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The elementary steps of an electron photodetachment triggered by the UV excitation of pure liquid dimethy!
sulfide, (CH).S, have been investigated by femtosecond absorption IBVspectroscopy at 294 K. The
buildup of a long-lived UV band centered around 420 nm (3.26 eV) is observed at the sub-picosecond time
scale. This spectral band is assigned to a radical anionJCHCH;") characterized by a sulfuisulfur
bond with an antibonded third electron (2c, 3e). A very short-lived electronic state, whose rise time equals
180+ 10 fs, exhibits a spectral overlap with this UV radical. The frequency and time dependences of induced
absorption signals are analyzed in the framework of a kinetic model for which an early electron transfer
yields an ultrashort-lived anion radicdlIRSR }rsr or {RSR*® *.RSR, R = CHs). The decay rate of this

UV state (1 = 3.7 x 102 s7Y) is rationalized by postulating an ultrafast femolecule reaction and the
picosecond formation of a disulfide radical anion SH SCH;™) characterized by aizlo* bond. A second
electron-transfer channel leading to a delayed formation of a disulfide anion radicalSR$ has been
identified by time-resolved IR spectroscopy. These femtosecond investigations argue for an ultrafast formation
of a sulfur—sulfur bond with C-S bonds breaking. Itis suggested that the density-state fluctuations of organic
sulfur molecules influence the energy of early electrtinoether couplings (electron attachment or localization)
and would govern competitive branchings between ultrafast electron photodetachment channels.

1. Introduction An intriguing case concerns the formation of radical ions in
] ) . a liquid thioether, dimethyl sulfide (DMSY¥,whose electronic

Charge-transfer processes involving organic sulfurcompoundsspectrum peaks in the UY.This organic sulfide ((CH).S),
are of particular interest in biology and chemistry because represents an important compound in the global sulfur &y
transient sulfide radical ions can alter or protect the functional 5nq exhibits different coupling modes with an excess electron.
properties of enzymatic complexes or proteind. During the Pulse radiolysis experiments of liquid DMS performed at room
past decade, the photochemistry of sulfur-containing m°|ECU|eStemperature have emphasized that both the solvated electron
has received considerable attention. Research works are mainlyng a secondary anion (RSSRR = CHs) are simultaneously
devoted to the stabilization of charged sulfides in dilute glass jqentified by their nanosecond spectfaSubnanosecond spec-
matrixes, the creation of Rydberg series, and state-selected i°n$roscopic investigations of pure liquid DMS emphasize that the
in the gas phase by resonantly enhanced multiphoton ioniZation. v secondary anion (RSSRand the IR solvated electron are
Photoexcited organic sulfides undergo different responses whichtotally achieved in less than 60 ps.These radiolysis studies
can lead to bond scissions or ionization channels. The primary argue for the existence of an ultrashort-lived common precursor
processes triggered by a UV excitation of liquid organic sulfides (a negative adduct) whose behavior would be dependent on a
correspond to SS or C-S bond scissions and yield multiple  competition between an autoionization process (electron sol-
radicals such as methyl thiyl radical (g81 (A)) or thioform- vation) and an iormolecule reaction (secondary anionic sulfur

aldehyde (CHS' (X)).*"** These bond breakings can compete ragdical). Eq 1 summarizes these two hypothetical electron-
with ultrafast electron photodetachment processes. Indeed, theransfer processes in liquid DMS.

ionization process can induce a complex radical chemistry

including either an electron solvationg¢g) or an electron pulse

attachment on sulfur molecules with the formation of disulfide (cH,),s; Tadiolysis 4 ansient states
anion or cation radicals [$S] +.2 These radicals characterized . Q)rimary radical ion®
by three-electron bonds (2c, 3ecan be produced by ion autoionization,
molecule reaction&13® As other radical ions (dihalogen anion t=80ps
radical for instance), they play a significant role in chemistrp.

electron solvation

ion—molecule reaction . .
— sulfur radical ions 0}
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absorption appearing with a time constant 0k8.0'2 s1 is Energy
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The contribution of a long-lived UV band peaking around
2.95 eV argues for the formation of a sulftsulfur radical anion ) — So CHESLHS ) o
(RSISR ) 22 The energy of this S bond characterized by G0 e e ere & branching between
an electronic @/10* configuration is about[ ha]f of a “0"""?" an elec)tlron solvation pzrocess and the formation of primary sglfur radical
two-electron bond. The low-energy bonding is due to a slight ,nions (anion 1, anion II).
repulsion between two sulfur atoms and involves the effect of

two bonding and one antibonding electrons. Disulfide radicals |R. The details of the spectroscopic procedures within a large

with a three-electron bond (2c, 3e bond) exhibit an absorption spectral range (26 0667500 cnl) have been published in

UV band peaking around 420 nth!326 Such a band isdue to  recent paperd’ Data acquisition is through custom software

a transition between the uppermost doubly occupied orbital, written in Fortran and €. Each data point represents the

which represents the energy level disturbed by a nonbonding-  average of 2000 laser shots, and a time-resolved curve is defined

sulfur electron and the singly occupied energy level’®> An by typically 100 points.

energy difference o — n7}/b,(c*) of about 2.5 eV corre- DMS is obtained from Aldrich as 99.99% grade. Its ultimate

sponds to an optical transition band centered around 3.5 eV. purification over sodium and transfer distillation under vacuum
The aim of the present work is to investigate one aspect of into the experimental cell has been previously describéd.

the time dependence of early electron-transfer branchings in pureThe optical density of the cell at the pump wavelength (310

liquid DMS. To extend our knowledge of multiple elementary nm) equals 0.034 at 294 K. The experiments were performed

charge-transfer processes, we should address two importantn a continuously vibrating fixed volume Suprasil cell equipped

questions: (i) Does a transient UV signal characterize a with an expansion volume+2 mL) so that each amplified laser

precursor of an anionic radical with a two-center, three-electron pulse excites a new region of the sample.

sulfur—sulfur bond [R®] SR™]? and (ii) does this transient state

represent a common precursor for competitive electron solvation3. Results and Discussion

and electron attachment? We will mainly focus our attention

on the elementary steps that can govern the formation OfaZC’RadicaIs. The UV excitation of neat liquid DMS with

3e bond within the same temporal regime as an excess electror}emtosecond 310 nm pulses (4 eV) has been performed outside

solvation process. Sup-pmosecond uv/ IR. SpeCtrOSCOp'? WorkSthe long-wavelength absorption edge of the DMS absorption
have been performed in order to determine whether different . T
band centered at 210 nm. The electronic transition linked to

electron-transfer trajectories governed by density-state fluctua-the lowest energy tail of the UV absorption band of liquid DMS

tions of liquid DMS can favor fast or dglayed formaupn of exhibits a 4s— 3p characte?. Although the ionization potential
sulfur—sulfur radical anions. These studies are essential fora ~; .~ : L R
of liquid DMS is unknown, it is lower than the ionization

detailed understanding of radical ion reactivity that will allow potential (8.65 eV) in the gas phad&® Preliminary femto-
one to predict and control the chemistry of sulfur intermediates. o o
second spectroscopic investigations have shown that the pho-

toexcitation of neat liqguid DMS with intense UV pulses]0'°
W cm~2) leads to an efficient electron photodetachment within
Spectroscopic investigations of ultrafast electron transfer in the first 500 fs after the energy deposit#nDue to the high-
neat liquid DMS are performed by using a punrprobe energy power of the UV pulses, a two-photon ionization process
configuration with tunable test wavelengths in the UV and near with UV femtosecond pulses has been previously observed in
IR (3.26-0.93 eV). Femtosecond pulses centered at 620 nm polar solutions and nonpolar liquid®. In the present work, if
and as short as 780 fs are generated by a passively mode- the femtosecond photoionization of (@k5 molecules is
locked CW dye ring laser (CPM). After amplification, the induced by a two-photon absorption process, the energy
compression of beams allows output pulses of energy abovedeposition would correspond to 8 eV (Figure 1). To limit the
1072 J and typically of 86-90 fs duration. One part of the  contribution of a higher nonlinear process, the intensity of the
compressed pulses at 620 nm is focused on a KDP crystal forpump pulse is limited to the energy range-5/J. The energy
the generation of a second harmonic pump pulse7(gJ at level of 8 eV (2x 4 eV) being higher than the supposed vertical
310 nm, 4 eV), and the other part, on a cell of heavy water (2 ionization threshold or the measured photolysis threshold (195
cm path length) for the continuum generation (probe beam). nm, 6.35 eV), the excited DMS molecules should be ionized
After focalization of the UV pump, the power density equals and/or dissociatetf. The fact that a DMS sample exhibits a
(6—7) x 109 W cm 2 in the sample. The test wavelengths very small absorption at 310 nm (OB 0.017 forl = 1 mm)
selected in the UV (3.662.5 eV) and IR ranges (0.93 eV) does not permit the exclusion of the contribution of a one-photon
permit the investigation of transient absorption signals, taking excitation process with a vertical transition of 4 eV. Regarding
into account the frequency dependence of the instrumentalthe very small transient UV signal obtained following the
response and several nonlinear optical phenomena (groupfemtosecond UV excitatiort & 500 fs), it is very difficult to
velocity dispersion, refractive index effect). The zero-time delay determine the respective contributions of the mono- and
is obtained with a time resolution of 20 fs in the UV and biphotonic absorption processes because the early branching

3.1. Femtosecond UV Spectroscopy of Primary Anionic

2. Experimental Section
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chas ona a ST(1) = (R® {1,"® I;})(7) ()
2.85 eV
Amax; 0.025 The propagation of a pump beam along thaxis in the
thioether DMS sample is dependent on the transitiorr n;
triggered by one- or two-photon interactioHs:
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Figure 2. Short-time dependence of induced absorption signals at 3.26 1 1 1
and 2.95 eV following the femtosecond UV excitation of pure dimethyl t'=t —ZI\, Z=27" —=——-=
sulfide at 294 K. The transient signal observed at 3.26 eV (380 nm) A vp o
represents the contribution of a very short-lived primary radical anion
whose deactivation ratef) equals 3.3x 102 s™*. At 2.95 eV (420 The induced absorption signal triggered by the pump and

nm)_, the incomplete_recovery of thg tran_sient absorption signal is measured by the probe beam is expressed by the following
assigned to a long-lived radical anion with a sutfsulfur bond equation:

(CHsSOSCH;). Part ¢ of the figure represents the computed time

dependence of a primary (anion |) and secondary radical anion (anion . '

II). These elementary electron transfers are achieved in less tixan 2 my —1 X px rary T 1

12)12 Sﬁl. y D(t ) /2 Z'=0 ﬂ (wP!wT) IP Z ,t + IT(Z' 1t )+

zZ't+—
A

[

—n|z't'+=—||| dz' ()
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ratio between multiple primary photochemical processes cannot ZUij (wT)(ni
be directly measured. The time dependence of two photoin- =
duced U\_/ absorphon data Obta"_]ed a_t 3.26 and 2.95 eV_ 'S The elementary steps of an electron attachment occurring
reported in Figure 2. These transient signals are characterized;qm excited DMS molecules are described by a two-state model
by a very small amplitudeXop ~ 0.0056-0.025) and the  (Figure 1, eq 8) and two differential equations (egs 9, 10). The
presence of an ultrashort-lived component whose relaxation istwo-state model considers an ultrafast electron photodetachment
totally achieved in less than 2 ps. Moreover, the contribution and a subsequent electron attachment on adjacent organic
of a long-lived electronic state is also observed within the molecules. This channel would lead to the a primary ion radical
spectral range 3.262.48 eV (Figure 3). The photoinduced (anion I). The second step yields a long-lived anion (anion
absorption signals are analyzed with a numerical model which I1).
considers the time or frequency dependence of early photo-

. hv (310 nm)
physical steps.

Texc TeT .

Femtosecond Kinetic Model of Transient Electronic States. (CHy),Syq {(CHy),S}y — anion I~
For a given probe wavelengthy, the time dependence of an {e ...(CH,),S}q (8)
induced absorption sign&”T(zr) is expressed by the physical
response R’ of the sample and the normalized correlation
function between the excitation pulse)(and the probe beam  {€ ...(CHy), S},
(I) separated by a time delay This correlation function is anion I~ { CH,SSCH},, + 2CH,
dependent on the pumijiest pulse duration, the propagation .
of the pump-probe pulses, and the overall optical broadening  These two elementary electron-transfer steps (primary anion
factor due to the group velocity dispersion within the DMS formation and anion stabilization) are expressed by differential
sample (eq 3). equations:

ion—molecule reaction
Tim
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Figure 3. (a) Set of experimental UV spectroscopic curves following the UV femtosecond excitation of liquid DMS at 294 K. (b) Calculated
optical absorption of a secondary suHtgulfur radical [CHSO SCHs] . The relative spectral contributions of anionic and cationic sulfur radicals
(CH3SCH;~, CHsSCHs™, CHsSO SCH;™) are shown in part ¢ of the figure.

Ultrafast electron photodetachment and formation of a dependence of adjusted parameters linked to short- and long-
primary anion{anion }: lived components. The time dependence of the measured
absorption signaB’T(z) can be defined by expression 11.

t
Qn )= nRSR*() _ Nanion (1) ) o
ot aniont Ter Tim S(r) = Z{ai‘” ffm nt—7) ® CorP“T(t) dt}  (11)
I
Ultrafast anior-molecule reaction and formation of a sec-
ondary anion{anion If}: Corr*P«T is the correlation function between the excitation and
test beamg’
9 Narion (1) The best computed fits of UV signals (3:28.82 eV) are

(10) obtained with a linear combination of two spectral contributions

(egs 12, 13). The relative contributions of transient radical
As shown in Figure 1, the transient UV state (anion I) would anioqs_ are determined from n_orma_lized abso_rption signals. The

correspond to an intermediate step of an anionic radical SOefficientsai”T, az*T are defined in expression 13:

stabilization (anion II). One of the key points we have oT oT oT

investigated at different temporal windows (2, 4, and 6 ps) AA"(7) = AR 4hion(7) + AA™ oni(D)  (12)

concerns the time dependence of the UV transient contribution

(teT, im). From best computed fits, we can extract the energy with

ﬁnanion Il(t) = T
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AA”T(7) = o, [anion 1)(z) + o, [anion I1](z) (13) calculations on anionic sulfur radicals in solutici8, the
position of our calculated UV band (420 nm) at= +2 ps
These expressions take into account the time dependence ofrgues for an early existence of a sutfisulfur anionic radical
the transient sulfur anionic radicals. At a given probe wave- (CHsSLSCHs™) characterized by an electronio/2o* config-
length, the adjusted parameters’;, 0T, represent the relative ~ uration (2c, 3e bond). Moreover, the localization of this early
spectral contribution of anion | and anion II, respectively. When UV band agrees with pulse radiolysis experiments on pure liquid

the computed analyses are performed from normalized signalsPMS?* or organic sulfur solutiorf$”? and for which a sub-
(S"Thof7)), expression 11 becomes nanosecond UV band peaking at 420 nm has been assigned to

the disulfur radical anion (anion Il or RSSR In the present
S’ ol?) = Zain ni(f)/zai“ni(fsma ) (14) work, the calculated spectrum of the sulfwgulfur anionic
T T radical is in agreement with femtosecond spectroscopic inves-
tigations using an optical multichannel analyzer (OMA 1V)
The normalization factors used in expression 14 require that equipped with a cooled CCD detectdr.
Yot = 1 . o The sub-picosecond identification of an UV anion radical
To maintain the consistency of our kinetic model, two emphasizes that the femtosecond excitation of pure DMS
adjusted temporal parameters+, z1) have been analyzed for initiates ultrafast electron transfers. Femtosecond UV and IR
different temporal windows (2, 4, 6 ps) and probe wavelengths spectroscopic investigations of electronic dynamics in pure
(380-500 nm, i.e., 3.262.48 eV). From computed analysis |iquid DMS allow us to identify two well-defined ultrafast
of normalized experimental curves, it is possible to determine gjectron-transfer processes which are totally achieved within 2
(i) the dynamics of the two electronic states (Anion I, Anion , 1012 51 (Figures 3, 4). The existence of an ultrafast
I1) and (i) the spectral contribution of sulfur anion radicals.  photoionization channel triggered by femtosecond UV excitation
Spectral Identification of Primary Anionic Sulfur Radicals. of liquid DMS has been established by IR spectrosédpypd
At 3.26 and 2.95 eV (360 and 420 nm) the best computed fits is confirmed by visible spectroscopic data (Figure 3). For the
of induced UV absorption data yield a rise time) of 180+ first time, the signature of a highly reactive cation (R$Ras
10 fs (Figure 2). Compared to the instrumental response, this peen identified in the red spectral region. The “instantaneous”
ultrashort-lived UV component does not correspond to an rise of this excited sulfur cation occurs within the purgyobe
instantaneous signal rise time and cannot be assigned to a directorrelation function, and its deactivation rate equals 11012
formation of excited DMS molecules or photoproducts triggered -1 gt 294 K33 The photoionization channel involves also an
by a vertical transition within a BorrOppenheimer approxima-  electron solvation process whose time constant equalst120
tion. The numerical analysis of this transient UV signal yields 20 fs at 0.93 eV (eq 17). This IR solvated electron exhibits a
a monoexponential relaxation whose time constantequals high mobility coefficient and an efficient coupling with aromatic

At this stage of the analysis, we explored whether the
relaxation of this transient UV state leads to the formation of a hw

long-lived sulfur-sulfur radical anion (eq 8). The main results (CH,),S, Tion < 501

are reported in Figures 2 and 3. At 3.26 eV (380 nm), the 2=l o !

spectral contribution of a long-lived component remains neg- Iocahzra on ‘1‘28 fssolvatlon

ligible and represents less than 0.1% of the transient UV signal. (CHS)ZSiq+1 {e} & (17)
Scanning with the femtosecond test wavelength, the frequency

dependence of the incomplete UV signal recovery was deter- On the other hand, regarding the femtosecond UV spectro-
mined. A contribution of a long-lived electronic state can be scopic data (egs 8, 12, 13), we tentatively conclude the existence
observed between 380 and 500 nm (Figure 3a, b, or c). Theof an ultrafast electron-transfer trajectory in which a very short-
time and wavelength dependence of incomplete UV signal lived intermediate (anion I) represents a direct precursor of the
recovery are well featured by the two-state model for which |ong-lived sulfur-sulfur radical anion (anion Il). The decay
two electronic states are considered (anions.l, The computed of this primary anion has been analyzed in the framework of
time dependence of these anion sulfur radicals is reported inan ultrafast ior-molecule process. The high deactivation rate
Figure 2c. According to eqs-8L0, the sub-picosecond signature of eq 8 (3.7x 102 s7%) suggests an efficient p orbital overlap
of the secondary anionic radical (anion 1l) is largely governed between two interacting sulfur atoms and a high cross section
by the relaxation rate of the primary anion (anion I). Conse- for the interaction of the unbound electrart @ntibonded third
quently, the time dependence of this secondary radical is definedelectron) with a newly establishedsulfur—sulfur bond. The

by the following expression: time-resolved results reported in the lower part of Figure 4
permit a comparison between the IR electron localization

anion lIt) = A 1-1/(z,y, — tep)lT)y XPETY) — dynamics and the UV disulfide anion radical formation. These
Ter exptire)]} (15) two electron-transfer trajectories occur at the sub-picosecond

time scale, but the electron solvation process is achieved before
For a time delay defined between 0 an#l2 ps, the spectrum  the ion—molecule reaction. The measured time delay of about
buildup of the long-lived sulfur radical (anion II) is expressed 800 fs can be indicative of a specific molecular response of

by the relation DMS molecules following a charge redistribution within the
newly formed disulfide anion radical (anion Il). This molecular
ST nion 1®) = 0T anion 1Nanion 17) (16)  response would involve a-€S bond breaking (methyl abstrac-

tion) and an intramolecular stabilization of the three-electron
Under our experimental conditions, an UV band centered bond. This time delay is not observed when the UV disulfide
around 2.95 eV (Figure 3) is fully developed in less than 2 ps anion radical is initiated by a direct electron attachment of a
after the energy deposition (Figure 2). The lower part of Figure p-like state on a SS bond3?
2 shows the absolute time dependence of two electronic states 3.2. UV/IR Spectroscopy of a Delayed Electron Attach-
which contribute to UV signals. Considering previous quantum ment. Femtosecond IR and UV spectroscopy of liquid DMS
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CH3 S CHa a C(xt) = (C%2v/Dtn) erf(x/2v/DT) (20)
s Pump: 2 x 4 eV 0.932 eV The time dependence of the IR solvated electrons fg7gl
T 08¢ {1330 nm) is expressed by the differential equation
E > 0 Nersrdt) 9 it
g 041 3.26 eV esor- () = — @ng (O erfA/—] (21)
S at Ty at t
z 02} (380 nm)
0 . - In this equationzgiir represents the time dependence of a finite
1D electron transfergp the fraction of IR solvated electrons
1000 800 0O 500 1000 1500 2000 involved in a unidirectional diffusion process, angh the
TIME / fs solvation time of an excess electron in liquid DMS. The best
computed fits of IR spectroscopic data obtained between 2 and
Y Kinetic model e Js0l b 100 ps are reported in Figure§ 4 and 5. The frequ?n(z)igif()./
s R = of the 1D electron-transfer trajectory equals 0:5620'1 s™1 at
2 """ {Anion I} 294 K, and the fraction of electron ground stag§ (inked to
Los | i <—| RSSR- this process equals 0.67 0.03 (Figure 5). It is interesting to
.g ) underline that the extrapolation of this IR analysis to the sub-
8 06 * %, lon-molecule reaction nanosecond regime (G=2.5 ns) permits us to estimate the time
T o4l . dependence of IR solvated electrons in DMS. Figure 5 predicts
Z‘g . the contribution of an early signal decay%0%) within the
2ol v, (Anionl} first 500 ps after the energy deposition. At longer time, a
© ) RSR- monotonic influence of the 1D diffusion process is more likely.
1555 T 000 In agreement with previous pulse radiolysis wotkihe ground
TIME /fs state of photodetached electrons would exhibit a detectable sub-

i 4 Time d g f b lectron-ransfer traiectofi nanosecond IR signature. However, the long-lived contribution
lgure 2. Time depencence of two electron-transier Wajectones ¢ oy ated electrons in DMS would represent less than 40%

following the femtosecond UV photoionization of neat liquid $3€H; L .

at 294 K. The smooth lines represent the best computed fits of Uy Of the initial level of photodetached electrons. The analysis of

and IR spectroscopic data. The IR signal rise time at 0.932 eV occurs QV signal dynamics is reported in Figure 6. Computed fits of

with a characteristic time constant of 120 20 fs. This electronic time-resolved IR and UV data suggest the existence of a

dynamics is assigned to an electron solvation process)(éPart b of picosecond 1D electron-transfer channel yielding a second UV
the figure compares the dynamics of two electron-transfer processes:anjonic sulfide radical (egs 18, 21, 22).
an IR electron solvation and a direct electron attachment org)¢SH

molecules (egs 8, 17).
2 . tg) = on (t)(g erf Td_|ff) _ ntransient stalG)
permits us to push ahead the understanding of ultrafast electron- atn"ans'em sta Pllesor- 1\ 5¢ V « T

rel

transfer branchings in liquid organic sulfurs. The results (22)
reported in Figures 5 and 6 show that the infrared absorption
signal assigned to fully relaxed electrons exhibits a nonexpo- 9 — Nyansien stafd)

. . ) L : NicH sscrg—'(t) (23)
nential decay. This dynamical behavior is assigned to the ot s rel

reactivity of an electron ground state with thioether molecules.
From the photophysical point of view, we should wonder In this photochemical channel, the 1D limiting step would
whether this electron transfer corresponds to a slow electroncorrespond to an electron ground-state transfer characterized by
attachment on DMS molecules with the delayed formation of the time constantgs (delayed electron attachment on DMS
sulfur anion radicals. Equation 18 reports the early electron- configurations). The time dependence of the transient state (eq
transfer steps considered at the picosecond time scale: 22) is controlled by a slow 1D step and an ultrafast reorganiza-
tion of the thioether molecules in order to favor the stabilization
of anionic sulfur radicals (ultrafast iermolecule reaction).
Consequently, the time dependence of the UV signature of
1D diffusion step radical relaxation S-S5 I.S expressed by eq. 23, In whiche represer.]ts the
Tyt ) T dynamics of an ultrafast iehmolecule process. Figure 6
{transient stafe demonstrates that the signal rise time observed at 2.95 eV (420
(CH,SSCHy),,~ (18) nm) is well-defined by the differential equations (21, 22). In
this kinetic modelzqir (19 ps) is determined by IR spectroscopy
(Figure 5) and M is equivalent to My (3.7 x 102 s71).
The UV signal rise time analysis is performed within a spectral
range for which the contribution of a sulfasulfur radical anion
(CHsSOSCH;™) with a 20/1lo* bond radical is maximum
(Figures 3, 6). The picosecond spectral signature observed at
2.95 eV is attributed to a diffusion-controlled formation of the
2 S-S radical from the IR ground state of the solvated electron
9 xt) = Da_c (19) (eq 18). This reasonable conclusion is maintained from
ot ax convergent UV/IR spectroscopy of transient and stabilized
electronic states in DMS (eq 18). The computed IR dynamics
The analytic solution of a unidirectional diffusion model is emphasize that an early relaxation is mainly governed by a 1D
given by the expression diffusional process of the solvated ground state (Figure 5). This

hv Tsol —
(CHy),Siq — (CH3),S*ig —{€ }sa

{ei} sol

The high mobility of localized electrons in thioether DMS
would favor efficient scattering events through a density-state
fluctuations profile. The computed analysis of IR signals
considers a diffusive 1D trajectory. The differential equation
of this isotropic process is given from the second Fick law:
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Figure 7. Scheme of primary electron-transfer trajectories triggered
Figure 5. Sub-nanosecond electron-transfer dynamics in neat liquid by an UV photoexcitation of DMS molecules. The first ultrafast channel
(CHs)2S at 294 K. This delayed electron-transfer process involves 67% implies a direct electron attachment on thioether molecules (monomer
of an initial population of relaxed electrons (ground state of solvated or dimer configurations). A very short-lived UV intermediate is assigned

electron) and yields a second population of disulfur radical anions. For
explanations see eqs 183.
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to a primary radical anion (anion I). This state involves ar-iomlecule
reaction and the sub-picosecond formation of an anionic radical with
a two-center, three-electron sulfusulfur bond (anion II:
[CH3SOSCH;] ). The second trajectory corresponds to an electron
detachment and a subsequent electron solvation process. A significant
fraction of this channel~ 67%) is followed by a diffusive 1D electron
attachment and yields a second formation channel of anlpiR =

CHs. The time dependence of these elementary charge transfers has
been investigated by UV and IR spectroscopy (Figure§)4

One of the key points of this work concerns the UV identifica-
tion of a very short-lived precursor of a$% three-electron-
bonded radical anion [C}$00 SCH;"]. From the energy point

of view, the identification of the UV state in less than 300 fs
cannot be considered as a direct precursor of IR solvated
electrons. The deactivation rate of this UV state (2.720%

s 1) is rather rationalized by postulating ultrafast iemolecule
reactions and the disulfide anion radical formation [R&R]

TIME/pe in less than 2 ps. The ultrafast formation of a S®nd (2/
00035 10* bond) whose strength is in the range-4120 kJ/mol° raises
(e)sol ——---> {RSR-} -——>RSSR-() a fundamental question about the eigenstate of an unpaired

0003 ¢

13 ps

0.0025 Transient state
294K
0.002

0.0015

0.001

ELectronic population {RSR-}'

0.0005| i

electron within short-lived primary anions. The transient anion
radical (anion I) can be understood either as a direct electron
attachment on a monomer (RSRor as a more complicated
resonance coupling with preexisting sulfur complexes
(RSR-® *.RSR). Does this electron correspond to an s-like
or p-like orbital? If the transient precursor of @51 SCH;™

is equivalent to an anionic monomer, its deactivation frequency

c would involve a significant reorganization of surrounding
0 o { , molecules. The ultrafast stabilization of a disulfide radical anion
o 10 30 50 70 80 110 raises the role of complex electronic and molecular processes
TIME / ps linked to the internuclear distance of the S atom, the favorable

Figure 6. Time-resolved spectroscopy of a delayed electron-transfer
process in liquid (Ch),S (a, b). This charge transfer corresponds to a
second formation channel of a sulfusulfur radical anion
[CH3SOSCH;] . A transient state of this delayed electron attachment
process (eq 18) would exhibit a maximum around 13 ps (c).

dynamics agrees with the UV signal rise time due to a second
RSSR radical formation pathway noted RSSRin Figure 6.
The calculated dynamics of the transient state involved in this
delayed electron attachment (an unstable anionic sulfur radical
RSR () shows a contribution maxima around 13 ps. The very
low concentration of this transient state cannot be directly
discriminated by femtosecond UV spectroscopy.

4. General Discussion and Conclusions

The femtosecond UVIR spectroscopy of liquid DMS
provides direct evidence of ultrafast electron transfers (Figure
7) whose fully relaxed states have been previously obsépvéd.

angular orientation of the interacting p orbitals for an efficient
orbital overlap, the participation of a directed orbital (p orbital)
or undirected orbital (s orbital) of the third electron, an efficient
concerted SC bond breaking (demethylation process), and a
solvent relaxation around the newly established radical anion.
The femtosecond investigations of €3] SCH;~ do not permit
obtaining good accuracy of the optical absorption maxima
position. However, the computed UV band centered around
420 nm (2.95 eV) seems slightly red-shifted by comparison with

'the sub-microsecond band peaking at 407 nm (3.052&V).

Regarding the time dependence of this UV band, we should
wonder whether (i) this initial red-shift{0.095 eV) means an
incomplete relaxation of the secondary radical anion and (ii) a
long time solvent contribution assists the stabilization of the
sulfur—sulfur bond with an antibonded third electron.

An important point raised by this study is that the formation
dynamics of a disulfide radical anion [RISR™] with a o*
antibonded third electron is slower than the electron solvation
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process. The formation of an excess electron by ionization leads  (4) Adam, F. C.; Smith, G. E.; Elliot, A. Xan. J. Chem197§ 56,
to an ultrafast IR solvation process in less than 1 ps at 294 K. 1856 N -
This solvation dynamics is faster than the electron hydration g, Jf%h“j?é?{g;%ggéghﬂgfhySl974 61, 274. Moran, S.; Ellison,
process but remains similar to an electron localization dynamics  (6) Steadman, J.; Baer, T. Chem. Phys198§ 89, 5507. Tokue, I.;
in a liquid hydrocarbo® Contrary to previous conclusions Hiraya, A.; Shobatake, KChem. Phys1989 130, 401.

raised from pulse radiolysis investigation of this thioetHet, a1 (7) Effenhauser, C. S.; Felder, P.; Huber, JORem. Phys1990,142,
the present work does not permit emphasizing the existence of '(8) Appling, J. R.: Harbol, M. R.: Edgington, R. Al. Chem. Phys
a common precursor (anionic monomer of DMS) whose ultrafast 1995 97, 4041.

relaxation would involve either an electron solvation or an-on (9) Thompson, S. D.; Carroll, D. G.; Watson, F.; O’'Donnell, M.;
molecule reaction (disulfide anion radical formation). The McGlynn, S. R J. Chem. Physl966 45, 1367.

identification of two ultrafast electron transfers suggests the (10) Callear, A. B.; Dickson, D. Rirans. Faraday Sad97Q 7, 1987.
. . . . P (11) Ohbayashi, K.; Akimoto, H.; Tanaka, Chem. Phys. Lettl977,
existence of a still earlier statistical energy partitioning due t0 5547, anastasi. C.; Broomfield, M. Nielsen, O. J.- PagsbercCiRem.

the density-state fluctuations of the liquid thioether. Therefore phys. Lett1991,182, 643.
we conclude that the electron solvation and the disulfide anion  (12) Asmus, K. D.; Bahnemann, D.; Fischer, C. H.; Veltwisch,JD.

i i i Am. Chem. S0d979,101, 5322. Chaudri, A. A.; Gbl, M.; Freyholdt, T.;
radical formation proceed through two independent electron Asmus, K. D.J. Am. Chem. Sod984.106 5988, Asmus. K. D. Irsulfur-

phthdetaChment processes. Fu'tther spectroscopic WorKS wouldentered Reacte Intermediates in Chemistry and Biologhatgilialoglu,
permit extending our understanding on quantum branchings of C., Asmus, K. D., Eds.; Plenum Press: New York, 1990; pp-1BR.

electron transfer and on the role of electronic and molecular ~ (13) Baird, N. C.J. Chem. Educl977 54, 291.
dynamics during the formation of sulfur-centered three-electron- _ _ (14) llies, A. J.; Livant, P.; McKee, M. LJ. Am. Chem. Sod 988

X 110, 7980.
bonded radicals [RSSR']. The electron ground states(g) (15) Clark, L. B.; Simpson, W. TJ. Chem. PhysL965 43, 3666; Clark,
exhibits a long-lived component in the nanosecond regime, but T. J. Am. Chem. Sod 988 10, 1672.

a non-negligible fractiong = 0.67 &+ 0.03) participates in the (16) Marignier, J. L.; Belloni, JJ. Phys. Chem1981, 85, 310.

picosecond stabilization of a disulfide anion radical. Within 90(}171)4é'|ynes, A.J.; Wine, P. H.; Semmes, D. H.Phys. Chem1986
the 10-100 ps after the Inltlal.energy deposition, th_IS S_IOW (18) Charlson, R. J.; Lovelock, J. E.; Andreae, M. O.; Warren, S. G.
electron-transfer mechanism is understood as a diffusive 1D natyre 1987 326, 655.
electron attachment on DMS molecules (eq 18) and yields an  (19) Keene, W. C.; Pszenny, A. A. P.; Jacob, D. J.; Duce, R. A;;
UV absorbing sulfur-sulfur radical anion with a@21¢* bond. S,allowa%, J. Né; slcéggé-zoﬁ%? J. J.; Sievering, H.; Boatman, GI&b.
- : g . . . iogeochem. Cyc 4, .

Highly time reSOh./ed spectroscopic Works are IN progress in (20) Bates, T. S.; Lamb, B. K.; Guenther, A.; Dignon, J.; Stoiber, R. E.
order_to assess the mfluence_ of early anisotropic e_IeetDW_IS J. Atmos. Chem1992 14, 337.
couplings during the formation of a disulfide radical anion. It (21) Butkovskaya, N. I.; LeBras, G. Phys. Cheml994 98, 2582.
would be fundamental to investigate the influence of an excess  (22) Schimeich, C.; Bobrowski, KJ. Phys. Cheml994 98, 12613.
electron eigenstate on the torsional potential functions of DMS 48§2?3|_) TYnda”a (Z-? E?\SShankagavBA- RFW; % Cgem-xj";;l%]éha
molecules and the nature of transient couplings between aniqgs gs aogp o e eniara, ALY, Shem
electron and the potential energy syrface of the methyl rotation  (24) Belloni, J.; Marignier, J. L.; Katsumura, Y.; Tabata, X.Phys.
monomers. In the gas phase, two inter@glrotors have been  Chem 1986 90, 4014.
observed* and the intramolecular interaction between the ] EZ? F?haUdlugesla'lYi; Tg;nmeret S.; Antonetti, A.; Belloni, J.; Marignier,

- : - . . L.J. Phys , .
methyl groups is normally slightly repulsive. The direct = 0 a1\ " h o iacic s Asmus, K. D.J. Am. Chem. S0d984
characterization of ultrashort-lived electronic states in liquid 106 5984,
DMS provides a further basis for the microscopic investigations  (27) Gauduel, Y.J. Mol. Lig. 1995 63, 1. Gauduel, Y.; Gelabert, H.;
of elementary sulfur radical reactions triggered by the oxidation As?gg)klémﬁh M.Chem. Phy51992 197, 167. Chem 1969 8
i i i 6-40 i ullen, W. R.; Frost, D. C.; Vroom, D. Anorg. Chem1 \
or the rgductlon of orggnlc Sulfldé§. T.he understanding 1803. Cradock, S.; Whiteford, R..Al. Chem. Soc., Faraday TranE972
of transient states that involve an interaction between an excess "»g1.
electron and DMS molecules represents a many-body problem. (29) Scott, J. D.; Causley, G. C.; Russel, B..RChem. Phys1973
The guantum aspect of an excess electron in molecular liquids59, 6577. _ )
is more and more captured by semiquantum molecular dynamics (30) Gauduel, Y.; Pommeret, S.; Yamada, N.; Migus, A.; Antonetti, A.
imulations or ab initio computatiorts. In the specific cases J. Am. Chem. S0d989 111, 4974,

simu p : . p . (31) Goeppert-Mayer, MAnn. Phys1931, 9, 273.
of uIt_ra_lfast electron attachment or solvation W|th_ sulfur- (32) Karmann, W.; Granzow, A.. Meissner, G.; Heinglein, Radiat.
containing molecules, the analysis of quantum branchings needsPhys. Chem1969 1, 395.

to consider the structure of sulfur atomic core orbitals for ground 83 gaU_du?I,RY.;ét_f?I- I'r\lﬂpggag]tion- D077 67. 2220 Duri
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