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Abstract: A computational and experimental study of the unsymmetricai32cbond in [EtSU SMey)]* is presented.

For the first time, MS/MS collision-induced dissociation experiments provide strong experimental support of the
atomic connectivity in a gas-phasé€lS 2c-3e association adduct. The strongest peak in the collision-induced
dissociation spectrum corresponds te¥Et consistent with the lower ionization potential obGtcompared to MgS

and the proposed structure. High-pressure equilibrium mass spectrometry experiments yield a reaction enthalpy of
—104 kJ/mol for the equilibrium reaction 2" + Me,S = [Et,S0 SMe;]* at 506 K. Correcting this value to 0 K
usingab initio molecular parameters results in a bond energy of 107 kJ/mol which can be compared to a calculated
value of 107.9 kJ/mol at the B3LYP/6-31G(d)//B3LYP/6-31GK@PC level. Studies on a competing reaction,

Et,St + Et,S = [Et,SOSEY] ™, yield an experimental bond enthalpy of 119 kJ/mol at 506 K and a calculated bond
energy of 121.3 kJ/mol, in excellent agreement with previously reported values.

Introduction single bond energyx268 kJ/mol§ and spin densities are
consistent with the simple molecular orbital picture which
predicts a bond order df,.

In the present paper, we present a thorough experimental and
computational study on the sulfusulfur interaction in the
unsymmetric ion [ESOSMe] ™. Since the two moieties 3

Two-center three-electron bonds,~22e or @)%(o*)?, were
first described by Pauling in 1931 and can be represented by
the following molecular orbital diagra.

T Hﬁc and MeS have different ionization potentials (8.43 and 8.710

PE | = eV, respectively);8the interacting molecular orbitals will have
o different energies and the resulting bond is expected to be
[A-AT* weaker than the symmetric sulfides studied previously. The

molecular-orbital diagram below more accurately represents this
In the years since the first description by Pauling, a great deal Situation.
of interest has been expressed in such systems and a large

number of molecules containing these bonds have been identi- —
fied in solution23 Despite this interest, very few experiments PE T —1_\
have probed the nature of these bonds in the gas phase. Over “_H_/;'H_
the past few years our group has had an interest in3Bc X

sulfur—sulfur bonding in reaction intermediates and in associa-
tion products of gas-phase iemolecule reactions. We have ) ) .
recently published theoreticalSs bond energies for the bonds ~AduUeous solution studies of such unsymmetric ions formed by
in [H»S0 SHy]* and [e-CoHaST c-SGHa]* and theoretical and pulsed radiolysis have been reported by Asmus %’f‘hpptlcal _

experimental results for [M&0 SMe;] ™ and [E4SO SEb]*.24 absorption spectra were obsprved for unsymmetric ions with
The bond energies for these complexes are in the range of 11526~ 3€ bonding through two different heteroatoms and with 2c

to 125 kJ/mol. In each case, the theoretical results indicate that:ge bonding through the same heteroatoms but with different R

the bond is localized between the two sulfur atoms, that both 9rOUPS: Althoughimaxhas been correlated with the-28e bond

sulfur atoms have equal unpaired electron density, and that theStrengths in these studies, this analysis has been questidried

SOS bond length is about 30% longer than an averag& S (5) (@) Knop, O.; Boyd, R. J.; Choi, S. @. Am Chem Soc 198§ 110,

single bond length. The bond strengths (about 45% of &S 7299. (b) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen,
A. G,; Taylor, R.J. Chem Soc, Perkin Trans 2 1987, S1.

® Abstract published ifAdvance ACS Abstractgugust 1, 1996. (6) Chang, RChemistry 5th ed.; McGraw-Hill, Inc.: New York, 1994;
(1) Pauling, L.J. Am Chem Soc 1931, 53, 3225. p 360.
(2) For leading references see: Deng, Y.; lllies, A.; James, M. A.; McKee, (7) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.
M. L.; Peschke, MJ. Am Chem Soc 1995 117, 420. D.; Mallard, W. G. Gas-Phase lon and Neutral Thermochemisiryehys
(3) For leading references also see: (a) Asmus, K.-Bulfur-Centered Chem Ref Data 1988 17, Suppl. 1.
Reaction Intermediates in Chemistry and Biolo@hatgilialoglu, C., Asmus, (8) Morgan, R. A.; Orr-Ewing, A. J.; Ashfold, M. N. R.; Wybren, J. B,;
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Sliding Slit inside the source are uniform over the entire area covered by the ion
Mi — / I — exit slits. A heat transfer tube, through which temperature-controlled
e —— —— air can be passed, is silver soldered to the source block. The electron

entrance plate is made from 0.008 cm thick beryllisoopper plate
which has a 0.025 cm hole which is insulated from the main source

Mica — . . . - .

_— — block by a mica gasket. The ion exit region consists of another

/,—; ~ beryllium—copper plate 0.076 cm thick with a milled channel through

Electron Entrance Filament which a sliding EI/CI slit moves. This plate is also insulated from the

Figure 1. Variable-temperature coaxial electron entrance/ion exit ion source block by a mica gasket. The sliding slit itself was fabricated

source built for studying association reactions on the ZAB. from 0.008 cm thick beryllium-copper; the El slit is 0.55 cnx 0.15
cm while the Cl slitis 0.55 cnx 0.010 cm. The electric potentials to

since the optical transition “results from as-fone pair” the ion exit, source block, and electron entrance are controlled by the
interaction and the singly occupied energy level* rather V.G. source and repeller controls with a dividing resisters network for

the block potential. The advantages of this source are the following:

. (2) high sensitivity using low electron energies in either Cl or El modes,

d In the pre::serfu work, Itge expegmental dgoals . areo to (1) (2) relatively uniform electric-field gradient within the source, and (3)
etermineAG* i, from equilibrium studies, (2) determirdeH temperature control over the range—6G00 K. Association reactions,

andAS’ix, from the dependence &G°x, on temperature, and  ang hence cluster formation, are thus readily promoted at high ion-
(3) confirm the experimental atomic connectivity from MS/MS  source pressures and at lower temperatures (typically-273 K).
studies for [EsSO0SMey]*. Theoretically, the goals include The second field-free region collision cell (1 cm long, fabricated
calculating the bond energy, bond enthalpy, molecular entropy, from OFHC Cu) is placed just before the second field-free region
ionization potentials, molecular geometries, and electron densi-slit. Metastable scans were carried out at the second field-free region
ties. This work offers the first comprehensive study of the base pressure of about210-8 Torr using multiple scanning methods.
bonding and atomic connectivity in an unsymmetri¢ $2c— Cpllision-induced dissppiation (CID) expe.riments were aI;o carrieq out
3e bonded gas-phase molecule. Unsuccessful attempts th't_h hellum as a coII_|S|0n gas (40% main beam intensity reduction)
measure the binding strength for [MB&1 SH;]* are also briefly using multiple scanning methods.

described.

than ao to o* transition.

Computational Method

Experimental Methods Calculations were performed using the GAUSSIAN94 program
system'® Geometries were fully optimized within the appropriate point
group and frequencies were calculated at the HF/6-31G(d) and B3LYP/
6-31G(d) levels*'> Two levels of theory used in this study will be
referred to as “PMP2” and “DFT”. The lower level of theory (PMP2)
uses HF/6-31G(d) geometries with single-point energies at the PMP2/
function of temperature in an ion source which resembles a short drift 6'316(.(’) level (*P _mglpatis spln—protjjer(]:ted MP2 e_nergles), _zero—pomt
tube. The ionizing electron entrance and ion exit apertures are arrangecﬁorre.CtIonS (0'? \év?'g ting _actor}r,hanh_ ﬁat Icapalcr?y rc]orrectlglr;_srto 298
coaxially which allows the use of low ionizing electron energies. Great usmg/ unscas requgnc(ljes. € higher _er\]/e of theory ( ) UISZS
care has been taken to ensure that the ion source parts near the ion ex 3LYP 6.'316( ) optimize . geometrl_es wit . zero-point (L_Jnscae_
are all in good thermal contact with the ion source body, hence the gas requenges) and hgat capacity correcthns. With an appropriate choice
temperature is uniform and well-known. The source body temperature of gradient correction and modest basis set, DFT has been shown to

is measured with a platinum resistance thermometer as well as a K—typegglssrﬁzltjléseg;nteoa{)gin!gﬁl)qlﬁf}?t;r;{a_dgtrﬁmériﬂqg?ﬁnﬁ?énat'on
thermocouple. Gas pressure in the ion source are measured with u P Dye

MKS Baratron capacitance manometer. a‘to resource limitations, the B3LYP/6-31G(d) frequencies were calcu-

For the present equilibrium experiments, diethyl sulfide and dimethyl lated for all monomers but for only two complexes, [{8& SMe]
sulfide (Aldrich) were distilled independently. Mixtures of diethyl (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
sulfide and dimethyl sulfide were then prepared on a glass vacuum Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
rack with a base pressure of abouk510° Torr and transferred into A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
glass bulbs with Teflon vacuum stopcocks. The gas composition was \N/ér%;/a(lzlzgié JA _\/éh';ﬁ;%%fg%t #A -Bﬁ;er?giosél:ovﬁkkyi{lgSéef\a(n-oc\:/hfr{ Sv

H H () y . y .y y . .y y . .y y .y
&??;L:;Z?,ggl fi\]sberzszsdlglpbrg?]ggnagal\ilvﬁ:s@isfgtsoerzgri‘ng;a‘;‘la;?s bulb Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
' - 22 ‘Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
These samples were introduced into the mass spectrometer throughgordon, M.; Gonzalez, C.; Pople, J. A. Gaussian94 (Rev. B.1), Gaussian,
Granville-Phillips series 203 leak values connected to a stainless steelinc.: Pittsburgh, PA, 1995.
and glass inlet system. The reactant gas composition was 10 and 18 (14) For a general description of basis sets see: Hehre, W. J.; Radom,
mol % diethyl sulfide in dimethy! sulfide while ion source compositions  L-; Schleyer, P. v. R.; Pople, J. Ab Initio Molecular Orbital Theory

- - - Wiley: New York, 1986.
o :
ranged from 1 to 8 mol % of the above mixtures igQN Total ion (15) For a general description of the DFT method see: (a) Parr, R. G.;

source pressures ranged from 0.225 to 0.900 Torr and ion extractionyang “w. Density-Functional Theory of Atoms and Molecules; Oxford
voltages ranged from 0.50 to 10.00 V. Press: Oxford, 1989. (b) Ziegler, Them Rev. 1991, 91, 651. (c)Density

MS/MS experiments on the structure of {§il SMe;] ™ were carried Functional Methods in Chemistrizabanowski, J. K., Andzelm, J. W., Eds.;
out on a modified ZAB 1F. The instrument was modified by (1) Springer: Berlin, 1991.

i i i ~ ; i (16) (a) Gill, P. M. W.; Johnson, B. G.; Pople, J. A.; Frisch, MChem
installation of a variable-temperature ion source, (2) addition of a Phys Lett 1992 197, 499. (b) Johnson. B. G.: Gill, P. M. W.: Pople, J.

collision cell in _the s_eco_nd field-free region, and (3) interfacing the , J. Chem Phys 1993 98, 5612. (c) Becke, A. DJ. Chem Phys 1993
mass-analyzed ion kinetic energy spectrometry scan (MIKES) to a PC gg 5648, (d) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M.
through a Cyber Research PC-166 16 bit D/A board and signal detectionJ. J. Phys Chem 1994 98, 11623. (e) Raghavachari, K.; Strout, D. L.;
through a Modern Instrumentation Technologies Inc. MTS 100 pulse Odom, G. K.; Scuseria, G. E.; Pople, J. A.; Johnson, B. G.; Gill, P. M. W.
preamplifier connected to a Cyber Research CYRCTM 05 timer/counter Chem Phys Lett 1993 214, 357. (f) Raghavachari, K.; Zhang, B.; Pople,

board. The scanning/data collection software was written in Microsoft - A Johnson, B. G.; Gill, P. M. WChem Phys Lett 1994 220, 1994.
- . ) - (g) Johnson, B. G.; Gonzales, C. A.; Gill, P. M. W.; Pople, J.Chem
Quick Basic for DOS. The new ZAB ion source, shown in Figure 1, Phys Lett 1994 221, 100.
has not yet been described in the literature. It consists of a copper  {17) (a) Baker, J.; Scheiner, A.; Andzelm,Ghem Phys Lett 1993
block with a 0.75 cm drift length and an inside diameter of 2.54 cm. 216 380. (b) Austen, M.; Eriksson, L. A.; Boyd, R.Gan J. Chem 1994
The width to length ratio is 3.4/1, thus the equipotential field lines 72 695. (c) Eriksson, L. A.; Malkina, O. L.; Malkin, V. G.; Salahub, D.
R.J. Chem Phys 1994 100, 5066. (d) Qin, Y.; Wheeler, R. Al. Chem
(12) Bally, T. In Radical lonic Systemd.und, A., Shiotani, M., Eds.; Phys 1995 102 1689. (e) Barone, VTheor Chim Acta1995 91, 113.
Kluwer Academic Publishers: The Netherlands, 1991; pi54&. (f) Adamo, C.; Barone, V.; Fortunelli, Al. Chem Phys 1995 102, 384.

Two mass spectrometers were used for the experimental part of this
study. lon—molecule equilibrium experiments were carried out in a
highly modified DuPont 491B mass spectrometer which has recently
been described in detdif. Briefly, time-resolved and continuous high-
pressure iorrmolecule equilibrium experiments were conducted as a
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and [EtSOSMe)]*t. Estimates at the DFT level for the zero-point
energy, heat capacity correction, and entropy of$BEISEL]™ were
made by scaling the HF/6-31G(d) value. The DFT:HF scaling factor
was obtained from the [M&0 SMe,]* and [EtSL SMe] ™ complexes

by calculating the B3LYP/6-31G(d):HF/6-31G(d) ratio for the zero-
point energy (0.935), heat capacity corrections (1.058), and entropy
(1.038).

Results and Discussion

High-Pressure Mass Spectra. A typical reconstructed
experimental mass spectrum measured using low ionizing
electron energy (10 eV) for a 5% & in MeS mixture at a
total ion source pressure of 0.50 Torr is shown in Figure 2a.
Peaks are observed @z 90 EtLS', m'z 124 [Me,SO SMe)]t,

m/z 152 [E6SO SMey]t, andm/z 180 [E&SH SEb]*T. No peak

at m/z 62 corresponding to M&" was ever observed. This
implies a bimolecular charge transfer from §&é to EtS and/

or charge transfer upon dissociation of the adduct. The peak
atm/z 124 from [MeSL SMey] ™ was usually not very intense.

As the ionizing electron energy was raised to 12.5 eV, new
peaks appeared in the mass spectrum (Figure 2b). Peaks at
123, 137, 151, and 165 increase in intensity with increasing
energy. We propose that the ions which appear at higher
electron energies originate from reactions of fragment ions. The
reactions shown below could give rise to the observed masses

_I+
/M e CH, N /M e
+ S\M — 5= miz123
+ € Me M
CHZ\ 9 €
/ +
Me Bt CHay Et—l
Et Me Et
+
=
N /M e CHQ\ /M e
- /S—S\ m/z 137
+ M
CHQ\\ A € Et Me
/S
Et Et CH E—'+
m/ s 2N t
2z 75 + s\ — >S—S< m/z 165
Et Et Et

The data imply that at higher electron energie& 61 and 75
are formed from the parent neutrals by fragmentation. The ions
then react with the neutral molecules present in the ion source.
It is not known from these spectra if any of these ions could
also result from association reactions followed by long-lived
fragmentation. This point will be returned to in the section on
the MS/MS results.

In addition, at even higher electron energies in the range 30
70 eV, other peaks corresponding totP1 ions appear and

become quite prominent. Though the ions appearing at higher

electron energies did not appear to shift the equilibrium '

constants, all equilibrium measurements were made using low
ionizing electrons where onlywz 90 EtST, m/z 124 [Me-
SO SMe)|t, Mz 152 [ELST SMey]*, andnvz 180 [ELSO SEG] *
were observed in the spectra.

Thermodynamic Equilibrium Measurements. The ther-
modynamic reaction enthalpies and entropies were determine

by the dependence of the equilibrium constant on temperature

as given by the van’t Hoff equation:
In K, = —AH°,/RT+ AS /R (8]

For association reaction®H®,ond = —AH®xn for the bond

James et al.
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Figure 2. Reconstructed mass spectra recorded with the DuPont mass
spectrometer at 491 K. The gas composition was 0.008 Torr of a 18%
Et;S in MeS mixture with NO bath gas added for a total ion source
pressure of 0.40 Torr. Spectra a and b were recorded with nominal
ionizing electron energies of 10 and 15 eV, respectively. The peaks
appearing only at the higher electron energies are denoted by an asterisk
in b.

170

formed in the chemical reaction, and in turn, the bond energy
is related to the bond enthalpy through a heat capacity
correction:

T
D°, = —AH°r , + [ ACKT) dT @
whereAGC; is the heat capacity difference between the products
and the reactants. In this work statistical mechanical heat
capacity corrections to the experimental bond enthalpy are made
with the ab initio computed molecular parameters.
The equilibrium reactions observed in the,&tand MeS

mixtures are:

Et,S" + Me,S+ M = [Et,SOSMe] " + M  (3)

(4)

Since E$S has a lower IP than M8 (8.43 eV versus 8.710
eV)"8 charge transfer results in & rather than MgS™ and

both reactions 3 and 4 should approach equilibrium simulta-
neously. Various tests, including time-resolved experiments,
are applied to determine if equilibrium has been establidhed.
Residence time distributions (RTD) are measured for all ions
involved in an equilibrium. If the normalized RTD’s are
identical, the system should be at equilibrium since the charge
that is ultimately measured undergoes many switching reactions
as it traverses the source. The actual RTD for the ions are then
a weighted average of the drift properties. When the RTD’s

Et,S™ + Et,S+ M = [Et,SOSEL] " + M

gare identical, the ion current ratios are constant over the entire

(18) One of the criteria which is used in our experiments to convincingly
demonstrate attainment of equilibrium is the superimposability of resiglence
time distributions for all ions involved in the equilibrium. Residence
time distributions of ions in equilibriutmust be the same since the charge
that is detected undergoes many switching reactions as it traverses the source.
The switching reactions result in an averaging of the drift properties
(mobility and diffusion).
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Figure 3. Residence time distributions of &, [Me,SlISMe)|™, Figure 5. The van't Hoff plots resulting from the extrapolated data

[Et;SOSMey]", and [E;SCISE®] ™. The superimposability of the four  gych as that shown in Figure 4.
distributions demonstrates that all four ions are in chemical equilibrium.

for reaction 4 are in excellent agreement with our previously

16 T T T published value for this reaction studied with neaSEin a
sl xn @) 1 bath gas where the experimental values for the enthalpy and
gevece o entropy of reaction 520 K were found to #eH 520k rxn(a) =
5 —116 kJ/mol anCﬁsoszoKyrng): —132 J/(mo{K)
f 1r e @) T The values for the entropies of reaction are not considered
- 13 etotes o . to be as reliable as those previously published in other studies
i ° T due to the method by which the gas mixtures were prepared
. . . . and introduced into the mass spectrometer. An error in the ion-
120 1 2 3 4 5 source gas composition will affect only the intercept of eq 1

Volts and hence the entropy of reaction. This holds as long as the

Figure 4. Plots of InK verses the ion source voltage at different total  {raction by which the composition varies from the presumed

ion source pressures for reactions 3 and 4. The ion source compositiorcOMposition is temperature independent. Under such circum-
was 0.06 Torr of 18% ES in MeS at total ion source pressures of —stances the slopes and hence the enthalpies of reaction are not

0.225 Torr (diamonds) and 0.325 Torr (filled circles). affected by any error in the presumed gas composition.
Figure 3 also shows that the RTD’s for [M&1SMe)] ™" is

time covered. We have found that identical RTD's are a very similar to those for B8", [Et,S{SMey]*, and [EsST SES] ™

necessary condition for establishing chemical equilibrium. which indicates that [MgS SMey]* is in equilibrium or close

Figure 3 shows typical RTD’s for EBt, [Me,SOSMej] ™, to equilibrium with the reactions 3 and 4. It is interesting to
[Et,SOSMe] ™, and [EST SER]*T and demonstrates that both  note that since M&" is not observed in the mass spectrum,
reactions 3 and 4 are in chemical equilibrium since the equilibrium of [M&eSO SMe]™ with the other complexes might
distributions for the ions involved in the reactions are identical. be achieved by the switching reaction:

Apparent equilibrium constants were also measured at various

gas compositions, total ion-source pressures, and as a function  [Et,SO SME\Q]+ + Me,S=[Me, S SMez]+ + Et,S (5)

of ion extraction fields (ranges are given in the Experimental

Section). The equilibrium constants extrapolated to zero ion Although it would have been desirable to collect data on the
source voltages were used to construct the van't Hoff plots. equilibrium constant for reaction 5, the ion intensity for
Figure 4 shows typical I, vs extraction voltage plots at two  [Me,SO SMe)] ™ was weak, making it difficult to experimentally
temperatures for reactions 3 and 4. The plots appear flat overstudy this reaction.

most of the voltage range and demonstrate that the equilibrium  Another interesting point is that equilibrium is achieved faster
constants are independent of the applied voltage and hence theia the ion—molecule switching reaction 6 than the association
ions are not appreciably heated by the applied field. At each equilibrium 3 and 4. This conclusion is reached by considering
temperature, the extrapolated values of the zero-fiellwith the RTD’s in Figure 6.

varying compositions and total pressures are all the same. Each

of the tests above indicate that chemical equilibrium has been [Et,SO0SMe)] " + Et,S= [Et,SOSEL] " + Me,S  (6)
achieved.

The van't Hoff plots shown in Figure 5 are determined from At higher extraction voltages and lower total ion-source
In K, values extrapolated to zero extraction volts. The equi- pressures, the RTD’s for all three ions in eqs 3 and 4 are not
librium constants, are determined by varying theJStto MeS identical even though the RTD’s for the two association products
compositions and varying total ion-source pressures usiy N are identical (in equilibrium). This implies that P51 SMey]+
as a bath gas. The results obtained from these data for reactionand [E£SL SEb] ™ are in chemical equilibrium with each other
3 and 4 areAH®spsk mn@) = —104 £ 1.5 kJ/mol,AS’ssk rxn(3) but not with E§S™. The switching reaction 6 would account
= —118 + 3 J/(motK), AHs0sk xn4) = —119 £+ 1.5 kJ/mol, for these observations since it interchanges the charge in
and AS’soek,mn#) = —137 £ 3 J/(motK), where the errors are  bimolecular reactions which should be faster than the association
the result of a standard least-squares analysis. The reactiorreactions. It should be recognized that the mobilities for
enthalpy for reaction 3 leading to the unsymmetric-2e [Me, SO SEb]™ and [ExSHSER]T would be expected to be
bonded complex is less exothermic than those previously similar and the near-identical RTD’s in Figure 6 could reflect
reported for the symmetric complexes [MElSMe]™ and this fact as well as the switching reaction given in eq 6.
[Et;SO SE] ™ as well as the present result for reaction 4 leading  Theoretical Results. Calculated absolute and relative ener-
to [Et;SOSER]*. This finding agrees with the arguments gies of MeS, EtS, EtS', [Et,SOSMe] ™, and [EESH SEL] T
presented above concerning the bonding in unsymmetric systemsvere computed at the PMP2 and DFT level. The absolute
as influenced by orbital energy matching. The present resultsresults are presented in Table 1 while the relative results are
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Table 1. Total Energies (hartrees), Zero-Point Energies (kJ/mol), Heat Capacity Corrections at 298 K (kJ/mol), and Entropies at 298 K
(J/(motkK))a

/IHF/6-31G(d) /IB3LYP/6-31G(d)
PG HF MP2 ZPE(NIF)  Cf s B3LYP ZPE(NIFP  Cf s

Me,S C.  —476.73533 —477.12111  214.100) 14.8 280.4 —478.01381  200.3(0) 153  283.8
EtS C,  —554.80562 —555.45408  375.4(0) 21.3 3428 -556.64253  353.5(0) 22.2  350.2
EtS C. —554.80429  —555.45400  375.5(0) 20.9 342.8 -556.64224  3535(0) 21.8  346.8
EtS C —554.80496  —555.45402  375.4(0) 212 3480 -556.64235  351.9(0) 21.9  354.0
Me,S* C.  —476.45471 —476.81777  211.6(0) 157 2950 —477.69910  196.3(0) 16.4  304.3
Et,S* C,  —554.53569 —555.15955  372.6(1) 222 360.6 —556.33929  346.9(1) 20.9  347.1
EtSt C 55453390 —555.15908  374.3(0 217 3535 -556.33879  349.6(00) 22.7  360.9
Et,S* C —554.53475  —555.15928  373.5(0) 21.9 3627 -556.33915  3485(0) 228  369.1
EtS*td C —556.33938  347.2(0) 232  369.2
Me,SOSMe* Cp  —953.21556 —953.98664  433.1(0) 31.0 433.0 —955.76476  404.6(0) 328  450.4
ELSOSMe*  C;  —1031.28784 —1032.32273  594.5(0)  37.5 4957 —1034.39692  556.4(00) 394  513.9

Et;SOSEb" C —1109.36159 —1110.66046 754.6(0) 446  552.1 —1113.02971 705% 47.¢ 573.f.

aTotal energies and related properties for.BleMeS", ELS', ELST, Me;[I SMe*, and EtSO SEbT at the PMP2 level are from ref 2 Zero-
point energy (kJ/mol) with number of imaginary frequencies in parenthéssegratedC, (from 0 to 298 K)+ RT. 4 This C; structure of EiS™
is only slightly distorted from the EB" C,, structure.® Corrections at the DFT level for [E30 SEt!™ were estimated by scaling the HF/6-31G(d)
value by the B3LYP/6-31G(d):HF/6-31G(d) ratio for the zero-point energy (0.935), heat capacity corrections (1.058), and entropy (1.038) computed
from the [MeSO SMe)]* and [EtSH SMe]* complexes.

Table 2. Calculated Bond Energies (kJ/mol), Bond Enthalpies at 298 K (kJ/mol), and Association Entropies 298 K:KJ)(foolForming
2c—3e 31S Bonds

/IHF/6-31G(d) /IB3LYP/6-31G(d)

HF PMP2  +ZPE  +C,298K s B3LYP +ZPE  +C,298K s
Me,S0 SMe* 66.9 1255 118.8 118.4 —142.2 136.0 128.0 127.2 —137.6
EtS0 SMe;* 2 46.4 110.9 104.6 103.7 -147.3 114.6 105.8 105.0 ~138.9
Et,SOSEg P 57.3 123.8 118.8 117.1 ~158.6 1255 1188 117.F —146.4

2 The reference monomer cation £&t) hasC,, symmetry at the PMP2 level ar@h symmetry at the DFT leveP. At the PMP2 level, BES and
Et,S* haveC,, symmetry. At the DFT level, the B3 reference ha€,, symmetry, while the BES' reference ha€, symmetry.c Zero-point and
heat capacity corrections and entropies at the DFT level feB[EBEb]+ were estimated by scaling the HF/6-31G(d) value. See Table 1 footnote
d.

the reference in the previous work at the PMP2 level, here we
choose the slightly distorte@,, (C> symmetry) structure as the
Et,S™ reference at the DFT level. With this choice, all reference
structures are lowest in energy @K and are minima on the
respective electronic potential energy surface.

Figure 7a shows the lowest energy DFT structures fgB'Et
Me,S, and [E$S0SMe]™ while Figure 7b shows those for
Et,St, EtS, and [E3SOSEb]*. As pointed out in our previous
study of [EpSH SEb]™,2 the C; conformers of BfS and EfS"
are more appropriate for forming an iemolecule complex
) because there is a better compromise between intra- and

Time, us intermoiety repulsion. In forming the iermolecule complex
Figure 6. Residence time distributions of &, [Et,S SMej]*, and [Et;SOSMes]t between EiST and MeS at the DFT level, the
[EtzSO SEb]* under conditions where [E30 SMe;] ™ and [EbSC SEg]* Et,St moiety adopts a slight distortion of th&, symmetry
have reached equilibrium with each other but not witeSEt The conformer!® While slightly higher in energy than the other

“leading” distribution is that for ES*. We'propqse that the equi_libri_um conformers (Table 1), the, conformer is able to associate with
between [EfSO SMe;] ™ and [EtST SEb] is achieved by the switching MeS with little intermoiety repulsion.

reaction 6. At the DFT level the calculated($S 2c-3e bond energy in
presented in Table 2. In the present study, our previous [Et,S0SMe)* is 107.8 kd/mol which is in excellent agreement
calculations of the & and EfS* conformers at the PMP2  wjth the experimental bond energy of 107 kJ/mol obtained by
leveP have been extended to the DFT level. For neutr@SEt app|y|ng the heat Capacity correction determined fromahe

at the DFT level, three conformers are very close in energy jnitio data. At the same level, the computed-3e sulfur
(Table 1). The more symmetric@, structure was chosen as  sulfur bond length is 2.965 A which can be compared to an
the reference monomer for neutrab&since the three conform-  ayerage sulfursulfur 2c-2e bond length of 2.05 2 The

ers are within about 0.4 kJ/mol at both the PMP2 and DFT cgjculated value foA S 506 xn fOr reaction 3 139 J/(molK))
levels. For the Eg radical Cation, the situation is a bit more at the DFT level is somewhat more negative than the experi_
complex. Atthe PMP2 level, th€,, structure is more stable,  mental value €118 kJ/(molK)). However, as indicated above,
while at the B3LYP/6-31G(d) theCy, structure has one  the experimental values for the entropies of reaction must be
imaginary frequency. A slight distortion ©, symmetry lowers  viewed with caution. DFT predicts the unpaired electron in a

the B3LYP/6-31G(d) energy by less than 0.4 kJ/mol. Zero- g orbital localized between the two sulfur atoms with the
point and heat capacity corrections reverse the relative stability
of the C,, andC; structures. However, if th€,, structure was (19) Note: This is not th€,, — C, structure discussed in the text which
i ini ; i is only a slightly distortedC;, structure.

indeed the true minimum, the imaginary fr_equency should b_e (20) () Knop, O.: Boyd R. J.- Choi, S. 0. Am Chem Soc 1988
real and therefore contribute to the zero-point and heat capacity; 19 7299. (b) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.:

corrections. While the&,, conformer of E4S™ was chosen as  Orpen, A. G.; Taylor, RJ. Chem Soc, Perkin Trans 2 1987, S1.

Probability
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The Unsymmetrical 2€3e Bond in [EtS0SMe] ™

Figure 7. Calculated structures at the B3LYP/6-31G(d) level (a) for
the species in reaction 3 and (b) for those in reaction 4.

unpairedo. spin density to be nearly evenly distributed between
the EbS sulfur (0.51) and MgS sulfur (0.47). This suggests
that in the gas phase there is little charge-spin separation du
to the different substituent on the sulfurs. We are investigating
whether the charge-spin separation for this system increases i
solution.

J. Am. Chem. Soc., Vol. 118, No. 33, 199841

Table 3. Calculated and Experimental Adiabatic lonization
Potentials (eV)

A(DFT— A(exptl—

PMP2 DFT PMP2) exptl DFT)

MeS (Co,— Cy) 8.25 8.56 031 87t 015
EtS (Co—CalC)? 8.01 825 0.24 843 0.18

a“PMP2" level is PMP2/6-31G(d)//HF/6-31G(d); “DFT” level is
B3LYP/6-31G(d)//B3LYP/6-31G(d). Zero-point and heat capacity
corrections are not includelReference 7¢ Reference 8¢ The refer-
ence cation (EB') has C,, symmetry at the PMP2 level an@,
symmetry at the DFT level.

Clark?! has proposed eq 7 for estimating the binding energies
of unsymmetric odd-electron bonds.
Dpg = l/2(DAA + Dgg)exp(=4,gAIP) (7)
Dag, Daa, andDgg are the binding energies of the unsymmetric
and symmetric complexeaIP is the difference in ionization
potentials for the two neutral molecules (in kJ/mol), dadand
Ag are adjustable parameters. If one assumesihand Ag
are the same and uses the DFT values of 105.8, 128.0, and 118.8
kJ/mol for Detme, Dmeme, @ndDeig: respectively, theye = Agt
= 0.649 (mol/kJ¥2. Clark reports a somewhat smalkevalue
for H,S{A = (0.544 mol/kJ¥3 . No physical meaning has been
correlated withd and further interpretation is not possible.

The calculated results for [E30SEb]* at the DFT level
compared very well with the previously published calculations
at the MP2 level except for the sulfusulfur bond length which
is longer (2.968 A) at the DFT level compared to the MP2 level
(2.870 A). However, the bond energies at the DFT and PMP2
levels are similar, 118.8 and 117.0 kJ/mol, respectively. Utiliz-
ing the calculated parameters to scale the present experimental
values results in a reaction enthalpy at 298 K-df22 kJ/mol
and a bond energy of 123 kJ/mol.

Table 3 presents the calculated and experimental ionization
energies for ES and MeS, at the PMP2 and DFT levels.
Although too low by about 0.15 eV, the DFT values are
uniformly in better agreement with experiment than are the
PMP2 values.

MS/MS Collision-Induced Dissociation and Metastable
Experiments. In previous studies on 2e3e bonds the struc-
tures of the species involved have been assigned from chemical
intuition andab initio results but there has been little or no
experimental confirmation on the structures or atomic con-
nectivity. In order to gain additional experimental evidence for
the structure of [ESOSMe)]t, MS/MS experiments on our
modified ZAB-1F were carried out. CID experiments provide
more direct evidence for molecular structures than do metastable
experiments since the fragmenting ions are shorter lived and in
general have not undergone structural isomerization. The CID
spectrum of [EfSOSMe)] ™ is shown in Figure 8. The most
intense peak iswz 90 corresponding to E5". Since one
expects the 2e3e bond to be the weakest bond in the molecule
and since BES has a lower ionization potential than p&/-8
this result strongly supports the 28e bonded structure.
Weaker peaks atVz47, 62, 75, 108, 123, and 137 are assigned
in Figure 8. These fragments are consistent with the proposed
molecular connectivity. All but one of these peaks (than&t
75) could originate by direct cleavage of skeleton atoms in
[Et,SOSMe] ™. The peak atw'z 75 has the same mass as that
proposed for the reactant ion giving riserttz 137 and 165 in
the high-energy, high-pressure mass spectra. The results suggest

ethat the [RS=CH,]™ group (where R is either Me or Et) can
originate both by direct fragmentation and by fragmentation
r{rom the association complex. However, a rearrangement (to

(21) Clark, T.J. Am Chem Soc 198§ 110, 1672.
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850 T T T T The High-Pressure Mass Spectrum of [HSO SMe;] ™. A
natural extension of this work would be the investigation of
[H2SOSMe)]*. Since the ionization potential difference fos$H
- and MeS (AIP = 2.742 eVJ is larger than that for £ and
. Me,S (AIP = 0.28 eV)!8 a weak 2e-3e bond is expected.
400 r st S8 7 However, the mass spectra of mixtures ofSHand MeS in
250 | _ N2O at 300 K do not have a peak a¥z 96 which could
ot Sreais | Test —gs' correspond to [ESOSMe] ™. Instead the peaks observed at
3 2 N . .. .
I N 7 low ionizing electron energies wendz 62 Me;ST andnvz 124_1
.50 P : — [Me,SOSMe)]*. The absence of a 28e bonded species
47 62 75 90 108 123 137 corresponding to [kB0 SMe] " indicates that this molecule is
m/z too weakly bound to be observed at the lowest feasible
Figure 8. Collision-induced dissociation spectrum mfz 152. experimental temperature, 298 K (experiments at lower tem-
peratures were not possible due to condensation of the sample).
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Conclusions

The data presented support the-3e interpretation for the
bond in the unsymmetric radical cation }Bfl SMe)]* and
represent the first experimental evidence for the atomic con-
nectivity in the adducts formed in the high-pressure ion sources.
Experimentally, chemical equilibrium for reaction 3 was
established from to 467 to 559 K resulting in a reaction enthalpy
of —104 kJ/mol from the van't Hoff equation. Applying heat
capacity correctiont0 K results in a corrected experimental
-0.1 L L L 1 bond energy of 107 kJ/mol, which is in excellent agreement

0 50 100 150 200 with the ab initio value (107.8 kJ/mol) at the B3LYP/6-31G-
(d)+ZPC level of theory. The computed spin density is 0.51
on the E4S sulfur and 0.47 on the M8 sulfur. Residence time
Figure 9. Metastable kinetic energy release distribution for{Et  {istributions for all the ions suggest that the charge transfer
SUSMe]" — ELS" + Me:S. switching reaction 6 is faster than the charge transfer resulting

the structure shown below) within the association complex prior from association steps.
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to fragmentation cannot be excluded. MS/MS CID and metastable experiments are strongly sup-
portive of the proposed atomic connectivity and hence the 2c
—* 3e nature for the sulfursulfur bond. The average metastable
Me\s_ Me kinetic energy release, 0.028 eV, and the kinetic energy release
Et” S\Et distribution (KERD) shape for the reaction jBE1SMe)]+ —

Et,S" + Me,S is indicative of a statistical unimolecular process
Metastable peaks can originate from long-lived energized with a small or no reverse activation barrier.

parent structures or from long-lived energized species which  The symmetric [EiSO SEb]+ complex was observed through
sample other isomers, hence metastable spectra often are nad competing process reaction 4. The experimental reaction
as diagnostic of atomic connectivity as are CID spe€rdn enthalpy at 506 K was found to be119 kJ/mol. Corrected to
the present situatiomyz 90, which has been assigned as¥Et 0 K this results in a bond energy of 123 kJ/mol which can be
is the only metastable ion observed in the metastable spectrumcompared to a computed bond energy at the DFT level (B3LYP/
of [Et,SSMey]t. Clearly this result is consistent with the IP’'s  6-31G(d}ZPC) of 118.8 kJ/mol. These findings are in very
of the two moieties and supports the CID data. The kinetic good agreement with our previously published experimental and
energy release distribution (KERD) obtained from the metastable computational values.
peaks shape by standard meth8ds shown in Figure 9. The
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