in a variety of media."13 The SZ 
lifetimes depend greatly on the solvent employed, and 
a consistent set of data has been slow to develop. 
Xanthione (8a) is a good example. Hochstrasser and 

co-w~rkersl~~ measured an S2 lifetime of 8a in benzene 
of 12 f 3 ps by picosecond optical gating methods, 
whereas Bdens and c o - w ~ r k e r s , ~ ~ ~  de Schryver and co- 
workers,154 and Topp and co-workers'" reported 8 f 1, 
18 f 2, 11 f 2 ps, respectively, using time-correlated 
single-photon counting. Topp and co-workers reported 
14 f 2 ps for the lifetime of S2 in n-hexane by picosecond 
fluorescence up-conver~ion~~~ and 25 2 ps by time- 
correlated single photon counting.lW Maciejewski et 
aL50 reported 175 ps in perfluoro-n-hexane whereas 
Topp and co-worked" reported 162 pa. The recent 
extensive tabulations by Topp and co-workerslM and 
Boens et al.153 of the lifetimes of the SZ state of 8a in 
a wide variety of solvents appear to be the most accurate 
data currently available. From these data one can judge 
that the S2 lifetimes reported by Steer and co-work- 
ers60J40J45 and by de Schryver and co-workerslM usine; 
time-correlated single photon counting methods are 
routinely too large by ca. 10 ps. The S2 lifetimes 
reported by Mahaney and Huber,15' based upon mea- 
surements of the SZ - SO fluorescence quantum yields 
and a calculation of the SZ - SO radiative rate constant, 
are in substantial disagreement with the experimental 
measurements. 

The availability of accurate intrinsic fluorescence 
lifetime and quantum yield data enables the rate 
constant for the S2 - SO radiative decay, kw, and the 
sum of the rate constants for all nonradiative decay 
processes of S2, C k m ,  to be calculated using the analogs 
of eq 6 and 7. Unlike azulene? solvent-induced 
relaxation dominates the radiationless decay of the 
thione S2 states and masks their intramolecular dy- 
namics in most common solvents (alkanes, CCL, ben- 
zene).WJ40JwJ56 The use of weakly interacting, pho- 
tochemically inert perfluoroalkane solvents142 has 
therefore also been essential in uncovering the in- 
tramolecular dynamic behavior of the S2 states in 
condensed media. The photophysical decay parameters 
of those thiones which have been examined to date in 
perfluoroalkane solvents are summarized in Table IX. 

The data in Tables 11, VII, and IX reveal a number 
of important facts. First, the S2 fluorescence quantum 
yields and lifetimes are largest for those thiones which 
are aromatic, rigid, and have the largest S241 energy 
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preting the UV photochemistry of these thiones (vide 
infra). 

For adamantanethione (3) dt(S2+So) is observed to 
increase modestly on perdeuteration of the molecule.14 
A very fast reversible intramolecular photochemical 
decay mechanism is apparently operative in the alicyclic 
thione systems. 

Photophysical decay parameters have also been 
measured for the S2 states of several cyclic enethiones, 
9,16b, 16c, 17, and 19, in perfluoroalkanes and other 
solvents.lm These compounds have completely struc- 
tureless, broad, S2-So absorption and emission spectra, 
and it is therefore difficult to establish accurately the 
energies of their SI and SZ states. Nevertheless, among 
this group, the rigid molecules with the largest hE(S2- 
SI) appear to exhibit the slowest nonradiative relaxation 
rates, in qualitative accord with the energy-gap law. 
(Thiocoumarin (9) although rigid has a very small Sr 
SI energy gap of 6200 cm-' and is the most weakly 
f l u o r e ~ c e n t ; ' ~ ~ J ~  16c with a methyl group a to the 
thiocarbonyl moiety also exhibits a short SZ lifetime.") 

Illumination of any of the larger thiones in their strong 
S2 - SO absorption bands in the UV-blue results in red 
TI - SO phosphorescence. The quantum yield of 
phosphorescence obtained on SZ - SO excitation 
compared with that obtained on SI - SO excitation can 
therefore be used as a means of determining the 
efficienc of S2 u.> S1 internal conversion, q(S2,- 

by determining the quantum yield of triplet formation 
on S2 - SO compared with SI - SO excitation using 
laser flash photoly~ismethods.~~J~~-'~ The existin data 
are summarized in Tables VI1 and VIII. In all cksses 
of thiocarbonyl compounds investigated to date, q(sZ,S1) 
is large, suggesting that SZ m> SI internal conversion 
is the major radiationless decay route regardless of 
whether the S2 lifetime is long (e.g. 880 pa for loa) or 
short (<1 pa for 3-5). However, ex eriments in 

cesses. Accounting for both radiative and nonradiative 
decay of SZ, Szymanski et have shown that q(S2,Sl) 
is significantly less than 1 in those aromatic thiones 
which have accessible H atoms in positions "6" to the 
thiocarbonyl chromophore (e.g. the 1 and 8 positions 
in 8a). Deuteration at these positions increases q(S2,Sl) 
to 1 (within an experimental uncertainty of ca. *lo%); 
changes in thione structure which tend to tilt these H 
atoms away from the C-S group (e.g. 6a and loa) have 
the same effect. Thus, the presence of accessible H 
atoms in the '8" position appears to be correlated with 
the existence of a minor SZ w> SO relaxation channel. 
Again, a pseudophotochemical mechanism involving 
large-amplitude 19-H motion has been proposed.'& The 
alicyclic thiones, 3-5, do not reach SdT1 by direct S2 
*> SI internal conversion.'" 

Measurements of 7 ~ 1 ,  q(S2,S1), and t#w in solvents other 
than the perfluoroalkanes reveal a number of additional 
interesting aspects of Sz's radiationless decay. Macie- 
jewski et al.,la Szymanski et al.,145 Falk and Steer,14 
and Das and all have demonstrated 
that the lifetime of SZ is strongly solvent dependent 
but that q(Sz,S1) and t#w remain large in all solvents. 
Thus solvent-induced radiationless decay of S2 results 
mainly in the population of &/TI, not SO. However, 
q(S2,Sl) appears to be slightly smaller in alkanes than 
in perfluoroalkanes, suggesting that a small fraction of 
Sa may be induced to undergo internal conversion to 
So in more strongly interacting media.145 

SI).~~J&* 7 46~148 The same information may be obtained 

perfluoroalkane solvents reveal subtle a x ditional pro- 

10"t 

RIGID AROMATIC THIONES IN 
PERFLUOROALKANE SOLVENTS 

t 
t 

t \ I  
109 I I I I , \ol I 

5 6 7 6 9 1 0 1 1 1 2  

A E (s2 - sl) I 1 o3 cm-1 
Figure 12. Plot of the logarithm of the s u m  of the rate 
constants for the nonradiative decay processes of SZ v8 SZ-& 
electronic energy gap for several rigid aromatic thiones in 
perfluoroalkane solution at room temperature. 

gaps. As shown in Figure 12, an excellent linear 
correlation is found between log (C~NRSJ and h E ( S z  
S1) within the group of rigid aromatic thiones 7a, 7b, 
8a, 8b, 8d, and 10a when data taken in perfluoroalkane 
solution at  room temperature are employed.60 This has 
been taken as good evidence that S2 -> SI internal 
conversion is the major intramolecular nonradiative 
decay channel in these molecules.@' Nonrigid aromatic 
thiones such as 6a and 1 la (thiobenzophenone) undergo 
much faster radiationless decay and this has been 
attributed to activity of their low-frequency internal 
rotational and out-of-plane bending modes. 

Unlike azulene, deuteration slows the radiationless 
decay of 8a, ~ubstantially.'~ Conventional radiationless 
transition theoryg0 suggests this indicates that high- 
frequency C-H stretching vibrations act as important 
accepting modes in Sis radiationless relaxation. How- 
ever, this interpretation is complicated by the fact that 
the deuterium isotope effect is highly position sensi- 
tive'= despite the fact that only small amounts of 
electron density are transferred to the aromatic rings 
on Sa - SO excitation (vide supra). D substitution at 
the 1 and 8 positions in 8a ("6" to the thiocarbonyl 
group) has by far the largest effect. (The effect is 
masked in alkane solvents.'=) This has been inter- 
preted by Abrams et al." in terms of a pseudopho- 
tochemical mechanism for S2)s relaxation whereby large- 
amplitude motion of the H atom *p to the thiocarbonyl 
group induces radiationless relaxation but produces no 
net photochemical reaction. 

The bi- and tricyclic compounds, 3-5, differ from the 
aromatic thiones in their photophysical behavior. Their 
SZ states lie at substantially higher energies and their 
lifetimes are too short (Table IX) to be measured by 
fluorescence emission methods. Falk and Steer14J59 
estimated the upper-state lifetimes by measuring their 
very small quantum yields of S2 - SO fluorescence in 
perfluoroalkane solutions and calculating the radiative 
lifetime using the Strickler-Berg formalism. Although 
such methods provide only an estimate of 7sz, there can 
be little doubt that the Sz lifetimes of 3-5 are too short 
to enable these states to participate in bimolecular 
reactions with any substance other than the solvent. 
This conclusion has important implications for inter- 
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Table X. Lifetimes of the 8 2  State of Xanthione ( 8 4  in Various Media 

Meclejewskl and Steer 

perturber' conditions* r(Sz),  ps ref@) 
none (bare molecule) SSJ, 0 I Evib I 227 Cm-' 345-350 92,161 

SSJ, Evib 335 cm-' 295 92 
SSJ, Evib 3 623 cm-' 265 92 

perfluoro-n- hexane sa, 1:1 VdW, &b = 0 cm-' 320 92 
SM, 1:1 VdW, &b = 335 Cm-' 305 92 
liquid solution, AT 162 (175) 156 (50) 

n-hexane SSJ, 1:1 vdW, Evib = 0 cm-' 195 92 
SM, 1:l vdW, Evib = 335 cm-l 130 92 
liquid solution, AT 25 156 

cyclohexane SSJ, 1:1 vdW, Evib = 0 cm-' 145 92 
sa, 1:l vdW, Evib = 335 cm-' 130 92 
liquid solution, AT 17 156 

benzene SSJ c 92 
156 (152) liquid solution, AT 11 (12) 

a For a more extensive list see references 92 and 156. Abbreviations are as follows: SSJ, supersonic jet; vdW, van der Waals complex; 
AT, ambient temperature. Not observed in supersonic expansion. 

Topp and co-workerslM have recently measured the 
lifetime of 8a in a wide variety of solvents and have 
found little evidence that would support a nonradiative 
relaxation mechanism involving Franck-Condon-se- 
lective electronic energy transfer to high-frequency 
vibrational modes of the solvent. Instead, on the basis 
of differences in the SZ lifetimes of 8a in hydrocarbon 
solvents of varying structures, they proposed that a 
reversible, H-atom transfer reaction between solvent 
and excited solute was responsible for the majority of 
the solvent effect. However this mechanism would 
appear to be difficult to reconcile with the fact that a 
very large majority of the solvent-induced decay events 
results in the population of S1/T1, not SO, and that 
solvents like CC4 have the same effect. 

Topp and c o - ~ o r k e r s ~ ~ ~ ~ ~ J ~ ~  have also made an im- 
portant contribution to our understanding of the 
excited-state dynamics of the thiones in their recent 
reports of measurements of the lifetimes of the SZ state 
of 8a and its van der Waals complexes in a supersonic 
expansion. In the bare molecule the same mode 
specificity observed spectroscopicall~7 in S2's nonra- 
diative relaxation appears in its lifetime in selected 
vibrational ~ t a t e s ; ~ ~ J ~ ~  excitation of 335 cm-' and 
623 cm-' vibrations results in both an increase in the 
relative intensity of emission from compared with 
S2 and a decrease in S2(s lifetime. Similar measurements 
on 1:l van der Waals complexes with alkanes and 
perfluoroalkanes reveal that the perfluorinated com- 
pounds cause the S2 lifetimes to decrease only slightly, 
whereas the corresponding alkanes cause a very sub- 
stantial reduction in lifetime and benzene quenches 
the luminescence almost completely. These observa- 
tions show remarkable parallels with those obtained 
when the same compounds are employed as liquid 
solvents.lM Representative data are summarized in 
Table X. 

These data, together with the radiative lifetimes from 
Table IX, reveal that nonradiative relaxation is the 
major decay chemical for 8a even when uncomplexed 
under the isolated, ultracold conditions which prevail 
in supersonic expansions. Complexation enhances the 
nonradiative decay rate, and Topp and c ~ - w o r k e r s ~ ~ J ~ ~  
have shown that the extent of this enhancement is 
related to the nature of the complexing partner and the 
zero-point structure of the complex. They also con- 
cluded from these studies that vibrational-energy- 
induced conformational change, limited in rate by 

vibrational-coupling dynamics, is responsible for the 
observed increase in nonradiative decay rate when the 
complex is excited at higher initial vibrational energies. 

Evidence of the dynamic behavior of states higher in 
energy than S2 is sparse. Excitation of aromatic 
thionesl& such as 7a, 8a, and 10a to S3 results in 
quantitative relaxation to S2. Alicyclic thioneslM such 
as 3 exhibit no fluorescence when excited in liquid 
solution to the lowest Rydberg state and may therefore 
undergo fast intramolecular photochemical reaction at 
these energies. There are no reports of the dynamic 
behavior of higher excited states of other classes of 
thiones. 

D. Exclted-State Quenchlng 

The fact that the SZ and TI states of the thiones 
undergo electronic quenching at or near diffusion- 
limited rates by a wide variety of substances (including 
ground state thione and oxygen) is one of the major 
difficulties associated with studying their photochem- 
istry and photophysics in fluid media. In studies of 
the reactions and interactions of triplet thiones, oxygen 
must be rigorously excluded. Thione concentrations 
must also be kept very low (often <lo+ M) in order to 
prevent triplet decay from being dominated by self- 
quenching interactions. Indeed, the inefficiencies in 
photochemical reactions between triplet thiones and 
reactive addends have been traced to the energy wastage 
associated with competition by self-quenching at high 
thione  concentration^.^^^-^^^ Such inefficiencies can, 
however, be diminished by incorporating the thiones 
in micelles.'@ These requirements are relaxed when 
studying the short-lived second excited singlets. How- 
ever, studies of SZ are complicated by the facts that the 
thione nonradiative decay rates are extremely sensitive 
to the nature of the solvent (vide supra) and that 
quenching by many common solvents occurs at diffu- 
sion-limited rates. 

Irrespective of the mechanism of the electronic 
quenching process and the nature of the quencher, the 
second-order rate constants for quenching of both the 
S2 and TI states of thiones in homogeneous fluid media 
have generally been obtained either from Stern-Volmer 
plots using eqs 5a and 5b or from equivalent competitive 
scavenging methods. Such plots are consistently ob- 
served to be linear, as shown in Figures 13 and 14. 
(Complications arise in S2 quenching when the transient 
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ing and transient absorption methods. In the case of 
triplet self-quenching a mechanism involving the for- 
mation of triplet excimers was proposed initially by de 
Mayo and c ~ - w o r k e r s ~ ~ ~ J ~  and has been amplified by 
Ramamurthy and cO-workers162J63 and Maciejewski and 
co-workers.lMJg6 No spectroscopic evidence of triplet 
excimers has been found to date, implying that, if 
formed, triplet thione escimers or heteroexcimers decay 
primarily by nonradiative means. However, good 
indirect evidence for the intermediacy of triplet exci- 
mers has been uncovered recently by MaciejewskilMJm 
who showed that small amounts of dimeric product 
arise from triplet self-quenching of 6a, 7a, and 8a in 
highly purified, inert perfluoroalkane solutions (vide 
infra), and that the quantum yield of consumption of 
the thione is a linear function of the fraction of triplets 
which are self-quenched. Ramamurthy, Das, and co- 
workers1=Js3 have demonstrated that the triplet self- 
quenching rate constants of 11 and 14 decrease on 
proceeding from their electron-withdrawing to their 
electron-releasing para substituents. This trend and 
the effects of steric crowding were interpreted in terms 
of donor-acceptor interactions between the thiocar- 
bony1 groups in the excited complex, with the ground- 
state molecule acting as the electron donor. 

Exothermic energy transfer from sterically unhin- 
dered thione triplets to acceptors such as ferrocene, 
alZ-tra~-l,6-diphenyl-l,3,bhexatriene, and molecular 
oxygen also occurs at near diffusion-limited 
rates.62~132-136~138~16g~170 In the case of quenching by 
02(3~> the products, 0 2 ( l L g )  and ground-state thione, 
are formed with unit efficiency, proving that energy 
transfer, not chemical interaction, is the first step in 
the photooxidation of thiones in solution. Unlike 
aromatic hydrocarbons,171 oxygen quenching of the 
thione triplets generally proceeds at greater than the 
spin statistical rate.621136J72 That is, kQ > Vgkdiff where 
kQ is the observed second-order quenching constant 
and k m  is the calculated rate constant for a diffusion- 
controlled process. The factor of l / g  is expected on 
simple spin-statistical when only singlet 
products are formed via an encounter complex, 
11316(T0-02), which contains nine spin sublevels. The 
fact that kQ > l/gkdiff in the thione systems indicates 
that oxygen quenching is more complex than this simple 
mechanism describes. Several alternatives have been 

Ramamurthy, Das, and c ~ - w o r k e r s ~ ~ J ~ J ~ ~  have also 
shown that the di-tert-butylnitroxyl radical is a very 
efficient quencher of the triplets of 11, 14, and 18. 
Electronic energy transfer is improbable in these 
systems, and a charge-transfer quenching mechanism 
was ruled out on the grounds that no variation in kQ 
was observed on changing the electron-donating/ 
electron-accepting properties of the substituents. On 
this basis an electron-exchange mechanism was sug- 
gested for nitroxyl radical quenching of these triplet 
thiones. 

Quenching of the SZ states of many thiones also occurs 
at diffusion-limited rates in fluid solution. However, 
M a c i e j e ~ s k i ~ ~ ~ J ~ ~  has shown that in these cases transient 
effects which have their origins in the time evolution 
of quencher concentration gradients must be taken into 
consideration when interpreting the quenching kinetics. 
Transient effects have the greatest impact on the 
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Figure 13. Stem-Volmer plot of l l r ,  vs thione concentration 
for 7a in perfluoro-l,3-dimethylcyclohexane, illustrating the 
self-quenching of thione triplets in fluid solution. 
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Figure 14. Stern-Volmer plots of the quenching SZ-SO 
fluorescence of several thiones by 3-methylpentane (top), and 
of loa by several quenchers (bottom) all in perfluoroalkane 
solvents at room temperature. 

effect becomes important, vide infra.) In the case of 
self-quenching and quenching by oxygen, the rate 
constants thus obtained have magnitudes characteristic 
of diffusion-limited processes (i.e. ca. 1Olo M-l s-' in 
typical fluid solvents at room temperature) for all but 
the most sterically crowded thiones. Exothermic t r i p  
let-triplet energy transfer, triplet quenching by di- tert- 
butylnitroxyl radical, and triplet-triplet annihilation 
also frequently occur at diffusion-limited rates. The 
nature of the solvent (in particular its viscosity), the 
temperature, and the structures and diffusion coeffi- 
cients of the excited thione and quencher are therefore 
important parameters in determining the magnitudes 
of the quenching rate constants. Extensive tabulations 
of the values of the rate constants for quenching of the 

states have been provided by several research groups. 
The mechanisms of triplet quenching have been 

extensively studied using both phosphorescence quench- 

[QUENCHER]/102 (M) 

thiones in their S2140,142,173 and T149.52,133-137,146,162,163,172 
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torsional vibrations are clearly resolved in mild super- 
sonic expansions,3' and this, combined with emission 
lifetime measurements, should be a powerful tool for 
examining the effects of internal rotation on the excited- 
state dynamics of both thioacetaldehyde and thio- 
acetone. 

quenching kinetics when the lifetime of the excited state 
is short and/or the solvent viscosity is large and lead 
to nonlinear Stern-Volmer plots and nonexponential 
transient decays when the concentration of quencher 
is sufficiently large. The transient effect is therefore 
an important factor in describing the quenching of the 
S2 states of thiones even in nonviscous solvents because 
the excited state is so short-lived and its quenching is 
often diffusion limited. By systematically varying the 
viscosity of inert perfluoroalkane solvents, the lifetime 
of the excited thione, and the quencher diffusion 
coefficient (size and structure), Maciejewski et al.173J74 
showed that the quenching process involves only short- 
range interactions. Transient effects completely dom- 
inate the quenching of the shortest-lived S2 states by 
quenchers with the smallest diffusion coefficients in 
these systems ( k ~  as large as 1.2 X 10" M-' s-'). The 
Smoluchowski-Collins-Kimbd mode1174J75 provides a 
satisfactory theoretical description of the process. 

A further review of the mechanisms of TI and S2 
interactions with reactive addends will be included in 
later segments of this article. 

E. Mlscellaneous 
The visible electronic spectra of thioketene, HzCCS, 

and its D2 isotopomer have been reported,176 and an 
in-plane bent upper state structure ('A") has been 
deduced from the observed vibronic activity. The lack 
of rotationally discrete structure in the spectrum and 
the complete absence of fluorescence suggest that the 
upper state is predissociated. This conclusion is 
consistent with the observation of an intense absorption 
due to the HCCS radical immediately following flash 
photolysis of thioketene in the gas phase. The pho- 
tophysical properties of the triplets of three substituted 
thioketenes in fluid solution have also been re~0rted.l~' 
The triplets are very short-lived ( T ~  < 5 ns) and are 
apparently formed from SI in low quantum yield despite 
the fact that the S1 states are photostable under these 
conditions. Pseudoisomerization along the in-plane 
C=C=S bending coordinate is suggested to promote 
rapid S1 I.> SO internal conversion and TI I.> SO 
intersystem crossing in these molecules. 

The electronic absorption and laser-induced emission 
excitation spectra of thioacrolein, H&CHCHS, have 
been reported by Mode and co-w~rkers . '~~J~~ The trans 
isomer is more stable than the cis in the ground state, 
but the cis form is predicted to be slightly favored in 
T1 (3A"). The barrier to internal rotation between the 
two isomers is calculated to be slightly higher in TI (ca. 
2800 cm-l) than in SO, consistent with increased electron 
density between C(1) and C(2) in the triplet. The laser- 
induced emission excitation spectra contain contribu- 
tions from both fluorescence and phosphorescence and 
result exclusively from absorption by the trans isomer. 
A search for emission resulting from absorption by the 
less stable cis form was unsuccessful. 

Phosphorescence has also been observed on excitation 
of thioa~etaldehydel~~ and t h i o a ~ e t o n e ~ ~ J ~ ~  in their 
overlapping SI - SO and TI - SO absorptions. The 
lifetimes of their triplets are ca. 10 ps in the low-pressure 
limit, but Stern-Volmer plots of T ~ - ~  vs pressure are 
highly nonlinear, suggesting that collision-induced 
radiationless decay may be occurring in these systems. 
The features in the excitation spectra due to methyl 

V. Physlcal Photochemlstty of Larger 
Thlocsrbonyls 

Molecules containing the thiocarbonyl group are 
known to undergo reduction, oxidation, dimerization, 
cycloaddition to unsaturated addends, and a variety of 
cleavage reactions on excitation to one or more of their 
S2, SI, and TI states in condensed media. Several 
excellent, comprehensive reviews of this work have 
appeared recently.+l3 These reviews and the original 
research on which they are based have focused mainly 
on the organic and physical organic aspects of the 
photochemistry. In keeping with this focus, emphasis 
has been placed on the identities and yields of the final 
products as a function of thione and addend structure, 
the identities and lifetimes of the intermediates formed, 
and mechanisms of the reactions, and their synthetic 
utility. The experimental work has been supplemented 
and supported by a number of useful theoretical 
studies.'*lm 

Our purpose here is not to re-review this literature. 
Instead, we intend to concentrate on those systems for 
which either good computational studies of the excited- 
state surfaces or detailed experimental studies of the 
electronic spectroscopy and photophysics are available 
to support the photochemistry. The number of such 
systems is relatively small. 

We begin by introducing two general caveats for 
readers of the photochemical literature. Researchers 
have often wished to investigate the unusual wave- 
length-dependent photochemistry of the thiones. As 
noted in earlier sections of this review, near-UV 
excitation most frequently populates S2 and this state 
may be sufficiently long-lived (albeit <1 ns) to undergo 
either intramolecular or intermolecular reactions. Ex- 
citation in the visible populates the coupled Sl/TdT1 
states. In this case the lowest triplet is almost always 
formed rapidly in high yield and is taken to be the 
photochemically reactive species. However, because 
S2 decays efficiently to TI in most thiones, any 
differences in photochemical reactivity of SZ and TI 
can only be ascertained by comparing the nature and 
the quantum yields of the products formed on UV 
excitation with those formed in the visible. If different 
products are formed at  different wavelengths, one may 
safely conclude that the photochemistries of SZ and TI 
are qualitatively different. However, frequently both 
UV and visible excitation yield the same products, 
requiring that relative quantum yields of formation of 
the products or of consumption of the reactants be 
measured to determine the differences in reactivity of 
the two states. 

Here, care must be exercised because the long-lived 
triplet states are self-quenched at or near diffusion- 
limited rates. Even at low thione concentrations self- 
quenching can compete effectively with parallel pho- 
tochemical reactions of the triplet when these reactions 
are inhibited by activation barriers or severe steric 
effects. Although the S2 states are also often self- 
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quenched at diffusion-limited rates, this only becomes 
a factor at much higher thione concentrations because 
S p  is so much shorter-lived. Care must therefore be 
taken in assessing the apparent wavelength dependence 
of the quantum yields of product formation and thione 
consumption when such measurements have been made 
at different thione concentrations. This is particularly 
the case when considering the yields of reaction products 
derived from free radicals or potentially scavengeable 
diradicals since ground-state thione can also act as an 
efficient radical trap (vide infra). 

A second caveat concerns the nature of the excited- 
state responsible for reaction on the low-lying excited- 
state surfaces. As previously discussed, the S1, TI, and 
T2 states of the thiones are often of similar energy. 
Therefore, because the solvatochromic properties of 
r,u* states are different from those of n,?r* states, 
changing solvents can bring T2 into closer proximity 
with S1 and T1 and, in some cases can cause TI and TZ 
to invert. The reactive species responsible for the visible 
photochemistry of the thiones has, however, often been 
presumed to be the 3(n,7r*) state irrespective of the 
nature of the solvent. Other possibilities such as 
reaction from thermally populated SI have also not been 
explored in any detail. 
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temperature. Accordingly, the unquenched lifetimes 
of the strained triplets are short at room temperature 
(less than or equal to ca. 0.5 ps for substituted 
cyclobutanethiones and di thione~l3~J~~) and phospho- 
rescence is not observed. Emission from T1 appears182 
on cooling to 77 K, at which temperature barrier crossing 
is suppressed. Chandra and Sumathila have also 
predicted that perpendicular motion of the thiocarbonyl 
carbon atom is an important feature of the a-cleavage 
reaction coordinate on the TI but not the S1 surfaces. 
The photochemical consequences of this prediction have 
not been elucidated experimentally. 

Despite the tidy picture of a cleavage in the strained 
thioketones which theory and experiment apparently 
produce, a number of unresolved questions remain. 
First, Ramamurthy and c ~ - w o r k e r s ~ ~ J ~ ~  have inter- 
preted the results of quenching and sensitization 
experiments on several four-membered-ring 8-dithi- 
olactones in terms of a cleavage from their SI, not TI 
states. However, no photophysical data are available 
to support this suggestion, and there appears to be no 
fundamental reason why these thiones should behave 
“anomalously” in their states. Second, calcula- 
tions predict that the T2, 3 ( ~ , 7 r * )  states of the strained 
thiones play no significant role in the photochemistry, 
whereas T2, SI, and T1 are known to be of approximately 
the same energy in many thioketones (vide supra). The 
role of TZ either directly or indirectly (Le. by mixing 
with S1 and TI) has yet to be ascertained; a matter 
which is particularly unsettling because many of the 
experimental photophysical measurements on these 
strained thiones have been made in benzene solution. 
T1-T2 inversion is known to occur in benzene in some 
t h i o n e ~ . ~ ~  The possible role of S1 TL T1 equilibrium 
also has not been investigated, although a si 
population of S1 must be present under con rsificant itions of 
steady-state illumination at room temperature owing 
to the small electronic energy spacings in these 
systems.148 Finally, the activation energies associated 
with the increase in the rate of a cleavage, and the 
decrease in the intensity of phosphorescence with 
increasing temperature have not been measured. The 
latter are required to ascertain the accuracy of the 
barrier calculations which, of course, apply only to 
isolated molecules. 

When their structures permit, intramolecular pho- 
toreactions other than a cleavage occur in unstrained 
thioketones. The aryl alkyl thiones such as 20151J92J93 
are related  compound^^^^-^^^ have been thoroughly 
studied by de Mayo and co-workers. The same products 
are sometimes obtained from illumination in both the 
visible and the near-UV absorptions, but product 
quantum yields are invariably higher when exciting at 
the higher energy and it is therefore clear that the same 
product can sometimes be obtained by two entirely 
different pathways. Sensitization experiments reveal 
that reaction is initiated from the lowest triplets when 
exciting in the visible, whereas excitation in the UV 
produces SZ. Intramolecular H abstraction competes 
successfully with radiationless relaxation of the intact 
S2 excited molecule in these aryl alkyl thiones. The Sz 
lifetimes are short (<0.5 ns by Sp - SO fluorescence 
d e ~ a y ~ ~ ~ J ~ ’ ) ,  and the abstractions are barrier free, thus 
demonstrating that these states act as powerful elec- 
trophiles. 

A. Cleavage Reactions 

Norrish type I (a) cleavage is a well-known and 
efficient process in the S1 and T1 states of a wide variety 
of carbonyl-containing compounds. It is often followed 
by elimination of CO from the resulting acyl radicals, 
a process which is usually a major pathway in gas-phase 
systems. However, a cleavage does not occur in the TI 
(or SI) states of unstrained thiocarbonyls unless a 
heteroatom is located in an a position, and dethiacar- 
bonylation has never been observed. UHF-MINDO/ 
3 4 1  calculations predict that activation barriers to 
a-bond cleavage are higher on the SI and TI surfaces 
of model thiones than in the corresponding ketones,181Ja 
consistent with these observations. Efficient a-cleavage 
on the TI surface is observed experimentally in strained 
thioketones which have substantially higher energies. 
This is also consistent with calculations which predict 
lower activation barriers to a cleavage with increasing 
strain in model compounds. Thus, initial a cleavage to 
form 1,lt-diradicals occurs in the TI states of substituted 
c y c l o b ~ t a n e t h i o n e s ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  and cyclobutanedi- 
thione~lUJ8~J~~ such as 18. a Cleavage also occurs on 
visible excitation of the arylalkylcyclopropene- 
thione~,l=J8~ but in these cases both the initial 1,3- 
diradicals and the corresponding thioketene carbenes 
are calculated to be accessible on energetic grounds. 
This is consistent with the observation of carbene 
reaction products in various solvents. Ring-closed 
thiacarbenes are also thought to be intermediates in 
the photolysis of 18. 

In all cases UHF-MIND0/3-CI c a l c ~ l a t i o n s ~ ~ l - ~ ~ ~  
reveal that the activation barriers on the S1 and T1 
surfaces are associated with avoided crossings between 
the bound ls3(n,r*) states and a 3(n,u)* state which is 
unbound with respect to a cleavage. In the substituted 
cyclobutanethiones, the cyclopropenethiones, and com- 
pounds lSa-e, these activation barriers are sufficiently 
low that barrier crossing competes with other radiative 
and nonradiative decay processes of the triplets at  room 
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By systematically varying the nature of the substit- 
uents in 20, including both e t h e r ~ ' ~ ~ J ~  and X aryl 

de Mayo and co-workers demonstrated that 
intramolecular abstraction occurs preferentially from 
the 6 position, when H is available there, but only on 
excitation to S2 (Scheme I). Singlet 1,Ei-diradicals are 
formed which either disproportionate to reform starting 
material or cyclize to form the corresponding cyclo- 
pentanethiol. When the 6 carbon is replaced by an 
ethereal oxygen atom,'= abstraction occurs at either 
the t position (giving six-membered ring thiols) or the 
y position. In the latter case ring closure of the resulting 
1,Cdiradical yields cyclobutanethiol whereas Norrish 
type I1 cleavage yields vinyl ethers (Scheme 11). Weak 
S2 - SO emission is seen in these systems; the fluo- 
rescence quantum yields and lifetimes of the S2 states 
have been measured directly in some cases.1S1 The 
resulting S2 radiative and nonradiative decay constants 
together with the product quantum yields may then be 
used to obtain the overall rate constants for product 
formation. The results reveal that net product for- 
mation constitutes an interesting but relatively minor 
intramolecular radiationless decay path in these sys- 
tems. The inefficiency in net product formation can 
be traced to competition from both the radiationless 
decay of the intact S2 state and reformation of the parent 
thione by disproportionation of the intermediate dirad- 
icals. 

The only abstractable H atoms in the h aryl alkyl 
thiones are 6 to the thiocarbonyl group. S2 + SO 
excitation of these thioketoneslW results in the forma- 
tion of l,&diradicals and the ultimate production of 
cyclopropanethiols. Similar 8-H-transfer reactions are 
seen in the bicyclic thiones 4 and 6 in which selective 
deuteriation was used to prove that only the endo-8- 
hydrogen atom is transferred following UV excitation 

en route to the final cyclopropanethiol (homothioenol) 
productslgaJge (Scheme 111). Selective deuteriation has 
also been used to show that large amplitude motion of 
H atoms '8" to the thiocarbonyl group is associated 
with the direct radiationless decay of the S2 state of the 
aromatic thione, 8a, to the ground state.lm The sum 
of the chemical evidence therefore supports the con- 
clusion that the excited states of thiones of all varieties 
are ubiquitous abstractors of H atoms and that the S2 
states are particularly powerful in this respect. These 
conclusions are also borne out by studies of the 
intermolecular H-abstraction reactions of thione excited 
states in a variety of media (vide infra). 

B. Intermolecular H Abstraction 
Reduction of the thiocarbonyl group can occur when 

thiones are excited to any of their SZ, SI or T1 states in 
hydrogen-donating media. The ease of reduction is 
related both to the structure and electronic state of the 
thione and to the H-donating ability of the donor. 

Adamantanethione (3) has been described as a model 
compound for studies of such abstraction reactions.m*l 
When 3 is illuminated in benzene in the visible the 
reactive intermediate is the lowest triplet state and the 
only product is the 1S-dithietane dime+ (Scheme IV). 
When 2-adamantanethiol is added to the solution in 
high concentration (ca. 1 M), the only product is the 
disulfide.m3 Abstraction of the labile sulfhydryl hy- 
drogen atom byT1 initiates the chemistry. Deuteriation 
of the thiol showed that only one deuterium is incor- 
porated per molecule of disulfide, and this and other 
resulta were interpreted in terms of a chain reaction in 
which the reversible addition of a thiyl radical to ground- 
state thione is the key chain-propagation step. The 
identities of the free-radical intermediates were estab- 
lished by EPR using spin-trapping  technique^.^^ 

When 3 is excited in its strong S2 - SO UV absorption 
band in alkane solvents, l,&dithietane dimer is pro- 
duced together with sulfides and thiols.200*201 The latter 
result from net insertion of the thione into C-H bonds 
of the solvent (Scheme IV). Chemical scavenging 
experiments were employed to trap reactive precursors 
of the insertion products. A species of ca. 200-ps lifetime 
was inferred from these measurements,ml*m and de 
Mayo and co-workers assigned it to the SZ state of 3. 
Experiments in which the thione was illuminated in 
mixtures of cyclohexane and cyclohexane-d12 were 
interpretedm1 in terms of a mechanism involving initial 
H(D) abstraction by S2 to form caged radical pairs. 
Observed product yields in these experiments led de 
Mayo and co-workers to propose that an unusually large, 
viscosity-dependent fraction of the caged radical pairs 
combined to give the sulfide and thiol products. The 
small fraction of thiyl radicals which escape the cage 
are scavengeable (by ground-state thione as well as other 
radical traps) and lead to sulfide and disulfide. 

The available photophysical data1"J6* are at odds 
with parts of this interpretation. The S2 - SO fluo- 
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Scheme IV 
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rescence quantum yields of 3 (and of the bicyclic thiones 
4 and 5) are very small even in inert perfluoroalkane 
solvents. By measuring these fluorescence quantum 
yields and estimating the SZ - SO radiative decay rate 
constants by the Strickler-Berg method,20s Falk and 
Steer'" showed that the lifetimes of the initially 
populated SZ states of 3-5 are all < 1 ps. Although 
reaction with the solvent is still possible, the fluorescent 
SZ state is too short-lived to participate in intermolecular 
reactions even when the reaction partners are present 
in relatively large concentrations. This result has 
important implications in the interpretations of the 
results of cycloaddition experiments involving the "SZ 
state" of 3 (vide infra). The identity of de Mayo's 
scavengeable 200-ps intermediate in the UV photolysis 
of 3 remains uncertain. 

Irrespective of the mechanism of the photochemistry 
initiated by Sz - So excitation of these bridged bi- and 
tricyclic thiones, the fact that almost the same quantum 
yields of phosphorescence are obtained on initial 
excitation to both SZ and S1 in a variety of solvents 
indicates that a large majority of SZ states decay 
nonradiatively by some means to the lower SI/T2/T1 
surfaces.'" This conclusion is supported by measure- 
ments'" of 4D, the quantum yields of net consumption 
of these thiones; for SZ - SO excitation at infinite 
dilution 4: = 0.04 for 3 in perfluoroalkanes and 0.11 
in cyclohexane. However, the very short lifetimes of 
the S2 states and the large SZ-SI energy gaps in these 
compounds indicate that this relaxation route does not 
involve direct S2 -+ S1 internal conversion. Instead, 
SZ must decay indirectly to the coupled S1/T2/T1 
surfaces by a process which does not involve net 
consumption of thione, but which might involve re- 
versible photochemistry (frustrated intramolecular o-H 
transfer or intermolecular H transfer in alkanes?) or 
the population of a lower, bound, dark, (doubly?) excited 
state of unknown identity. Further work is clearly 
required before this system is fully understood. 

Aromatic thiones also undergo photoreduction by 
intermolecular H abstraction. The early work of Oster 
et aL206 and Ohno and Kito2071z08 on thiobenzophenone 
(1 la) has been reviewed by de Mayo13 and by Rao.'O A 
free-radical mechanism, initiated by H-atom abstrac- 
tion from the solvent is operative on both SZ and SI 
excitation. Differences between 1 la and benzophenone 
itself have been traced to the fact that ground-state 
thiobenzophenone (like many thiones) is an excellent 
radical trap.203 Although it would be interesting to be 
able to carry out studies which parallel the vast 
literature on the corresponding ketone, thiobenzophe- 

Table XI. Quantum Yields of Net Photochemical 
Consumption of Several Aromatic Thiones at Infinite 
Dilution in Perfluoroalkane and Alkane Solvents at 
Room Temperature 

thione solventa &(TJ A&(SJb ref(@ 
6a PFDMCH 14X10-'  < l X l O - '  165 

7a PFDMCH 1 2 X W  4 5 x 1 0 6  164,166 

8a PFDMCH 12X10-6 <5X1@ 165 

0 Abbreviations are a~ follows: PFDMCH, perfluoro-1,3- 
dimethylcyclohexane; 3-MP, 3-methylpentane. Increment in 
&, due to consumption of the thione in ita SZ stab.  

none has proved to be a difficult compound to study 
comprehensively because it fluoresces only weakly from 
Sz in solution at room temperature and its photochem- 
istry is complex. 

Recent work has focused on the photochemistry of 
the series of aromatic pyranthiones, 6a, 'la, and 8a, 
whose photophysics and electronic spectroscopy have 
been more thoroughly studied. The photochemical 
properties of xanthione (8a) were first investigated by 
Huber and ~ o - w o r k e r s ~ ~ * ~ ~  who showed that its rate of 
reduction was much faster in alcohols than in 3-me- 
thylpentane or acetonitrile solvents. The reactive state 
was assigned to the lowest triplet irrespective of the 
excitation wavelength. The initial photochemical step 
involves hydrogen abstraction from the solvent and 
formation of a caged radical pair. Subsequent com- 
petition between recombination of the caged radicals 
and reaction of the thioketyl radical with ground-state 
thione leads to products at rates which could be modeled 
quantitatively.z09 

Subsequent studies have shown that the nature of 
the solvent also has a dramatic effect on the rates of 
relaxation of the SZ states of a wide variety of aromatic 
thionesM)JrK)JMJ5Js7 and that intermolecular interactions 
dominate the relaxation mechanism(s) in all but the 
most weakly solvating media (the perflu~roalkanesl~~). 

The quantum yields of net consumption of thione, 
4 ~ ,  have been measured on SZ - So and SI +- So 
excitation of varying concentrations of 6a, 7a, and 8a 
in a variety of solvents.164J6s Extrapolation of these 
data to infinite dilution give 4: (Table XI) whose 
values reflect the net chemical consumption of the 
thione in the absence of self-quenching interactions 
(vide infra). The values of 4: are very small in highly 
purified perfluoroalkanes, and are the same, within an 
experimental error of *20%, for initial excitation to 

3-MP 0.035 49,146 

3-MP 0.025 10.0025 49,146,210 

3-MP 0.008 49,146 



92 chemical Reviews, 1993, Vd.  93, No. 1 MackJswskl and Stew 

The same model system has also been treated using 
semiempirical MIND0/3 methods by Sumathi and 
Chandra.z13 Although neither study can be expected 
to provide accurate activation barriers, both provide 
qualitative insight into aspects of the reaction coor- 
dinates. In the n,r* states, abstraction is only feasible 
when the hydrogen atom approaches the S atom in the 
plane of the thiocarbonyl chromophore. Hydrogen 
abstraction by the T,T* state is possible at either the 
S or the C atom of the chromophore and is favored by 
approach in a plane which is perpendicular to the 
molecular plane, i.e. in the plane of the r* orbital. The 
latter is in agreement with the observation that only 
endo-&H atoms undergo intramolecular transfer on 
excitation to the SZ states of 4 and S.lgsJw In all cases 
the barrier heights are extremely sensitive to the 
distance between the donor hydrogen atom and the 
accepting atom of the chromophore at the transition 
state. 

both SZ and SI. These facts show that the excited states 
of 6a, 7a, and 8a accessed in the UV-visible are very 
unreactive in solvents which possess no abstractable H 
atoms (or other reactive centers) and that SZ is consumed 
to no greater extent than TI. Although the values of 
4; are at least 2 orders of magnitude larger when the 
photolyses of these thiones are carried out in 3-meth- 
ylpentane, the absolute magnitudes of 4; are still 
relatively small. For 7a the same values of 4; (within 
*lo%) are again obtained on both UV and visible 
excitation.z10 Hydrogen abstraction by the triplet must 
therefore be responsible for the larger values of &, in 
the hydrocarbon solvent. However, even in hydrocar- 
bon solvents, net photochemical reaction cannot ac- 
count for a significant fraction of the decay of either 
SZ or TI. 

On the other hand, fluorescence lifetime and quantum 
yield measurements have demonstrated that the SZ 
states of 7a, 8a, and other rigid aromatic thiones decay 
nonradiatively by factors of up to 1 order of magnitude 
faster in alkanes than in the corresponding perfluo- 
roalkanes.mJMJM Topp and co-workersl% interpreted 
this and the variations in SZ lifetimes of 8a with alkane 
structure in terms of a mechanism involving reversible 
hydrogen-atom abstraction. However, the quantum 
yields of phosphorescence produced on SZ - SO exci- 
tation of 8a are not significantly different in 3-meth- 
ylpentane and perfluoroalkane solvents (Table vIT),lqlrlB 
indicating that the primary effect of the alkane is to 
accelerate the rate of SZ nonradiative decay to S1/T1. 
Topp observed the same effect in 1:l van der Waals 
complexes of 8a with hydrocarbon~,4~~~~ and similar 
effects are also seen in solvents such as benzene, CCL, 
and other chlorofluorocarbons140 where H atom ab- 
straction is not possible. Unless H abstraction produces 
caged radical pairs which combine almost quantitatively 
on the &/TI surfaces of the parent thione (which would 
be most unusual), a reversible hydrogen-atom abstrac- 
tion mechanism would appear not to be responsible for 
accelerating the rate of S2)s nonradiative decay in alkane 
solvents. Decay via an intermediate exciplexlM is 
feasible, but no spectroscopic evidence of such a species 
has yet been found. Further work to clarify these 
matters is clearly required. 

The experimental work on both intramolecular and 
intermolecular hydrogen abstraction outlined above 
finds support in a number of theoretical studies on 
model systems. In an interesting early paper Formos- 
inhoZ1l showed that the measured rates of intermolec- 
ular hydrogen abstraction from 2-propanol and ethanol 
by the lowest triplet of thiobenzophenone (1 la)167 could 
be accurately evaluated by considering the reaction in 
terms of a radiationless transition. This involves 
calculating the tunnel-effect probability of a transition 
from the TI potential surface of the thione and the 
C-H vibrations in the reactant state to the potential 
surface of the C-S and S-H bonds in the products, 
Large H/D isotope effects are predicted and this is 
consistent with observations in a number of triplet 
hydrogen abstraction  reaction^.^^^^^ 

Natural correlation diagrams together with ab initio 
SCF-CI calculations have been employed by Bigotzl2 
to describe the potential energy profiles along several 
hydrogen-atom abstraction paths in a model system 
consisting of excited thioformaldehyde and methane. 

C. Dimerlzatlon 
Dimers are ubiquitous products of the photolysis of 

a l i ~ y c l i c , ~ ~ * ~ ~ ~  aromatic,laJBS and dibenzyP5 thiones in 
unreactive media. Sensitization experiments have 
proved that the reactions initiated by excitation in the 
visible involve the lowest triplet states. Only dimers 
with l,&dithietane structures have been isolated. 
However, the corresponding 1,a-dithianes are expected 
to be less thermally stable and, if formed, might be 
difficult to quantitate. Dimer quantum yields from 
photolysis in the visible are invariably low, even when 
the reactions are carried out in solutions of high thione 
concentration where T14o self-quenching encounters 
are exclusively responsible for the triplet decay. An 
efficient energy-wastage process is therefore operative 
along the photochemical route to these products. The 
nature of the intermediates involved has been a subject 
of ongoing interest. 

de Mayo and c o - w ~ r k e r s ~ ~ ~ ~  have proposed that both 
triplet excimers and short-lived l,4-diradical interme- 
diates precede the formation of dimer in the visible 
photolysis of adamantanethione (3, Scheme IV). Al- 
though only one intermediate was required to rationalize 
the kinetics, arguments based on the ring-closing 
propensities of the several possible sulfur-containing 
l,4-diradicals led them to propose that the diradical is 
preceded by a triplet excimer. (Only 1 in 7000 T1-430 
encounters leads to product formation. Both radia- 
tionless decay of the triplet excimer and homolysis of 
open-chain conformations of the l,4-diradicals reform 
reactant thione.) de Mayo and co-workersm ala0 
analyzed the kinetics of dimer formation resulting from 
UV photolysis of 3 in terms of an excimer derived from 
S p S O  interaction. However, this interpretation should 
be viewed with caution in light of the subsequent 
revelatiodU that the fluorescent SZ state of 3 has a 
subpicosecond lifetime. 

Ramamurthy and cc+workers1a183 studied the quench- 
ing of the triplet states of 8a, 8b, 8c, and llb by a 
variety of aromatic and alicyclic thiones having higher 
triplet energies. The results were interpreted in terms 
of the formation of triplet thione heteroexcimers which 
are stabilized by donor-acceptor interactions of the 
thiocarbonyl groups (cf. section 1V.D). Maciejewski 
and co-workerslaJBS showed that, contrary to earlier 
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imines,2261237 and nitriles,223 and a number of other 
have also been reported. The wavelength 

dependence of these reactions has been systematically 
investigated in order to ascertain differences, if any, in 
the photochemistry of the thione $2 and TI states. This 
research has been thoroughly reviewed by de Mayo,lS 
Ramamurthy,12 Coyle,ll and Rao.'O We shall focus here 
mainly on the characterization of the intermediates 
involved in these reactions, and other 'physical" aspecta 
of the photochemistry. 

When excitation occurs in the visible the triplet state 
of the thione is responsible for initiating any observed 
cycloaddition. Excitation in the near-UV produces $2 
whose cycloaddition reactions can be both qualitatively 
and quantitatively different from those of the triplet. 
In addition to $2 and TI, a number of chemically distinct 
reactive intermediates, including diradicals, zwitterions 
and exciplexes, have been proposed. Most attempts to 
trap these species or to observe them spectroscopically 
have been unsuccessful, and their nature has therefore 
usually been inferred from steric, electronic, and 
stereochemical considerations. 

Triplet thiones generally react with monoolefins in 
a regioselective but nonstereoselective manner to give 
the corresponding thietanes as final products. The 
existence of diradical intermediates in this process has 
been inferred from (i) the observation of geometrical 
isomerization in the recovered olefin, (ii) the formation 
of l,4-dithianes (by trapping of the initial l,4-diradical 
adduct by high concentrations of ground state thione), 
(iii) the observation that the orientation of the [2 + 21 
addition corresponds to that expected from the closure 
of the more stable l,Cdiradical, and (iv) the recent 
observation of the scavenging of a l,4-diradical by 
electron transfer from methyl viologen.22s However, 
although the quenching of the triplet by the olefin may 
be e f f i ~ i e n t ' ~ * ~ ~ ~ * ~ ~  (particularly for electron-rich ole- 
fins), the quantum yields of cycloaddition products are 
invariably quite small. These inefficiencies in product 
formation and variations in kQ with olefin ionization 
potential have led some authors224331v235 to propose that 
a triplet exciplex precedes diradical formation. Ra- 
diationless decay of such an exciplex as well as 
decomposition of the diradical would then be respon- 
sible for the observed unproductive deactivation of the 
triplet thione. 

If formed, triplet exciplexes can be stabilized by 
charge-transfer interactions between the thione and 
the olefin. The experimental evidence supporting the 
existence of a charge-transfer-stabilized triplet exciplex 
arises from the observation in several systems224*2s1*w 
that the logarithm of the rate constant for triplet 
quenching is propo'rtional to the ionization potential of 
the olefin. However, although such plots of log k~ vs 
IP are linear,2'*226 their small negative slopes reveal 
that charge transfer itself contributes in only a minor 
way to stabilizing the complex. If formed, such 
exciplexes would therefore need to be stabilized by 
electron exchange. 

Using transient absorption and ground-state deple- 
tion methods, Bos, Varma, and co-workers226 have 
interpreted the cycloaddition of triplet 8a, 8b, 1 la, and 
related compounds to various allenes, acetylenes, and 
trienes in terms of the formation of 1,4-diradicals 
(Scheme V) and have considered in detail if diradical 
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Figure 15. Graph of the quantum yield of net photochemical 
consumption of 7a in perfluoro-l,3-dimethylcyclohexae at 
various increasing concentrations of thione. The circled point 
is for 7a (BPT) in 3-methylpentane (from ref 165). 

reports,162*m816 dimers are also produced in small yields 
on photolysis of the aromatic thiones 6a, 7a, and 8s in 
both perfluoroalkane and 3-methylpentane solvents. 
In perfluoroalkanea &D is a linear function of the fraction 
of triplets self-quenched (Figure 15) at thione concen- 
trations up to about M (199% self-quenching). 
Interestingly, the value of &D for high concentrations 
of 7a in 3-methylpentane falls on the same line. This 
indicates that when self-quenching dominates the 
triplet decay process, the only significant net product 
arises from dimerization. Hydrogen abstraction con- 
sumes insignificant amounts of thione under these 
conditions. These results were interpreted in terms of 
a mechanism involving the formation of triplet excimers 
whose efficiencies of dimer formation increase in the 
order 8a << 7a < 6a. Finally Maciejewski and co- 
workers1= showed that $2 - So excitation of 7a in 
perfluoroalkane solvents produces no measurable change 
in product quantum yield (when normalized to the same 
triplet yield) compared with excitation to SdT1 at thione 
concentrations where self-quenching dominates TI 
decay. Product formation must therefore arise exclu- 
sively from the interaction of triplet-state and ground- 
state thione under these conditions, irrespective of 
whether initial excitation is to $2 or S1/T1. 

Although both diradicals and excimers have been 
proposed as intermediates in thione dimerization no 
direct spectroscopic evidence of their existence, for 
example emission or transient absorption, has yet been 
obtained. A search for such evidence would be well 
received. 

D. Cycioaddltion 
The 1964 paper by Kaiser and Wulfers217 on the UV 

photolysis of thiobenzophenone in the presence of 
olefins contains the first report of a cycloaddition 
reaction of a thiocarbonyl. Since then a very large 
number of thioneadduct systems have been investi- 
gated. Thiobenzophenone and related compounds 
(1 1),1*13*218-226 xanthione and related compounds 
(8),225-232 the a,@-unsaturated thiones such as thio- 
c 0 u m a r i n ( 9 ) , ~ ~  and adamantanethione (3)m*214 have 
been most thoroughly examined. Their photocycload- 
dition reactions with olefins, dienes and polyenes, 
allenes and cumulenes, and alkynes constitute the bulk 
of this literature, but reactions with imines,23s keten- 
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formation is preceeded by an exciplex. In the reaction 
of the triplets of $a with phenylallene, addition of 
methyl viologen results in the formation of a second 
transient, the methyl viologen radical cation, which can 
be observed at  wavelengths free from interference by 
the thione triplet. Kinetic arguments based upon 
deuterium isotope effects and comparisons of the 
photochemical and thermal reactions of thiones with 
allenes of differing structure led Bos and Varma to 
conclude that (i) the methyl viologen radical cation is 
formed by electron transfer to the 1,Cdiradical not to 
an exciplex, (ii) the diradical has a lifetime of ca. 90 ps 
in CH2C12 solution at room temperature, and (iii) an 
independently acting exciplex plays no significant role 
in the reaction mechanism. The short intrinsic lifetime 
of the diradical, which is ultimately responsible for the 
inefficiency of net cycloaddition, was attributed to 
efficient local spin-orbit coupling caused by large spin 
densities of both unpaired electrons on the S atom. 

Excitation of diary1 thiones such as l la in the near 
UV at room temperature results in cycloaddition to 
electron-poor olefins and yields thietanes as final 
products. Unlike that of the triplets, however, the 
reaction is both regiospecific and stereospecific with 
complete retention of configuration both in the thietane 
and in the recovered olefin. Extensive studies of the 
thiobenzophenoneacrylonitrile system21g-221 reveal that 
the S2 state of the thione initiates the reaction, but that 
the thietanes are obtained from the thermal decom- 
position of 1,3-dithianes which are the primary products 
(Scheme VI). A short-lived exciplex which opens to 
permit the incorporation of a ground-state thione has 
been proposed to account for the formation of the 1,4- 
dithiane In the case of adamantanethione 
(3)*s214 and di-tert-butyl thioketone (ld)238,239 exciplex 
formation has also been proposed to account for the 

relatively large quantum yields of thietane formation, 
the lack of regioselectivity and the high stereoselebtivity 
in the reaction. In the case of 3 at least, this inter- 
pretation should be viewed with caution given the fact 
that the fluorescent S2 state of adamantanethione is 
too short-lived to participate directly in intermolecular 
cycloaddition r e a c t i ~ n s . ' ~ J ~ ~  No direct kinetic or 
spectroscopic evidence of either diradicals or exciplexes 
has been reported in any of the S2 cycloaddition 
reactions investigated to date. 

Rscently Ramamurthy and co-workers299-230 have 
investigated the photocycloaddition reactions of a 
number of ar,P-unsaturated thiones such as 8, 16, 17, 
and 19 whose photophysics have also been studied.l%JW 
The photocycloadditions of these enethiones parallel 
those of the corresponding saturated thiones. Addition 
occurs to the thiocarbonyl function, not to the carbon- 
carbon double bond, and both exciplex and diradical 
intermediates have been proposed. Regrettably, the 
photophysical data for the S2 states of these enethiones 
are either incomplete or, in some cases, in disagree- 
ment.1w*2w Solvent effects, which are known to play a 
very important role in aromatic and alicyclic thiones of 
similar structure, have not been investigated system- 
atically. There are also indications that some of these 
compounds may be photochemically unstable in their 
S2 ~tates . '~  A detailed, comprehensive picture of the 
photochemistry and photophysics initiated on SZ - So 
excitation of these compounds has yet to emerge. 

Several theoretical analyses of the thermal and 
photochemical cycloaddition reactions of thiocarbonyls 
have also been undertaken. These include both a 
systematic ab initio study of thermal [4 + 21 cycload- 
dition reactions of thiones to dienes,w and a recent 
analysis of both thermal and photochemical cycload- 
ditions using MIND0/3 parameters within the frontier 



The Phowphysks of Thkcarbonyts 

molecular orbital framework.241 Using model thiones, 
the latter approach satisfactorily rationalizes the ob- 
served products of thione-olefin cycloaddition reactions 
for both TI and SZ reactants. In particular the modelu1 
convincingly rationalizes all three levels of selectivity 
in the photocycloaddition of a,@-unaaturated thiones 
to olefins having electron-withdrawing substituents, i.e. 
preference for C-S over C = C  reaction site, the 
regiochemistry of the products (2,3- vs 2,rl-disubstituted 
thietane) and the preferred orientation of the substit- 
uents (cis vs trans). The analysis reveals that secondary 
orbital interactions play a decisive role in this dectivity. 

Finally, we note that the source of the inefficiency of 
product formation observed in thione photocycload- 
dition reactions remains an open question. There can 
be little doubt that diradicale participate as distinct 
intermediates in these reactions, but whether their 
reversion to starting materials is solely responsible for 
the low quantum yields of products is unresolved. The 
evidence for the participation of exciplexes is not 
conclusive, and the caveat of Turro and Ramamurthyu2 
concerning other possible energy-wasting pathways 
should be considered. 

Chemical Revlem, 1903, Vol. Q3, No. 1 06 

E. OxMatbn 
Although the fact that the oxidation of thiocarbonyl 

compounds is accelerated in room light has been known 
for decades, the systematic study of thione photoox- 
idation processesis of relativelyrecent vintage. Studies 
of aliphatic and aromatic thiones having a variety of 

reveal that photooxidation is 
initiated by interactions of the lowest triplet with 
ground-state oxygen. Initial excitation to either SZ or 
SI produces the same net result. In solution the 
products invariably include the ketone, but the cor- 
responding sulfine is also produced in comparable yield 
in some systems. Photooxidation can be frustrated in 
the solid ~ t a t e . ~ ~ , ~  No reaction is observed on 
illumination of Id in a molecular inclusion complex of 
deoxycholic acid.247 Channels of dimensions appro- 
priate for the diffusion of oxygen into the solid appear 
to be required if photooxidation of the pure crystalline 
material is to occur.z48 

The initial step in the photooxidation involves the 
generation of 02 PAg) with overall unit efficiency by 
energy transfer from the triplet to 02 (3Z-) (cf. section 
IV.D).52J32J~J70 The singlet oxygen h e n  attacks 
ground-state thione at  the S atom. Both zwitterions/ 
diradicals and ring-closed 1,2,3-dioxathietanes 
(Scheme VII) have been proposed as interme- 
diates.1~~170~zu-U6~Mg~~ The relative yields of sfl ine 
and ketone have been correlated with the electronic 
and steric properties of the parent t h i o n e ~ . ~ ~ ~ J ~ ~  

F. Ylscellaneous 
Both photophysical and photochemical studies of a 

number of polycyclic thiones having a free peri position 
have been reported.138J49*z51 1-(Thiobenzoy1)naphtha- 
lene (15) and related compounds are known to undergo 
pericyclization on excitation in the visible to give 
thiophane derivatives (Scheme VIII). The formal 1,3- 
hydrogen migration required is known, in at least one 
case, to involve an intermolecular process,14g Unlike 
most thiocarbonyls, however, the initial intramolecular 
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process appears to occur on the SI, not the TI surface. 
From the growth of TI absorption under picosecond 
flash excitation,198 the lifetime of the SI state of 16 in 
benzene was estimated to be 550 pa. The resulting 
triplet is short-lived (7; = 80-130 ns) and is accom- 
panied by an unknown longer-lived transient which is 
not derived from TI. 

The formation of desulfurized dimeric product in the 
photolysis of 2,6-diphenylpyran-4-thione (6d) has also 
attracted attention.252 The usual triplet dimerization 
route to give 1,3- (or possibly 1,2-) dithietanes does not 
appear to be operative in this case. Instead, the reaction 
appears to be initiated by abstraction of hydrogen from 
a suitable donor (e.g. solvent), followed by an attack of 
the resulting free radical on ground-state thione and 
subsequent elimination of sulfur-containing moieties. 

Thione photolysis has also been used to generate a 
number of theoretically interesting, structurally un- 
stable or semistable sulfur-containing species. Most 
recently Quast et al.269 have reported the generation of 
a number of 3,3-disubstituted alkylidenethiiranes by 
photolysis (in the azo chromophore) of tetraalkyl-l- 
pyrazoline-4-thiones as precursors. Elimination of 
molecular nitrogen is expected to yield unstable thioxy- 
allyl diradicals which could either close to produce the 
elusive cyclopropanethiones or, as observed, rearrange 
to give akylidenethiiranes as final products. The 
photolysis of the heterocumulene, s-c-C=C=C=S, 
in a low-temperature matrix also affords one of the few 
examples of elimination of CS from a thiocarbony1.m 
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