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in Liquids 

Jakob Griljab, Joseph S. Beckwithac, and Eric Vauthey*a

Abstract: Thomas Bally has acquired international recognition for his work on the photochemistry of reactive 
intermediates, which include radical ions. Here, we present a brief overview of our investigations of the excit-
ed-state dynamics of radical ions in liquids at room temperature, which are still poorly documented. A better 
understanding of these dynamics is most relevant, as open-shell ions in the excited state are being increasingly 
used in redox photochemistry and have been proposed to play a key role in highly exergonic photoinduced 
electron transfer reactions.
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1. Introduction
Open-shell ions are ubiquitous reactive intermediates in 

chemistry. It has been quickly realised that their reactivity can 
be significantly boosted upon optical excitation.[1] For example, 
Moutet and Reverdy reported on the oxidation of benzyl alcohol 
to benzaldehyde by the radical cation of N,N,N',N'-tetraphenyl-
p-phenylenediamine in the excited state.[2] Since then, the spec-
tacular reactivity of photo-excited radical ions has been attracting 
increasing interest.[3]

Radical ions in the electronic excited state have also been 
invoked to account for the absence of the inverted region in bi-

molecular photoinduced electron transfer (ET) reactions between 
two neutral reactants.[4] ET quenching is well known to be diffu-
sion-controlled ET at driving forces up to 2.5 eV where Marcus the-
ory predicts a slowing down of the reaction. This apparent contra-
diction to experiment[4] could be explained by the formation of the 
radical ions in an electronic excited-state, which are generally low 
for these species.[5] Although this hypothesis was proposed more 
than 50 years ago,[4a] unambiguous experimental observation of the 
formation of excited ions upon highly exergonic ET is still lacking.

Despite the clear relevance of excited radical ions for different 
areas of photochemistry, their dynamics are still poorly under-
stood. Our interest in this field goes back several decades while 
at the Institute of Physical Chemistry in Fribourg, where Thomas 
Bally was investigating the photochemistry of reactive interme-
diates, including radical ions, in low-temperature solid matri-
ces. [6] Our first studies were mostly performed in solids, either in 
room-temperature boric acid glass or in low-temperature matri-
ces.[7] Using transient grating-based methods, we could show that 
the excited-state lifetime of a few radical cations, perylene and 
thioanthrene as well as anthraquinone, in low-temperature glass-
es was ranging from 30 to 100 ps. In room-temperature liquids, 
however, the lifetimes were shorter than the ~25 ps time resolution 
of our set-up at that time. 

In the following, we give an overview of our more recent stud-
ies of the excited-state dynamics of radical ions in liquids using 
femtosecond spectroscopy.

2. Experimental Approaches
The main obstacle to the study of radical ions stems precisely 

from their transient nature and high reactivity. Here, we briefly 
discuss our approaches to generate radical ions at sufficient con-
centration and stability to perform femtosecond transient elec-
tronic absorption and, in some cases, fluorescence up-conversion 
measurements. 

A limited number of radical cations, including the well-known 
Wurster’s Blue, the radical cation of N,N,N',N'-tetramethyl-p-
phenylenediamine (TMPD·+), can be prepared as stable salts that 
can be kept as solids in normal conditions for months or longer.
[8] The study of these ‘ideal’ radical ions does not require signif-
icantly more caution than that of conventional closed-shell dyes. 
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transient electronic absorption measurements,[15] that point to 
a rapid D

1
→D

0
 internal conversion followed by the vibrational 

cooling of the hot ground state. These excited-state dynamics, dis-
cussed in detail in ref. [15], were found to be essentially the same 
in a large variety of solvents including chloroform, water and 
heavy water, as well as a viscous room-temperature ionic liquid. 
However, these dynamics were found to strongly slow down upon 
decreasing temperature. As a consequence, the fluorescence life-
time of TMPD·+ below 140 K is sufficiently slow, 660 ps at 77 K, 
for the D

1
→D

0
 emission to be visible by stationary fluorescence. 

The ultrafast D
1
→D

0
 internal conversion at room tempera-

ture and the strong temperature dependence were explained by 
the presence of a D

1
/D

0
 conical intersection (CI) separated from 

the Franck-Condon region of the D
1
 state by a small barrier. This 

hypothesis was supported by quantum-chemical calculations per-
formed by the Olivucci group suggesting that access to the CI 
involves the rotation of the dimethyl-amino groups relative to the 
phenyl ring.[15] To test whether access to this CI could be influ-
enced by varying the size of the amino substituents, we performed 
similar measurements with the radical cation of N,N-dimethyl-
p-phenylenediamine (DMPD·+) and N,N,N',N'-tetraisopropyl-p-
phenylenediamine (TIPD·+).[8c] Not very surprisingly, replace-
ment of two methyl groups by H atoms in DMPD·+ did not result 
in very significant changes in the excited-state dynamics. More 
surprising was the observation that the replacement of all four me-

Fig. 2: Time-resolved fluorescence spectra measured at various time 
delays after excitation of a solution of Wurster’s Blue (TMPD·+) in 
acetonitrile. Inset: time profile of the fluorescence intensity at 700 nm 
(14300 cm–1) and best fit of an exponential function with the instrument 
response function.

Fig. 3. Structure of the aromatic amines, whose radical cations (formed 
as a salt or electrochemically) were investigated, together with the excit-
ed-state lifetimes in liquids at room temperature determined by ultrafast 
spectroscopy. 

– A few aromatic hydrocarbons, such as those of perylene and 
tetracene, can be transformed into their corresponding radical 
cation in concentrated sulfuric acid, that acts as a strong oxidis-
ing medium.[9] Although this is a simple and convenient way to 
produce relatively stable solutions of radical cations, it should 
be kept in mind that sulfuric acid is not a well-defined medium 
and comprises a dynamic equilibrium involving several species. 
Therefore, occurrence of reactions between the excited cations 
and some of these species cannot be totally ruled out. 

– Whereas electrochemistry is the most evident way to pro-
duce radical ions, its combination with ultrafast spectroscopy is 
not straightforward. Spectroscopic measurements require that on-
ly the ions absorb at the excitation wavelength and that the sample 
at the irradiation spot is rapidly refreshed. Therefore, standard op-
tically-transparent thin layer electrochemical (OTTLE) cells,[10] 
such as those used routinely for stationary spectro-electrochem-
istry are not suited. Instead, we used an electrochemical flow cell 
similar to that reported in ref. [11] and located just before the opti-
cal cell.[12] This approach was successful with a limited number of 
compounds. In many cases, continuous and steady production of 
ions over the whole duration of a pump-probe experiment proved 
to be problematic. 

– Finally, the above complications encountered with the elec-
trochemical generation can be avoided by producing the ions via 
a bimolecular photoinduced ET reaction. For this, we performed 
so-called pump-pump-probe measurements (Fig. 1): first, a pump 
pulse, the actinic pulse, triggers the photoinduced ET process to 
generate radical ions, and after a time delay long enough to ensure 
a sufficient concentration of ions, a ‘conventional’ pump-probe 
experiment is performed on one of the two ensuing ions.[13] The 
advantage of this approach is that it allows better tuning of the 
solvent, contrary to sulfuric acid or to the electrochemical prepa-
ration. However, performing transient absorption on a transient 
species remains challenging and requires a setup with high sensi-
tivity and wavelength tunability.

3. The Radical Cations of Aromatic Amines
Fig. 2 shows the time evolution of the D

1
→D

0
 emission spec-

trum measured with a solution of Wurster’s Blue, TMPD·+ (Fig. 
3), using fluorescence up-conversion spectroscopy (FLUPS)[14] in 
acetonitrile at room temperature. The decay of the emission band 
is extremely rapid and corresponds to a fluorescence lifetime of 
240 fs. This ultrashort lifetime is consistent with a fluorescence 
quantum yield below the detection limit of stationary fluorescence 
spectroscopy. The same excited-state lifetime is obtained from 

Fig. 1. Principle of the pump-pump-probe method for investigating the 
excited-state dynamics of radical ions. The pump pulse P1 excites lo-
cally one of the two reactants (here the donor) to trigger the electron 
transfer (ET). After a time interval ∆t12, the pump pulse P2 excites one 
of the two resulting radical ions (here the cation) and an ensuing broad-
band probe pulse measures the absorption changes over the whole vis-
ible region at different time delays ∆t23.
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N atom and the phenyl substituents. This flexibility can be ex-
pected to increase further upon oxidation, i.e. after removal of an 
electron from a bonding orbital, and upon electronic excitation. 
It is therefore not a coincidence that the excited-state dynamics 
of these cations is very similar to that reported for triarylmethane 
cationic dyes, such as Malachite Green, whose S

1
 state decays 

in less than 1 ps in acetonitrile through a rapid internal conver-
sion via a S

1
/S

0
 CI accessed through torsional motion of the phe-

nyl substituents.[16] Yet, whereas the excited-state decay of these 
closed-shell cationic dyes slow down considerably with increas-
ing solvent viscosity, no significant viscosity dependence was 
found with the triarylamine cations, suggesting the presence of 
D

1
/D

0
 CI(s) that can be reached without large-amplitude motion.

4. The Radical Ions of Polycyclic Aromatic 
Hydrocarbons

The stationary spectroscopy of polycyclic aromatic hydrocar-
bon (PAHs) ions has been intensively studied already in the 1960s 
and 1970s, both in the gas and condensed phases.[5a,17] It was 
rapidly realised that emission from these open-shell species was 
scarce. This was usually explained by their generally low D

1
-D

0
 

gap, favouring fast internal conversion and slow radiative decay 
in the near IR region. Interestingly, PAH cations, such as perylene 
radical cation (Pe·+, Fig. 5), were proposed to be responsible for 
the emissive diffuse interstellar bands.[18] The first investigations 
of the excited-state dynamics of PAH cations were performed 
with perylene, pyrene, anthracene and naphthalene radical cati-
ons in boric acid glasses at room temperature.[7a,19] For all these 
cations, except for Pe·+, ultrafast sub-ps internal conversion was 
reported.[19] On the other hand, the D

1
 state lifetime of Pe·+ was 

significantly longer, of the order of 20 to 35 ps.[7a,19]

Fig. 6 shows transient absorption spectra recorded at various 
time delays after D

5
←D

0
 excitation of Pe·+ produced electrochem-

ically in acetonitrile.[12] Qualitatively similar spectra and dynam-
ics were observed upon D

1
←D

0
 excitation at 800 nm. Therefore, 

the positive bands below 500 nm can be assigned to the D
1
 state, 

which decays in 5 ps to the vibrationally hot D
0
 state, which in 

turns thermalises in about 25 ps. Perdeuteration or substitution 
in the 3 position by a methyl group has no marked effect on the 
dynamics. However, the D

1
 state lifetime increases to 12 ps and 

18 ps upon going to CH
2
Cl

2
 and sulfuric acid, respectively.[12] This 

effect points to a possible influence of the solvent viscosity on the 
excited-state dynamics, in agreement with the 20–35 ps lifetime 
reported in boric acid.[7a,19] Trifunac and coworkers explained the 
longer excited-state lifetime of Pe·+ compared to the other inves-
tigated PAH cations by the absence of any easily accessible D

1
/

D
0
 CI.[19] Quantum-chemical calculations by Robb and coworkers 

on the radical cations of naphthalene and pyrene indeed point to 
the existence of a D

1
/D

0
 CI that can be easily reached via in-plane 

Fig. 5. Structure of the polycyclic aromatic hydrocarbons, whose radical 
cations or anions (formed in sulphuric acid, electrochemically or through 
a photoinduced electron transfer, PET) were investigated, together with 
the excited-state lifetimes in liquids at room temperature determined by 
ultrafast spectroscopy. 

thyl groups by bulky isopropyl groups had no effect either on the 
excited-state lifetime of TiPD·+. Furthermore, whereas stationary 
fluorescence could be observed with DMPD·+ below 120 K, no 
emission could be detected with TiPD·+, even at a temperature as 
low as 12 K. It was thus concluded that, although the twist of the 
amino groups is significantly hindered in TiPD·+, other D

1
/D

0
 CIs 

should probably be accessible via different coordinates, such as 
the pyramidalisation of the nitrogen centres or the deformation of 
the phenyl ring. 

Ultrafast excited-state dynamics seem to be a general fea-
ture of the radical cations of aromatic amines. Fig. 4 shows 
transient absorption spectra recorded with the radical cation of 
N,N'-diphenyl-N,N'-bis(2,4-dimethylphenyl)-1,1'-biphenyl-4,4'-
diamine (DMTPD·+) in acetonitrile after 500 nm excitation, to-
gether with evolution-associated difference absorption spectra 
(EADS) obtained from a global analysis of the data assuming a 
succession of exponential steps. The absorption below 400 nm 
and above 600 nm can be assigned to D

n
←D

1
 transitions, whereas 

the band on the low energy side of the bleach can be attributed to 
the vibrationally hot ground state. This data suggest an D

1
→D

0
 in-

ternal conversion in about 300 fs followed by vibrational cooling 
on the 1.2 and 15 ps timescale.[12]

Qualitatively similar behaviour was observed with the radical 
cations of two triarylamines in acetonitrile, TTA·+ and TBA·+, 
the latter being also known as Magic Blue, i.e. sub-picosecond 
D

1
→D

0
 internal conversion followed by vibrational relaxation on 

timescales ranging from 1–2 ps to about 15 ps.[12]

It should be noted that all three DMTPD, TTA and TBA are 
flexible molecules already in the neutral closed-shell form with 
low barrier for torsion around the C–N bonds between the central 

Fig. 4. Transient absorption spectra recorded at various time delays after 
500 nm excitation of DMTPD·+ in acetonitrile and negative stationary 
absorption spectrum (Top). Evolution-associated difference absorp-
tion spectra (EADS) and corresponding time constants obtained from 
a global analysis of the transient absorption data assuming a series of 
three successive exponential steps, A→B→C→ (Bottom). A can be as-
signed to DMTPD·+ in the D1 state, and B and C to the vibrationally hot 
D0 state. Some contribution of the D1 state to EADS B arising from non-
exponential dynamics cannot be excluded. 
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lifetime of Pe·– generated upon ET with dimethylaniline increas-
es from 1.2 ps at ∆t

12 
= 250 ps to 3 ps at the highest achievable 

∆t
12

 value of 2 ns.[13b] We could show that this effect originates 
from a charge recombination process between the excited ion 
and the corresponding counter-ion, leading to the population of 
the neutral perylene in the S

1
 state. This additional decay path-

way is only operative when the ions are paired and therefore the 
increasing excited-state lifetime with ∆t

12 
reflects the increasing 

distance between the geminate ions. This sensitivity to the inte-
rionic distance could be used in the future as a kind of molecular 
ruler to monitor the temporal evolution of the distance distribu-
tion of the photoinduced ET product.

5. The Radical Cations of Heterocycles
We finish this overview by discussing the excited-state dy-

namics of the radical cation of three heterocyclic compounds, 
namely the tetrathiafulvalene (TTF·+), thiantrene (TH·+) and 
N-methylphenothiazine (MPTZ·+) cations (Fig. 7).[12] The rea-
son to select these radical cations was that stationary emission 
had been reported for all of them, suggesting an excited-state 
lifetime that is relatively longer than for the above-discussed 
ions. 

Schweig and coworkers reported distinct stationary fluores-
cence from TTF·+ and two derivatives in solid matrices at 77 K.[23] 
However, in agreement with the absence of fluorescence at room 
temperature, our transient absorption measurements of TTF·+ pro-
duced electrochemically in acetonitrile revealed dynamics with 
D

1
→D

0
 internal conversion occurring in less than 1 ps (Fig. 8), 

very similar to those observed with the above-mentioned cations. 
The strong temperature dependence of the fluorescence quantum 
yield of TTF·+ bears some resemblance to that of Wurster’s Blue 
(TMPD·+) discussed above and is consistent with the presence of 
a D

1
/D

0
 conical intersection separated from the Franck-Condon 

region of the D
1
 state by a small barrier. This calls for a more 

detailed study of the temperature dependence of the excited-state 
dynamics of this cation. However, this requires using another 
method than electrochemistry for generating TTF·+.

By contrast, TH·+ prepared in a 45:5:1 dichloromethane/trif-
luoroacetic anhydride/trifluoroacetic acid mixture was reported to 
fluoresce at room temperature around 580 nm with a 4.7 ns life-
time.[24] The ET quenching of its fluorescence by various donors 
was found to have a driving-force dependence that significantly 
departs from that usually found for the fluorescence quenching of 
closed-shell neutral molecules.[25]

Surprisingly, no emission could be detected with TH·+ pre-
pared in sulfuric acid and transient absorption measurement indi-
cate a D

1
 lifetime of TH·+ of 1.5 ps.[12] As the D

1
←D

0
 absorption 

band of TH·+ peaks at 1070 nm, emission at 580 nm should cor-
respond to a fluorescence from the D

3
 state, which is not expected 

to have a nanosecond lifetime, as reported. This emission is most 
probably due to a secondary product present in the solution and 
not to TH·+. Similar emissive side products were reported upon 

Fig. 7. Structure of the heterocyclic compounds, whose radical cations 
(formed in sulphuric acid or electrochemically) were investigated, to-
gether with the excited-state lifetimes in liquids at room temperature 
determined by ultrafast spectroscopy.

distortion.[20] The same group explained the longer excited-state 
lifetime of Pe·+ in boric acid by the absence of such a CI.[21] The 
shorter lifetime found by us in liquid media and its apparent 
dependence on viscosity points to the possible role of another  
D

1
/D

0
 CI that could involve out-of-plane deformation. However, 

Pe·+ was restricted to a planar geometry in the calculations of 
Robb and coworkers preventing the detection of CIs associated 
with out-of-plane distortion. 

A D
1
 lifetime of 23 ps was measured with the radical cation of 

tetracene, Te·+, in sulfuric acid.[12] This value is close to that found 
with Pe·+ in the same medium. Unfortunately, electrochemical 
production of Te·+ was not successful, preventing the possibility 
to explore the solvent dependence of the excited-state dynamics.

Incidentally, the D
1
 lifetime of the radical anion of perylene, 

Pe·–, also produced electrochemically in acetonitrile, amounts to 
5 ps, similar to that of Pe·+.[13b] To the best of our knowledge, no 
other radical anion of PAHs has been investigated so far with ul-
trafast spectroscopy, and, thus, no real conclusion can be drawn. 
It should nevertheless be noted that this 5 ps time constant is 
much shorter than those of 530 and 150 ps reported for the radi-
cal anions of the perylene monoimide and diimide.[22] The origin 
of this difference is still unclear.

The excited-state dynamics of both Pe·+ and Pe·– in liquids 
was also investigated using pump-pump-probe spectroscopy.[13] 
Interestingly, the excited lifetime of these two ions was found 
to depend on their ‘age’, i.e. on the time delay, ∆t

12
, between the 

first actinic pump pulse that triggers their formation by bimo-
lecular photoinduced ET and the second pump pulse that excites 
the ensuing radical ion (Fig. 1). For example, the excited-state 

Fig. 6. Transient absorption spectra recorded at various time delays after 
500 nm excitation of Pe·+ produced electrochemically in acetonitrile/
Bu4NPF6 and negative stationary absorption spectrum (Top). Evolution-
associated difference absorption spectra (EADS) and corresponding 
time constants obtained from a global analysis of the transient ab-
sorption data assuming a series of two successive exponential steps, 
A→B→ (Bottom). A can be assigned to Pe·+ in the D1 state and B to the 
vibrationally hot D0 state.
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electrochemical generation of radical ions.[26]

Finally, MPTZ·+, prepared by oxidation with iodine, was also 
reported to emit in the visible, with a maximum at 600 nm.[27] 
As the lowest-energy absorption band of this cation is around 
830 nm, this emission should also originate from an upper excited 
state. This is somewhat consistent with the reported fluorescence 
quantum yield of only 3·10–4, pointing to an efficient non-radia-
tive decay of the excited state. Transient absorption measurements 
performed upon D

n>1
←D

0
 excitation of MPTZ·+ in concentrated 

sulfuric acid indeed reveal that the ground state is rapidly repopu-
lated with a 26 ps time constant.[12] Whereas the transient spectra 
show clearly the bleach of the intense D

n>1
←D

0
 absorption band 

at 510 nm, they do not exhibit any spectral feature that could be 
associated with the corresponding D

n>1
→D

0
 stimulated emission. 

Based on this, one can conclude that internal conversion from 
the photo-populated D

n>1
 state to the D

1
 state occurs within the 

200 fs instrument response function of the setup, as expected, and 
that the 26 ps time constant corresponds to the D

1
→D

0
 internal 

conversion. Therefore, the weak 600 nm emission most probably 
originates from another species than MPTZ·+.

5. Relevance of these Results
All the open-shell ions investigated so far in our group are 

characterised by a very short excited-state lifetime ranging from 
a few hundreds of fs to less than 30 ps. These results are con-
sistent with other studies of radical cations[28] and anions[22,29] 
performed with sufficient time resolution. The radical anions 
of naphthalene diimides and perylene mono- and diimides as 
well as the radical cation of peri-xanthenoxanthene are excep-
tional with an excited-state lifetime between 100 and 500 ps in 

solution.[22,28e,30] To the best of our knowledge, the other longer 
lifetimes in liquids have been determined either indirectly, or 
from measurements with insufficient time resolution, or from 
time-resolved fluorescence, which, as discussed above, could 
originate from other species. These ultrafast excited-state dy-
namics of radical ions most probably stem from their flexibility, 
that increases first by going from the neutral to the ionic form, 
and second upon optical excitation. This, together with the small 
D

1
-D

0
 gap at the D

0
 equilibrium geometry, should favour the ex-

istence of a relatively large number of D
1
/D

0
 CIs, among which 

at least one can be efficiently accessed from the Franck-Condon 
region of the D

1
 state at room temperature. 

These short lifetimes are clearly detrimental for the appli-
cations of excited ions as super-redox agents. For example, 
efficient quenching of an excited ion with a 10 ps lifetime re-
quires the charge-transfer process to have an intrinsic rate con-
stant above 1011 s–1 and a quencher concentration large enough, 
typically >0.5 M, to ensure diffusive encounter while the ion 
is excited. Given the 200–300 fs excited state lifetime of the 
p-phenylenediamine cations,[8c] one can wonder whether the ox-
idation of benzyl alcohol to benzaldehyde reported by Moutet 
and Reverdy occurs via an electron transfer with N,N,N',N'-
tetraphenyl-p-phenylenediamine in the D

1
 state as proposed,[2] 

or rather involves a reaction with a longer-lived side product.
These ultrashort lifetimes make the detection of excited ions 

as products of highly exergonic ET reactions problematic. For 
example, TMPD is a very strong donor and consequently its 
radical cation can be expected to be populated in the D

1
 state 

upon photoinduced ET with a strong electron acceptor like e.g. 
tetracyanoanthracene (TCA, Fig. 9). If the bimolecular ET reac-
tion after excitation of TCA yields TMPD·+*, its detection in a 
transient absorption experiment is extremely challenging, to say 
the least, given the D

1
 state lifetime of less than 300 fs. Detection 

of TMPD·+* using time-resolved fluorescence might be a better 
approach but requires extreme caution to ensure that the emission 
indeed arises from this species. Fig. 9 indicates that bimolecular 
ET could also yield TCA·¯ in the D

1
 state. However, we recently 

found that the excited-state of TCA·¯ is short lived as well and 
that its radiative decay should take place in the near IR.[31]

Lacking unambiguous detection of the excited ions, our obser-
vation of an asymmetric distribution of the energy dissipated in 
the donor and the acceptor upon highly exergonic ET remains the 
best evidence of the involvement of excited ions.[32]

Fig. 9. Energy-level scheme pertaining to the photoinduced electron 
transfer between tetracyanoanthracene and TMPD. Electron transfer to 
the ion pair in the electronic ground state (ET) is highly exergonic and 
should be in the Marcus inverted region. Electron transfer to the excited 
ions (ET*) is less exergonic and should be faster.

Fig. 8. Transient absorption spectra recorded at various time delays after 
500 nm excitation of TTF·+ produced electrochemically in acetonitrile 
and negative stationary absorption spectrum (Top). Evolution-associated 
difference absorption spectra (EADS) and corresponding time constants 
obtained from a global analysis of the transient absorption data assum-
ing a series of three successive exponential steps, A→B→C→ (Bottom). 
A can be assigned to TTF·+ in the D1 state, and B and C to the vibra-
tionally hot D0 state. Some contribution of the D1 state to EADS B arising 
from non-exponential dynamics cannot be excluded.
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