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Temporary Anion States and Dissociative Electron Attachment in Diphenyl Disulfide
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The temporary anion states of gas-phase diphenyl disulfide are characterized by means of electron transmission
(ET) and dissociative electron attachment (DEA) spectroscopies. The measured energies of vertical electron
attachment are compared to the virtual orbital energies of the neutral state molecule supplied by MP2 and
B3LYP calculations with the 6-31G* basis set. The calculated energies, scaled with empirical equations,
reproduce satisfactorily the attachment energies measured in the ET spectrum. The first anion state of diphenyl
disulfide is stable, thus escaping detection in ETS. The vertical and adiabatic electron affinities, evaluated
with B3LYP/6-31+G* calculations as the energy difference between the neutral and anion states, are predicted
to be 0.37 and 1.38 eV, respectively. The anion current displayed in the DEA spectrum has a sharp and
intense peak at zero energy, essentially due to g€ negative fragment. In agreement, according to the
calculations, the localization properties of the first anion state are strorgd/eitibonding, and the energetic
requirement for its dissociation along the-S bond is fulfilled even at zero energy.

Introduction states may serve as a model for the understanding of the

Because of its electronic properties, sulfur plays a major role réductive process in larger biological systems.
in a variety of metabolic processes and, more in general, in the Such studies are also important for a greater understanding
chemistry of life. In particular, SS bridges between cysteines of the processes occurring when thiols and disulfides are used
are present in the amino acid backbone of proteins. Disulfide for tethering organic molecules containing conjugatesystems
bonds are involved in conformational stability and biological to surfaces without too much perturbation of thassystems.
activity of proteins and in protein folding. The formation of For example, both benzenethiol and diphenyl disulfide have been
disulfide bonds is catalyzed by protein disulfide isomerases, used to bond benzene systems to silfapart of recent intense
which also display chaperone activitfeShe recently discovered  research activity aimed at the production of hybrid silieon
Hsp33 protein, which functions as a highly efficient molecular organic molecule nanoelectronics deviégs.

chaperone, protects bacterial cells ag,aénsg ox;:alatlfve stress, an Electron transmission spectroscopy (E1®) one of the most
!tst aCt“llat'OIn p(;.oc??j 'E ac&cs%mganf ¥dt elf_grmbatlo dn OF suitable means for detecting the formation of gas-phase tem-
Intramolecular disuflide bonaskeduction of disuliide bonds porary anion states. Because electron attachment is rapid with

|ds r:g\rﬁysetcé clhnnirTgrs]yhat\)/leO(i::;Ln;f:(!l t?ﬁ?iﬂ:ﬂ:&: Cm?éiﬁﬁgnrespect to nuclear motion, anions are formed with the equilib-
y q rium geometry of the neutral molecule. The impact energies at

of lysozyme evolves toward unfolded conformations upon .

; R . . . which electron attachment occurs are properly denoted as
reduction of disulfide bondSLight generates reducing equiva- vertical attachment energies (VAESs) and are the negative of the
lents that are used for the activity of chloroplast enzymes by tical elect finiti 9 Both the phvsical Y d th
reduction of regulatory disulfides via the ferredoxin:thioredoxin vertical electron afliniies. Bo € physical process an €

corresponding structures observed in the electranlecule

reductase systefn.Cellular redox status, which regulates - . ferred
fundamental cellular functions, is maintained by intracellular SCAMtering cross-section are referred to as resonances.

molecules, such as the small thermostable protein thioredoxin, Additional information can be supplied by dissociative
through a redox-active disulfide/dithiol coupiléProtein disulfur ~ €electron attachment spectroscopy (DEASyvhich measures
radical anions may decay following different paths through the yield of negative fragments, as a function of the impact
competing intra- and intermolecular routes, including bond electron energy. When suitable energetic conditions occur, the
cleavage, disproportionation, proteiprotein cross linking, and  decay of unstable molecular anions formed by resonance can
electron transfef.Mass spectrometry studies have shown that follow a dissociative channel, which generates negative frag-
capture of low-energy<0.2 eV) electrons by multiply proto-  ments and neutral radicals, in kinetic competition with simple
nated proteins is followed by dissociation of S bonds holding re-emission of the extra electron:
two peptide chains togethér.

The study of the electron-a_cceptor prope_rties of disglfides_in e—(E) FAX — AX * — A + X
the gas phase and characterization of their lowest-lying anion
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of the incident electron energy thus give insight into the nature
and efficiency of the dissociative channels of resonance
processes.

The ET spectrum of dimethyl disulfide displays the first
resonance at 1.04 eV, associated with vertical electron attach-
ment to the lowest unoccupied molecular orbital (LUMO) with
mainly o* (S—S) charactet® The DEA spectra show that this
resonance generates negative fragments due essentially to
dissociation of the SS bond, the abundance of fragments due Electron Energy (eV)
to dissociation of SC bonds being 3 orders of magnitude Figure 1. Derivative of transmitted current, as a function of the incident
smaller®* More recently, a Rydberg electron-transfer and gjectron energy, in dipheny! disulfide.
negative ion photoelectron spectroscopy stddydicated that

the geometrically relaxed ground anion state of the saturatedthe total energy of the neutral and the lowest anion state, both
disulfides RS-SR (R= methyl, ethyl, propyl) is slightly stable i, the optimized geometry of the neutral state, using the B3LYP
(0.1 eV); that s, the adiabatic electron affinity (AEA) is slightly  hyprid functional® with the standard 6-31G* and 6-3G* basis
positive. o o ) sets. The adiabatic electron affinity (AEA) was obtained as the
In diphenyl disulfide, mixing of the empty*s-s MO with energy difference between the neutral and the lowest anion state,
the benzener* MOs is expected to stabilize the lowest-lying  gach in its optimized geometry. Evaluation of the virtual orbital
anion state with respect to that of the saturated disulfides, thusenergies (VOESs) of the neutral molecule was performed at the

simulating more closely the electron-acceptor properties of the second-order many-body perturbation theory (MP2) and B3LYP
S—S bond in the positively charged proteins. However, it is |ayvels with the 6-31G* basis set.

not a priori obvious whether the ground anion state possesses
mainly 0*s-s Or ring 7* character. _ _ . Results and Discussion

In the present multidisciplinary approach, diphenyl disulfide
is ana|yzed by means of ET and DEA Spectroscopies and Electron Transmission Spectrum and Calculated VAEs.
theoretical calculations to characterize the energetics of electronThe ET spectrum of diphenyl disulfide in the-G eV energy
attachment and obtain insight into the dissociative decay 'ange is reported in Figure 1. Resonances are displayed at 0.63,
channels of the observed temporary anion states. B3LYP and2-3, 4.28, and 6.2 eV. The VAEs measured in the ET spectra
MP2 calculations are employed to describe the nature of the Of the reference molecules benzéngl.12 eV, z* ea; 4.82
singly occupied MO (SOMO) of the ground anion state, the €V,7* bzg) and dimethyl disulfid®® (1.04 eV,0*ss; 2.72 €V,
localization properties of the extra electron playing an important 0*s-c) indicate that in diphenyl disulfide electron capture into
role in determining the position of bond cleavage in the process the six empty ringz* MOs and three lowest-lying* MOs is

Deriv. Transm. Current

of anion dissociation. expected to occur at energies lower than 6 eV. Thus, a first
) _ qualitative analysis suggests that the signal centered at 4.28 eV
Experimental Section should arise from the unresolved contributions of both the two

Our electron transmission apparatus is in the format devised highest-lying benzeng* MOs, electron attachment to the two
by Sanche and Schdfzand has been previously descridéd.  o*s-c MOs is likely accounted for by the broad signal at 2.3
To enhance the visibility of the sharp resonance structures, theeV, and the signal at 0.63 eV should be associated with two or
impact energy of the electron beam is modulated with a small three (close in energyy* MOs (deriving from the benzeneg
ac voltage, and the derivative of the electron current transmitted LUMO). Finally, the ground anion state (stabilized bYs-¢/
through the gas sample is measured directly by a synchronoust* mixing) could possibly lie very close to zero energy (where
lock-in amplifier. Each resonance is characterized by a minimum it would be hidden by the intense electron beam signal) or be
and a maximum in the derivative signal. The energy of the Stable (thus not accessible in ETS). The feature centered at 6.2
midpoint between these features is assigned to the verticaleV is thus likely due to a core-excited resonance, that is, a two-
attachment energy (VAE). The present spectrum has beenparticle process where electron capture is accompanied by
obtained by using the apparatus in the “high-rejection” Mbde simultaneous excitation of a valence electron.
and is, therefore, related to the nearly total scattering cross- Within the Koopmans' theoreff(KT) approximation, VAEs
section. The electron beam resolution was about 50 meV are equal to the empty MO energies, just as the complementary
(fwhm). The energy scale was calibrated with reference to the IEs supplied by photoelectron spectroscopy are equal to the
(1s'289)2S anion state of He. The estimated accuracy@s05 negative of the energies of the filled MOs. The KT approxima-
or +0.1 eV, depending on the number of decimal digits reported. tion neglects correlation and relaxation effects, which tend to
The collision chamber of the ETS apparatus has been cancel out for the cations, but act in the same (stabilizing)
modified” to allow for ion extraction at 90with respect to the direction for the anions. The virtual orbital energies (VOES)
electron beam direction. lons are then accelerated and focusedtalculated at the Hartred~ock (HF) level for the neutral
toward the entrance of a quadrupole mass filter. Alternatively, molecules consistently overestimate the measured VAEs by
the total anion current can be collected and measured with aseveral eV.
picoammeter at the walls of the collision chamber (about 0.8  However, it was noticed that the trends of the VOEs obtained
cm from the electron beam). Measurements of the total anion with finite basis sets in molecules with similar structures parallel
current were obtained with an electron beam current about twicethe experimental trends. In particular, Chen and Galamd
as large as that used for the ET experiment. The energy spreadstaley and Strn#d demonstrated that thef cc VAES measured
of the electron beam increased to about 120 meV, as evaluatedn alkenes and benzenoid systems are linearly correlated to the
from the width of the Sk signal at zero energy used for corresponding HF or MP2 VOEs calculated with basis sets that
calibration of the energy scales. do not include diffuse functions, and that this computational
Calculations were performed with the Gaussian 98 set of approach can be used for quantitative predictiom®oVAEs.
programst® The first VAE was calculated as the difference of The same empirical scalings proved to reproduce satisfactorily
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TABLE 1: Virtual Orbital Energies (VOESs) of the Neutral The three next scaled VOEs are very close to each other at
State of Diphenyl Disulfide and (in Parentheses) Scaled both the B3LYP and the MP2 levels, the predicted VAEs
VOEs (See Texf) ranging from 0.8 to 1.1 eV. The first resonance displayed by
orbital B3LYP/6-31G* MP2/6-31G* expt. VAE the ET spectrum (centered at 0.63 eV) is thus assigned to the
o 4.117 (4.58) 9.554 (4.76) unresolved contributions of the corresponding three excited
* 3.999 (4.43) 9.336 (4.62) 4.28 (essentiallyz* benzene in character) anion states. The anion
0*sc 1.471 (2.39) 5.546 (2.16) state associated with the LUMO counterpart, that is, #fie
U:S_C . é'ggi (i'gg) ‘51"7132 (i'ég) 23 benzene MO destabilized by interaction with thfg—s MO, is
z* s —0.158 E1:08g 3.870 El:OSg predicted to lie at about 0.6 eV higher energy. In fact, no distinct
o —0.269 (0.99) 3.540 (0.86) 0.63 resonance is displayed by the ET spectrum in the-2.8V
* —0.308 (0.96) 3.409 (0.78) range. The corresponding feature in the derivatized signal is
o*ssta* —1.593 (-0.07) 2.275¢0.04) =0 thus likely hidden by the low-energy wing of the next broad
aExperimental VAEs are also reported for comparison. All values esonance.
are in eV. The broad signal centered at 2.3 eV is ascribed to the

unresolved contributions of the anion states associated with
electron capture into the two lowest-lying s—-c MOs. Con-
sistently, the correspondingfs-c resonances are observed at
2.7 eV in dimethyl disulfid&® and thioanisol@? and at 2.3 eV
in 1,4-dimethylthiobenzen®.It can be noted that, although the
linear equations used to scale the VOEs were empirically
calibrated only against* VAEs, scaling of thec*s ¢ VOEs
leads to VAEs equal to 2.3 and 2.4 eV (B3LYP) and 2.1 and
2.2 eV (MP2), in very close agreement with experiment (see
Table 1).

Finally, the resonance centered at 4.28 eV arises from the
two MOs deriving from the highest-lying benzene(b,g) MO.
The scaled B3LYP VOEs (4.4 and 4.6 eV) are close to the
experimental VAE, whereas (as generally found in this energy
range) the scaled MP2 values (4.6 and 4.8 eV) are somewhat
Figure 2. Representation of the SOMO of the vertical diphenyl oo high. The feature displayed at 6.2 eV is thus assigned to a
disulfide anion, as supplied by B3LYP/6-8G* calculations. core-excited resonanééthat is, a two-electron process where
electron capture is accompanied by simultaneous excitation of
a valence electron.

thesr* VAES of carbony?® and heteroaromafitz-systems, and

an analogous good linear correlation has also been #with The first VAE can be calculated as the energy difference
the Kohn-Sham VOEs supplied by B3LYP/6-31G* calcula- Petween the ground state anion and the neutral state (both with
tions. the optimized geometry of the neutral species). This procedure

Here, this approach is used to assign the features displayedS conceptually more accurate than the KT approach. However,
by the ET spectrum of dipheny! disulfide to the corresponding the description of resonance anion states (unstable with respect
anion states. Table 1 reports the VOEs calculated for the t© electron loss) with standard bound state methods results in a

optimized geometries of the neutral state at the B3LYP and Mp2 difficult problem. A proper description of the spatially diffuse
levels with the 6-31G* basis set. The corresponding values electron distributions of anions requires aba§|s set.W|th diffuse
scaled with the appropriate linear equations given in refs 25 functions?*3°0On the other hand, as the basis set is expanded
and 22, respectively, are given in parentheses. The two methoddhe wave function ultimately tends to descrlbe the anion as a
supply the same energy sequence and similar localization neutral molecule plu§ an unbound electron masm.uc.h of the
properties of the empty MOs, and the values of scaled VOEs continuum as the basis set can emulatg (because this is the_ state
(predicted VAES) are close to each other. o_f minimum e_nergy), but these solutions have no physical

Interestingly, at variance with most benzene derivatives Significance with regard to the resonance pro¢éss?3+33
(including mono- and dithiobenzenes) where the anion state On 'ghe other hand, the \(AEs calculate.d with basis sets that do
associated with the LUMO mainly possesses rifigharacter not include diffuse functions are too highz°
the SOMO of the vertical ground anion state of diphenyl  The choice of a basis set that gives a satisfactory description
disulfide (as well as the LUMO of the neutral molecule) is Of the energy and nature of resonance processes is therefore a
predicted by the calculations to possess maily_s (anti- delicate task. A recent stu#fyof benzene and its aza, phospha,
bonding) character, mixed with the proper (out-of-phase) and arsa derivatives, however, has indicated that the dependence
combination of the benzeneyecomponents with maximum  of the calculated energies and localization properties on the
wave function coefficient at the substituted carbon atom. A addition of diffuse functions to the basis set decreases with
representation of the SOMO, as supplied by the B3LYP/6- decreasing anion state energy (and consequently increasing
31+G* calculations (quite similar to that obtained at the B3LYP/ localization of the wave function on the molecule, the part
6-31G* and MP2/6-31G* levels), is displayed in Figure 2. representing the continuum being correspondingly small).

Both the B3LYP and the MP2 scaled VOEs (see Table 1) Table 2 reports geometrical parameters for the neutral and
are in line with the above qualitative analysis. The first VAE is anion states optimized with B3LYP calculations using the
predicted to be slightly negative (i.e., a slightly positive vertical 6-31G* and 6-3%G* basis sets, the latter containing the
electron affinity). Therefore, due to its stability (or proximity smallest addition (s and p type placed at the non-hydrogen
to zero energy, where it would be masked by the intense electronatoms) of diffuse functions. The two sets of parameters are quite
beam signal), the first anion state escapes detection in ETS. close to each other, the main difference being the0=-S—S
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TABLE 2: Bond Distances (A), Angles, and Dihedral Angles s
for the Optimized Geometries of the Neutral and Anion |

States of Diphenyl Disulfide S
B3LYP/6-31G* B3LYP/6-31-G* ©/
neutral anion neutral anion

d(s—S) 2.1184 2.9118 2.1198 2.9019
d(s—C) 1.7958 1.7579 1.7961 1.7575
acss 10450 104.32 104.58 104.04
dihedral C-S—S—-C  82.93 81.64 82.87 79.8T
dihedral G-C—S—S  83.72  103.84 80.28 90.62

PhS +PhS’
1.5683 eV

[TTTTTTTTT)

-

dihedral angle in the anion (about T0dnd 92, respectively,
with the 6-31G* and 6-31G* basis sets). The-SS bond of
the neutral state is calculated to be about 0.02 A shorter than
that of dimethyl disulfide, and the @C—S—S dihedral angle
(>80°) is predicted to be nearly perpendicular to the ring planes,
that is, a conformation that favorg sdz* mixing. AR RN

According to the calculations, the trans conformatior-(C 2.0 . 3.0
S-S—C dihedral angle= 180C°) with the benzene rings dS-S) A
perpendicular to the CSSC plane (which also favoggw F_igure 3. Pote_ntial energy curves of the n_eutral and anion states of
mixing) lies at 5.25 kcal/mol higher energy, being thus not diPhenyl disulfide, as a function of the-$ distance.

significantly populated at 50C. The energy of the correspond-  taABLE 3: A Energy (eV) Relative to the Neutral State of

o

TTTTTTTT T T T[T T T TTITITT

PhS+ PhS ~
-0.262 eV

B3LYP/6-31G* relative energy (eV)

ing trans coplanar conformation (whergdszr mixing is forbid- Diphenyl Disulfide
Eggl/frcr)]ro T:)ymmetry reasons) is predicted to be even higher (9.66 B3LYP/6-31G* B3LYP/6-31 G*
Figure 3 shows the B3LYP/6-31G* energies of the neutral CoHsS—SGHs 0.00 0.00
d anion states as a function of the Sbond distance (with 2 1.583 (S S BDE) 1.577(S S BDE)
an , CeHsS—SCeHs™ 0.006 (VAE) —0.371 (VAE)
all other geometrical parameters kept equal to those of the (yeriical)
optimized neutral state). The calculated VAE (0.006 eV, see CgHsS—SGCHs~ —1.057 AEA) —1.382 (AEA)
Table 3), represented by the anion/neutral energy difference at  (optimized)
the equilibrium S-S distance of the neutral species, is only =~ CeHsS +CeHsS  —0.262 —0.660

slightly higher than that predicted by the scaled KT calculations.

Inclusion of s and p diffuse functions at the non-hydrogen atoms stability of the anion relative to the neutral molecule further
(6-31+G* basis set) leads to a negative VAEQ.371 eV, see increases in dielectric solvents. Antonello e¥advaluated this
Table 3), that is, a positive vertical electron affinity. The SOMO effect to be about 1.7 eV for diphenyl disulfide in dimethyl-
localization properties (represented in Figure 2) supplied by the formamide.

6-31+G* basis set are essentially the same as those found with  The dissociation limits (represented in Figure 3) of the neutral

the 6-31G* basis set. and anion states have been calculated allowing for geometry
In the above-mentioned stuthof group 15 benzene deriva-  relaxation of the fragments. The-S bond dissociation energy
tives, it was found that the decrease in the 6-8F VAE (BDE) of the neutral molecule is calculated to be 1.58 eV with

relative to the 6-31G* value is reduced with increasing stability both basis sets (see Table 3), somewhat smaller than that (2.0
of the anion state and that the VAE supplied by the 6-Gt eV) obtained at the MP2/6-311G* lev& Comparison of the
basis set is closer to experiment. For diphenyl disulfide, the total energy of the €HsS™ and GHsS fragments relative to
difference (0.38 eV) between the 6-31G* and 6+&* VAES that of the optimized molecular anion (see Table 3) leads to a
is smaller than that (about 0.5 eV) found for phospha- and S—S BDE of 0.795 eV (6-31G*) or 0.722 eV (6-315%) in
arsabenzene, where the first anion state was evaluated to lighe geometrically relaxed anion, in good agreement with the
close to zero energ’. This suggests that the slightly positive BDE (0.77 eV) supplie# by MP2/6-311G*//HF/6-311G*
value (<0.1 eV) predicted by the KT scaling approach is to be calculations.
considered a lower bound to the (positive) vertical electron  The dissociation products of the anionsfgS and GHsS")
affinity of diphenyl disulfide, the value of 0.37 eV obtained as are predicted to be more stable (0.262 eV, 6-31G*; 0.660 eV,
the B3LYP/6-31-G* neutral/anion energy difference being 6-31+G*) than the neutral state molecule in its equilibrium
likely more reliable. geometry (see Table 3). Thus, according to the calculations,
The AEA (energy difference between the neutral state and there is no thermodynamic threshold for cleavage of th&S
the molecular anion, each in its optimized geometry) is predicted bond upon anion formation, so that even attachment of zero
to be about+1 and+1.4 eV with the 6-31G* and 6-3tG* energy electrons to the neutral molecule would fulfill the energy
basis sets, respectively (see Table 3). Even with the-6&31 requirement for production of 1S~ negative fragments.
basis set, the SOMO of the geometry optimized anion state Dissociative Electron Attachment Spectra.Figure 4 dis-
(where the S-S bond is about 0.8 A longer than in the neutral plays the total anion current (upper curve) measured at the walls
state) is correctly described as a mainfys_s MO. According of the collision chamber, as a function of the incident electron
to Rydberg electron-transfer spectroscopy dathe AEA of energy, in the 65 eV energy range. Two peaks with maxima
dialky! disulfides is slightly positive (0.1 eV). Replacement of at about 0.0 and 0.6 eV (roughly calibrated against the electron
the alkyl groups with phenyl groups would thus increase both beam rise at zero energy) are observed (see Table 4), and a
the vertical 1.04 eV in dimethyl disulfid®) and the adiabatic =~ weak signal seems also to be present around 4 eV. The anion
electron affinities by about 1 eV. In view of the importance of yield at low energy is consistent with the empty level structure
S—S bonds in biomolecules, it is also to be noted that the deduced above from the ET spectrum and calculations. The zero
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R B I B DEA spectroscopy. For instance, we used such measurements
as a probe for the efficiency of intramolecular electron-transfer
processes in saturated and unsaturated halohydroc&®6ii8.

In diphenyl disulfide, the total anion current at zero energy
Total (essentially due only to thegBsS™ fragment) turned out to be
about 60 times larger than that peaking at 0.75 eV in chlo-
robenzene and 625 times larger than that peaking at 1.54 eV in
tert-butyl chloride®® as evaluated from the peak heights.
Although there could be larger differences in pressure (measured

Anion Current (Arb. Units)

CeHs S~ in the main vacuum chamber) for the less volatile diphenyl
M I disulfide, the effective cross-section, convoluted with our
L Ié IS L electron beam energy distribution, would tend to be under-
0 1 2 3 4 5 estimated. The absolute cross-sectiortéot-butyl chloride was

reported’ to be 3.18x 10718 cn?, which leads to 2.6« 10715

cn? for CsHsS™ at zero energy. This very large dissociative
cross-section for attachment of thermal electrons in the gas phase
is in qualitative agreement with the very large rate constant for

Electron Energy (eV)

Figure 4. Total and fragment anion currents in diphenyl disulfide, as
a function of the incident electron energy.

TABLE 4: Peak Energies (eV) and Relative Intensities (As the cleavage of the-SS bond found in solution upon electro-
Evaluated from the Peak Heights) Measured in the Total chemical reductios?
Anion Current and in the Fragment Anion Currents
Observed through a Mass Filter Conclusions
total anion current fragment anion current Disulfide bonds are involved in conformational stability and
_ peaken. (rel.int.)  peaken. (rel. int.) biological activity of proteins and in protein folding. The study
peak en. (rel. int.) CeHsS” CeHsSS of the electron-acceptor properties of disulfides in the gas phase
0.6 (35%) 0.59 (32%) 0.6 and characterization of their lowest-lying anion states, as well
0.0 (100%) 0.02 (100%) 0.1 (0.07%) as their dissociative decay channels, may serve as a model for

) ) ] the understanding of the reductive process in the larger
energy peak can clearly be associated with formation of the pjpjogical systems. The absence of a corresponding resonance
(vibrationally excited) first anion state, while the energy of the i, the ET spectrum of dipheny! disulfide indicates that the first
second peak corresponds to that (0.63 eV) of the first resonanceynjon state lies very close to zero energy, where it would be
observed in the ET spectrum. . obscured by the intense electron beam signal, or is more stable

The current of anions extracted from the collision chamber than the neutral state molecule. In agreement, the virtual orbital
and mass-selected with a quadrupole filter reveals that the tma'energies of the neutral molecule, obtained at the MP2/6-31G*
anion current is essentially completely accounted for by the and B3LYP/6-31G* levels and scaled with empirical linear
CeHsS™ fragment (see Figure 4), whose yield displays two equations, nicely account for the ET spectral features and predict
maxima at 0.02 and 0.59 eV, calibrated against the $€ak 3 slightly positive (about 0.05 eV) vertical electron affinity. A
at zero energy. o . somewhat higher value (0.37 eV) is obtained with B3LYP/6-

The intense zero energy peak is in line with theSS  314G* calculations as the neutral/anion total energy difference.
antibonding nature of the first anion state and the results of the The stability of the first anion state is also confirmed by the
calculations, which predict that the energetic requirement for pga spectrum. The anion current, recorded as a function of
dissociation of the molecular anion along the-$ bond is the incident electron energy, displays an intense peak at zero
fulfilled even at zero energy, as mentioned above. Less energy essentially due to theldsS™ negative fragments. Thus,
obviously, the GHsS™ fragment is also produced by dissociation  there is a large cross-section for capture of thermal electrons,
of the anion states (or some of them) located at about 0.6 €V, fo|lowed by rapid dissociation of the molecular anion along the
which according to the calculations possess essentiallyring  s—s pond. The experimental findings are accounted for by the
character. In this case, at variance with dissociation of the ground cgjculations: the first anion state is predicted to be largely
anion state, the process can be thought of as electron capturgocalized at the SS bond in an antibonding manner, and the
into the benzene rings, followed by intramolecular electron o fragments to be thermodynamically stable with respect to
transfer to the SS bond. Because of a relatively long lifetime  the molecular anion formed at zero energy.
of the benzener* anion states, this mechanism turns outto be  The results from this study may also provide insight into the
efficient despite their small localization on the sulfur atoms.  reaction between the disulfide and the dimer rows on the silicon

_The only other negative fragment detected wad4SS™ (see  (001) surfacé.Although the silicor-sulfur bonding mechanism
Figure 4 and Table 4), which gives rise to two peaks at 0.1 and can be explained in terms of a polarization of charge between
0.6 eV, indicating that the ground and the first excited anion the “up” and “down” atoms in the tilted silicon dimer allowing
states can also follow a decay channel, which leads to diSSOCia'nucleophiIic attack at the “down” ato#d the electron-acceptor
tion of the S-C bonds. However, the 8lsSS” fragment is  properties and the dissociative electron attachment spectra
nearly 1500 times less abundant thagHES™. Similarly, the (DEAS) of dipheny! disulfide discussed above would also admit
DEA spectra of dimethyl disulfidé showed that dissociative  the hypothesis of a more concerted mechanism for this reaction
electron attachment to the's-s MO mainly leads to cleavage  \ynere electron transfer would not be solely from a sulfur atom
of the S-S bond, but a weak (23 orders of magnitude smaller)  to sjlicon but also from the SiSi pseudax to the S-S o*

CHsSS™ negative current was also observed. LUMO.
A striking feature of the DEA spectra of diphenyl disulfide
consists of the very large abundance of th&l§5~ fragment. Acknowledgment. A.M. thanks the Italian Ministero

Quantitative measurements of the (absolute or relative) dis- dell'lstruzione, dell’'Universitae della Ricerca, for financial
sociative cross-sections are a delicate but important aspect ofsupport.
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