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Abstract

We have prepared the dimer radical cationsSB" of a series of dialkyl sulfides S (= Me,S, MeEtS, EfS, Etn-PrS,
n-Pr,S, i-Pr,S, n-Bu,S) in an FT-ICR cell. These have been found to react with neutral dialkyl sulfides by ligand exchange.
By studying the (BS)S" + 2Et,S = (Et,S)" + 2 R,S equilibria the associated Gibbs energy chan&® have been
determined. From these, the sulfur—sulfur bond dissociation enthalpies (BDE) of the dimers could be estimated using th
relationship BDE[(RS); ] = —AG° — TAS® + IE[Et,S] — IE[R,S] + BDE[EL,S);"] and taking literature values for
BDE[(Et,S); ] and the ionization energies IE[R]. The entropies of reactioAS°® have been estimated using statistical
thermodynamics and computationally optimized structures. The 298 K sulfur—sulfur BDE values thus obtained are 115, 112
115, 107, 103, and 97 kJ mol for (Me,S)s ", (MeEtSY ", (Et,S); ", (Et-n-PrSy ", (n-Pr,S); " and (1-Bu,S); ", respectively. The
trend in S—S bond strength as well as the various contributionsStoare discussed. (Int J Mass Spectrom 179/180 (1998)
43-54) © 1998 Elsevier Science B.V.
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1. Introduction species varies from ca 90 to 120 kJ mbl This is
significantly higher than, for instance, the bond
strength of 81+ 5 kJ mol * of the water dimer radical
cation [10]. The relatively high strengths observed for
S .. S and X.. X 2c3e bonds may be regarded as
resulting from a covalent bond with formal bond order
of 1/2.

One of the strongest intermolecular bonds in dimer
radical cations is the two-center three-electron (2c3e)
bond. In the gas phase, this type of bond has been
observed for dimer radical cations of dialkyl sulfides,
(R,S);" (1) [1-7], and alkyl halides, (RX) (2) [8,9].

The dissociation energy of the 2c3e bond in these R,S.- SR RX. XR"

1 2
* Corresponding author. It is indispensable for a profound understanding of

1 Present address: Department of Theoretical Chemistry, King’s the S.. S 2c3e bond to have reliable experimental
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tion enthalpies (BDE) of a series of dialkyl sulfide In the FT-ICR cell the pressure of the individual
dimer radical cations (§5);" through a combined components was kept between foand 10 7 mbar
FT-ICR mass spectrometric and theoretical approach. (ion gauge manometer reading) with a background
By studying ligand exchange equilibria of the type of pressure of less than 18 mbar, while in the El

Eg. (1) in the cell of an FT-ICR mass spectrometer, source the pressure of the compounds was between
the corresponding equilibrium constants,, and 104 and 102 mbar.

Gibbs reacti_on energiedG®, have been experimen- The ion beam was gated for 40 ms and subse-
tally determined: quently a collision gas, either nitrogen or argon, was
(RS + 2Et,S = (EL,S)" + 2R,S (1) added into the cell through a pulsed valve system, in

o ) order to thermalize the dimer radical cations [10]. The
TheAG_ values were 'Fhen converteq to enthalples by pulsed valve was gated four times for 120 ms each
calculating or estimating the associated reaction en-

tropies AS° using statistical thermodynamics and,

amongst others, ab initio theory. Equilibrium studies
are well known for the determination of thermochemi-

cal properties of compounds [11]. The bond dissoci-
ation enthalpies from our present, more accurate
equilibrium study are compared with those obtained
previously using CID threshold experiments [7]. The ' .
trend in S—S bond strength along our series of dialkyl dialkyl sulfides A and B, reaction 3.
sulfide dimer radical cations is discussed in terms of
steric repulsion versus electronic effects on the 2c3e
bond. Furthermore, the reaction entropia$® of  The equilibrium constantK) for reaction 3 can be
equilibrium 1 are resolved into their translational, yescribed with Eq. (4).

rotational, and vibrational components.

time followed by a delay time of 3 s. The dimer
radical cations then were isolated in the cell. The
reactivity of the dimer radical cations was studied
toward various dialkyl sulfides with different satu-
rated alkyl groups.

If possible, equilibrium studies were performed
between two radical cation dimers of two different

Al +2B=2A + B 3)
lg;- PA

K= 4
|l a; P& )

2. Experimental

. The equilibrium abundance ratioéB; )/I (A5 ") were
2.1. FT-ICR experiments accurately determined from the mass spectra of the
reaction mixtures and the equilibrium partial pressure

The experiments were performed with a Bruker . . .
ratios p/pg Were obtained from the ion gauge ma-

CMS-47X Fourier transform ion cyclotron resonance : ey
(FT-ICR) mass spectrometer [12.13], equipped with nometer readings corrected for the sensitivity for the

an external electron ionization (El) source anda 4.7 T gasesX, using the relat|9n§h|RX - _0'36a +_ 030
superconducting magnet of Bartmess and Georgiadis [14] with polarizabilities

In the EI source the dialkyl sulfide molecules were ¢ from Miller [15]. The sum of the partial pressures
ionized using 20 eV electrons. Subsequently, the jons Was below 10" mbar. The equilibrium constant was
were transferred to the cell, where dialkyl sulfide was converted into the Gibbs free energy difference
present. In the FT-ICR cell, the dialkyl sulfide dimer (AG®), using Eq. (5):
radical cations were produced by association of the
dialkyl sulfide radical cations with the dialkyl sul-
fides. In reaction 2, A represents a dialkyl sulfide with
two saturated alkyl groups:

AG®°= —RTIn K (5)

In formula (5),R is the gas constant (8.314 J mbl
K™1) and T the absolute temperature, which is esti-
AT+ A AT (2) mated to be 298 K.
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2.2. Materials

All chemicals employed here were commercially
available and used without further purification.

2.3. Computational procedures

Calculations were performed on an RS/6000 work-
station using the Gussian 94 program packages [16].
Geometry optimizations were performed at different
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levels of theory, see Results section. In the case of Scheme 1. Dissociation channels of theB(,S);" and ¢-Bu,S)

radical cations the applicability of both the restricted
open-shell Hartree Fock (ROHF) procedure as well as
the unrestricted Hartree Fock (UHF) procedure have

(i-Pr,S)*" dimer radical cations.

been tested. Frequency calculations were performedpetween {-Pr,S);" and three different dialkyl sulfide

at the HF/6-31G(d) level of theory with geometry
optimized structures at this level.

Furthermore, we report the preliminary results of
density-functional theoretical (DFT) computations,
which were carried out with the Amsterdam Density
Functional (ADF) program, using the local density
approximation (LDA) as well as nonlocal corrections
(BP86 level) together with STO basis sets of TZ2P
quality for sulfur and DZP for carbon and hydrogen,
see [17] for details.

3. Results and discussion

3.1. Preparation of dialkylsulfide dimer radical
cations

Using association reactions [reaction (2)] of an
alkyl sulfide radical cation with an alkyl sulfide, the
dimer radical cations of methanethiol, dimethyl sul-
fide (Me,S), methyl ethyl sulfide (MeEtS), diethyl
sulfide (EtS), ethyln-propyl sulfide (Etr-PrS), din-
propyl sulfide (-Pr,S), dii-propyl sulfide (-Pr,S),
di-n-butyl sulfide @-Bu,S) and dit-butyl sulfide
(t-Bu,S) were generated.

In general, every dialkyl sulfide dimer radical
cation, with the exception of t{Bu,S), " and (-
Pr,S);", was trapped in the ICR cell for more than
180 s, and no fragmentation was observed. The
dissociation of {-Pr,S);~ was found to be very slow,
and therefore it was possible to study the equilibrium

dimer radical cations, namely, (MeEfS) (Et,S);"
and (-Bu,S); ", vide infra.

The radical cation of di-butyl sulfide was allowed
to react in an environment of bothPr,S andt-Bu,S.
Product ions appeared very rapidly and were identi-
fied as -Pr,S) ", (n-PnS) (t-Bu,S)"", (t-BusS,)™,
(n-Pr,t-BuS,) ", and ¢-Bu,S), . Unfortunately, the
abundance of thebutyl sulfide dimer radical cations,
(t-Bu,S); " was too low for further study. It is obvious
that thet-butyl groups have a large repulsive effect on
the 2c3e S-S bond. Consequently, th&(,S), ~ will
eliminate at-butyl group rapidly and produce the
(t-BugS,) " ions, see Scheme I. Similarly, the mixed
dimer radical cation, i-Pr,S) (t-Bu,S)*", fragments
into (n-Pr-t-BuS,) " and at-butyl radical (Scheme 1).

The methanethiol dimer radical cation, (GEH); ",
has also been generated using the association of the
methanethiol radical cation with methanethiol. How-
ever, the product abundance of the dimer radical
cations is found to be very low due to side reactions
leading to product ions with molecular formula
(dimer— H)™ and (dimer— H,)*". Attempts to select
the methanethiol dimer radical cation, with m/z 96, in
the FT-ICR cell have failed, because the product ions
with a mass corresponding to the ions with molecular
formula (dimer— H,)™ and (dimer— H)* also have
an isotopic abundance at m/z 96, namely 8
isotope of the (dimer H,)*" ion, and both theé=C
isotope and thé>S isotope of the (dimer H)* ion.
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Scheme 2. Equilibrium triangle representing three equilibria; see
further text.

3.2. Ligand exchange equilibrium measurements:
Determination ofAG®

The studied dialkyl sulfide dimer radical cations
have been found to react by ligand exchange with
dialkyl sulfide molecules. This has allowed for the
performance of equilibrium experiments between the
dimer radical cations: (M), ", (MeEtS} ", (Et,S);
(Et-n-PrSy ", (n-Pr,S); ", (i-Pr,S) ", and (-Bu,S); .

In general, a dialkyl sulfide dimer radical cation (A

undergoes a ligand exchange reaction with a dialkyl
sulfide (B) producing the mixed dimer radical cation
AB™ [reaction (6)]. Subsequently, a second ligand
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Scheme 3. Equilibrium studies between dialkyl sulfide dimer
radical cations. Above each arrow the free energy difference (kJ
mol~?) is given. In the center of each triangle the sum of the free
energies is given, which should be (close) to zero.

and A;". The Zeroth Law of Thermodynamics [18]
states that if two substanc®andQ are in equilib-
rium and in additionQ is in equilibrium withR then
substancesd? and R are also in equilibrium. This
means that in the equilibrium triangle depicted in
Scheme 2, the Gibbs free energy is a conserved

exchange reaction produces the dimer radical cationsquantity and the surface integral of this equilibrium

of B [reaction (7)]:

Al +B—A+AB™ (6)

(7)

Experimentally, an equilibrium is established be-
tween the radical cation dimers;A AB*", and B}~
after a reaction time of approximately 10 s. The
overall equilibrium constant, Eq. (4), i.e. for the
equilibrium between A" and B;’, has been deter-
mined and from this the overall equilibrium Gibbs
free energy differencAG2g has been calculated using
Eqg. (5). To compare the different equilibria with each
other, an equilibrium triangle has been drawn up, repre-
senting three dependent equilibria, see Scheme 2.

For each equilibrium triangle threAG° values
have been determined independently. TH@&%; has
been determined from the equilibrium betweeg A
and B, the AG3. has been determined from the
equilibrium between B and G~ and theAGZ2, has
been determined from the equilibrium between C

AB™ +B—A + B’

triangle must be zero:

§> dG° = AG3g + AG2. + AG2, =0 (8)

We have checked to determine if odG° values
satisfy this condition within the experimental error
given by the standard deviation of the ion product
abundance ratio plus an error of 20% of the pressure
readings of the compounds. Scheme 3 shows the
results for six equilibrium triangles involving
(Me,S)y,°, (MeEtSy", (EtS), , (Etn-PrS)’, (n-
Pr,S) ", (i-Pr,S) ", and (-Bu,S) " (for simplicity,
neutrals are not shown). Indeed, the surface integrals
are, within the indicated error bars, nearly zero. Only one
arrow of each equilibrium is drawn in Scheme 3, in order
to indicate the direction cAG® in the calculations.

In Table 1, the obtainedAG° values for the
individual reactions (6) and (7) have been summa-
rized. In addition, the\G° for the overall reaction has
been written in Table 1.
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Table 1

The Gibbs free energy change for the equilibria between the dialkyl sulfidésagil B;) and the mixed dimer radical cation (AB
Compound AGO 3 AGY® AGY,
A B (kJ mol™%) (kJ mol™ %) (kJ mol™%)
Me,S MeEtS -75 -5.9 -13.5
Me,S EtS -12.0 -7.6 -19.7
Me,S Etn-Prs —16.8 -10.6 —27.6
MeEtS EtS -6.0 -2.2 -8.2
MeEtS i-Pr,S -12.0 -3.8 -15.9
Et,S Etn-Prs -6.5 -3.4 -10.0
Et,S n-Pr,S -8.1 -5.9 -14.1
Et,S i-Pr,S -6.2 -3.1 -9.4
Et,S n-Bu,S -14.4 -10.6 -25.1
Et-n-PrS n-Pr,S —-4.2 -0.7 -4.9
n-Pr,S n-Bu,S -6.5 -3.0 -9.6
i-Pr,S n-Bu,S -11.0 -6.3 -17.4

2For reaction: A + B — A + AB;J".
® For reaction: AB" + B — A + BJ".

The Gibbs energy differencesG° thus obtained  ence of the ionization energy between B and A minus
can be converted into enthalpy differenced® and, the entropy difference times the temperature, Eq. (13):
eventually, into S-S bond dissociation enthalpies
(BDE) using relationship (9):

AG3g = BDE(B;) — BDE(A;)

The bond dissociation enthalpy (BDE) of a dimer The ionization energies of the compounds used in

radical cation is defined as the fragmentation enthalpy the present study are known [11,19] and summarized
of dimer A} into a monomer radical cation and a " Table 2. In addition, this table contains our exper-

monomer, Egs. (10) and (11): imentally determined Gibbs free energy difference
AG® of each dimer radical cation relative to the
A+AT =AY (10) radical cation dimer of diethyl sulfide.

In Fig. 1 the ionization energies of the dialkyl
sulfides have been plotted versus the number of
Substitution of Eqg. (11) into Eq. (9) yields Eq. (12) for atoms. Fig. 1 shows that the IE decreases with

BDE = AHY[AS] — AHJ[A] — AHJA™] (11)

equilibrium 3: increasing alkyl substituents. Dipropylsulfide has
AGS, = BDE(B!") — BDE(AL) + AHOB*] branched alkyl groups, and therefore this might be a
AB 2 2 f (12) reason why this compound does not fit the trend.
Since the ionization energy of the ethylpropylsul-
— AH?[B] — AHIA™] fide is reported to be larger than that of the smaller

diethyl sulfide, it might be that the reported value
refers to the vertical IE and not the adiabatic one. If
The adiabatic ionization energy (IE) is defined as the the adiabatic ionization energy of the etmypropyl
difference between the enthalpy of formation of a sulfide would follow the trend in Fig. 1, it will be
radical cation and a neutral. This means that the Gibbs around 8.35 eV, yieldind G° — AIE = 2.3 kJ mol*
energy difference [Eq. (12)] is equal to the BDE for the equilibrium between ethyi-propylsulfide and
difference of the dimer radical cations plus the differ- diethyl sulfide.

+ AH?[A] — TASP
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Sulfur—sulfur bond dissociation energies (BDE) of, 8% dimer radical cations derived from experimental Gibbs free energy changes
(experiment) and theoretical entropy changes for the equilibrium given in Eq. (14). In addition, this table summarizes the ionization

energies and bond dissociation energies from the literature

AG° —

Compound AGP 2 (kJ ASY 2 AIE (kJ BDE 2 (kJ BDE © (kJ
) mol ™) mol K™Y IE® (eV) mol™ 1) mol ™) mol ™)
Me,S -19.7 —17.9¢ 8.69+ 0.01 5.4 115 111
MeEtS -8.2 3.9¢ 8.54+ 0.01 2.4 112
Et,S 0.0 0.¢¢ 8.43+ 0.01 0.0 115 118%
Et-n-PrS 10.0 18.7 8.50+ 0.05 2.3 107"
n-Pr,S 14.1 36 8.30+ 0.02 1.6 103 9%,119f
n-Bu,S 25.1 50 8.20+ 0.10 2.9 97 8%
i-Pr,S 9.4 259 8.00+ 0.10 -32.1 140

2This work.

b Values from Lias et al. [11,19].
¢ Literature values.

d Calculated at the HF/6-31@) level of theory; the vibrational entropy change has been neglected.
€ Calculated at the HF/3-21G level of theory; the vibrational entropy change has been neglected.

"[6]-
9 Estimated from Fig. 3.

f‘An ionization energy of 8.35 eV has been used in this calculation, see text for explanation.
"Due to a large uncertainty in the |IE (see Fig. 1) this BDE does not follow the trend.

4],
<171

If the entropic contribution§AS® were negligible
then, according to Eq. (13), the Gibbs free energy
difference minus the difference in ionization energies
between B and A would give the BDE difference

8.7

*
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Fig. 1. The ionization energies (IE) of the dialkyl sulfides as a
function of the number of atoms per molecule. The line has been
added to guide the eye.

between the two dimer radical cations. However, it is
anticipated that the differenc®G® — AIE of ~0-5

kJ mol * [for (i-Pr,S); " it is larger, see Table 2] is of
the same order as the entropy contributionS’.
Therefore, in the next section the contributions of the
entropy to the studied equilibria will be discussed.

3.2. Estimation of entropies using statistical
thermodynamics

The experimental determination of the entropic
contributions to the Gibbs free energy changes of the
studied equilibria requires variation of the tempera-
ture. In the FT-ICR mass spectrometer used this is not
possible. The entropy contributions, therefore, have
been estimated using statistical thermodynamics
[18,20].

3.2.1. Translational entropy
Because in Table 2 th&G° are given relative to
the diethyl sulfide dimer radical cation, the entropic
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Table 3 Table 4
The translational entropy for equilibrium 14, calculated with Eq. Bond distances (A), bond angles (degrees), and rotational entropy
(15) (J molr* K=1) of Me,S and EfS
AS (3 Me,S EtS
Compound mol~* TAS?
o K1) (k3 mol) AM1 MP2/6-31G¢) AM1 MP2/6-31G()
Bond distances
mngSts :g'ii :é'gg r(S-C1) 1.752 1.807 1770 1.815
’ . r(C1-H) 1.113 1.093 1.117 1.095
Et,S 0.00 0.00
r(C1-C2) e 1.500 1.524
Et-n-PrS 1.81 0.54 f(C2-H) o o 1118 1.093
n-Pr,S 3.38 1.00 Bond a_ngles : :
:{_Férass g'gj i'gg a(Cl-S-C1) 102.8 986 1017 99.1
2 ) ) a(S-C1-H) 112.0 111.3 110.0 109.2
2The temperature has been assumed to be 298 K. a(s-C1-C2) s s 107.8 110.0
a(C1-C2-H) e ... 1108 111.0
Rotational entropy
contribution has been calculated for the same reac- S 92.3 985 1047 105.1

tions, Eq. (14):

Y, + 2Et,S — 2Y + (Et,S);” (14) _ . .
entropies. This was done by comparing AM1 and

The corresponding translational entropy of reaction \p2/6-31G¢l) results for MeS and E$S (Table 4).

depends only on the ratio afy andmg,s as can be AM1 optimized geometry parameters differ by
seen in Eq. (15). Table 3 lists thasy for all some 5% from the MP2/6-31@Y values. In particu-
compounds studied, calculated with Eq. (15): lar, the S—C bond distances are reduced, whereas the
- C-S—C angles increase. The former effect tends to
3 my MEgs)y 3 my i
A = 5 RIn| 5 ——2%2| = 5 R In make the molecules more compact and to reduce their
Meps My Mer,s moments of inertia. This is counteracted by the

15)

increase ina(C1-S—C1). Therefore, the moments of
inertia and thus the rotational entropias, [Eq.
3.2.2. Rotational entropy (15)] have similar values at AM1 and MP2: for
Eq. (16) shows how the rotational entropy change gimethyl sulfide the AM1 value akS2,, is 6% smaller
ASY,; associated with equilibrium 14 depends on the han the MP2 one: for diethyl sulfide the agreement is
principal moments of inertia (A, B, C) and symmetry oy excellentA S, being only 0.4% smaller at AM1
numbers ¢) and, therefore, on the structure of the yan at MP2. These deviations are much smaller than

various adducts and products: the uncertainty associated with the experimental data
1 AZB2C2. ABC e - used (e.g. IEAG®, AHP). We therefore conclude that
A§Ot=2Rln( ABC Y Asz(Ztgs)z) the AM1 results are sufficiently accurate for our
v ELS purpose.

The rotational entropy of B8 is 105.0 J mol*
(16) K1 at UMP2/6-31G¢,p) (Table 5). This value is
quite robust with respect to changes in the theoretical
The structures of the ions and molecules have beenlevel: at ROHF/3-21GAS), is still 105.9 kcal/mol,
predicted computationally. Some of our larger sys- only 1% larger than at UMP2/6-31G,p). The LDA
tems are computationally difficult or not accessible value of 97.9 J mol* K™ is 7% smaller.
with ab initio methods. Therefore, we have examined  The dimer radical cations (M8); and (EtS),",
the suitability of a semi-empirical AM1 approach for too, were computationally examined using AM1 as
geometry optimization and computation of rotational well as ab initio theory at MP2/6-31@) and HF/6-

2
Ov; OEs
LS

Oy O(Es)
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Table 5 Table 6
The rotational entropy as a function of the basis set fgBEt Bond distances (A) and bond angles (degrees) of,8)¢ and
Et,S); "~ both in theC,,; symmetr
S (J mort (ELS) 21 SY y
Level of theory Basis set K™ (Me,S)~ (Et,S)"
ROHF 3-21G 105.90 AM1 MP2/6-31G@d) AM1 HF/6-31G({)
ROHF 4-31Gd) 105.88 .
Bond distances
ROHF 6-31G0.p) 105.82 r(S-S) 2.278 2.795 2.277 2.875
UHF 6-31G¢) 105.12
r(s-C1) 1.755 1.804 1.786 1.828
UHF 6-31G(,p) 105.11
r(C1-H) 1.117 1.092 1.120 1.082
UMP2 6-31G(l) 105.00
UMP2 6-31G(.p) 104.98 r(C1-C2) . . 1.499 1.526
’ ' r(C2-H) e e 1.120 1.083
Bond angles
a(S-S-C1) 104.5 95.6 101.9 98.6
) a(C1-s-C1) 102.9 100.6 103.0 102.5
31G(d), respectively. Selected geometry parameters a(S-C1-H)  109.9 110.8 108.6 108.6
and the rotational entropies are summarized in Table a(S-C1-C2) o 1084 111.0
4. The AM1 and ab initio structures differ signifi- Ra(c.l'CZ'H) o 1108 111.2
otational entropy
cantly and, as far as the length of the S-S 2c3e bond <, 112.7 1141 1242 125.8

is concerned, even dramatically. In (M, , for
instance,r(S-S) is 2.795 A at MP2/6-31@J. This
agrees reasonably with preliminary DFT results of 3.2.3. Vibrational entropy

2.753 (LDA) and 2.911 A (BP86). But at AM1, The vibrational entropy is given by Eq. (17). Here,
r(S=S) is only 2.278 A, i.e. more than 0.5 A or 18% R is the gas constanh Planck’s constantk Boltz-
shorter than at MP2! Similarly, the S-S bond in mann’s constantT the absolute temperature, amd
(Et,S);" contracts by 0.6 A (21%) on going from the vibrational frequency:

HF/6-31G() to AM1. Yet, the difference of 3%—8% hy hy

between AM1 and ab initio rotational entropias?,, L, => —-R In[ 1- exp(— kT>] + R(kT)
is relatively modest, because again the effect of the v

reduced (S-S) on the moments of inertia is counter-
acted, amongst others, by that of the increass-
S—C1). For exampleAS%, of (Me,S); " is 112.7 and Vibrational frequencies are typically between 0 and
114.1 J Kt mol* at AM1 and MP2 (Table 6). The 3500 cm *. The entropy is mainly determined by the
LDA value of 119.2 J K* mol ' is somewhat larger.  lower frequencies, because the low-frequency oscil-

X [exp(=hv/kT)/1 — exp(=hv/kT)] (17)

Furthermore, for (ES)" two distinct equilibrium lators provide the largest contributions to the partition
structures, with € and G,, point group symmetry,  function [18,20].

respectively, were found at HF/6-31((see Fig. 2). In order to study the order of magnitude of the
The corresponding rotational entropies of 125.6 J vibrational entropy change for the studied equilibria,
mol~* K™* (C,) and 125.8 J mol* K™t (C,), the calculated entropy change has been compared to
however, differ only marginally. experimentally determined values of Deng et al. [4].

The overall rotational entropy for equilibrium (14) They have experimentally studied the equilibrium
with Y = Me,S is —18.0 J mol'* K~ at the AM1 between the dimethyl sulfide dimer radical cation and
level, while a value of—17.9 J mol'* K™* at the its ionized and neutral monomers [Eq. (18)]. They
HF/6-31G@) level of theory has been obtained. also measured such an equilibrium for the diethyl
Notwithstanding the large geometry differences, these sulfide system [Eq. (19)]. By analyzing the effect of
rotational entropies imply that the AM1 level of changing the temperature and with the help of van 't
theory is a good alternative for rotational entropy Hoff plots, Deng et al. determined both the enthalpy
calculations. and entropy of reaction:
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1.828

A

: 1.083
(Et,S)," in the C,y symmetry

(Et,S),* in the C, symmetry

1.083

(MeEtS),* in the C, symmetry

Table 7

The translational, rotational, and vibrational entropy for the
species of Eq. (20) calculated at the HF/6-3d)Glevel of

theory. In addition, for each type of entropy the sum (products
minus reactants) has been added

S)rans (‘] morl S')ot (‘] morl $ib (J morl

Compound® K™% K1 K1
Reactants
(Me,S)~ 168.8 114.4 143.9
Et,S" 164.9 105.0 84.4
Et,S 164.9 105.0 72.6
Products
Me,S* 160.2 92.7 36.0
Me,S 160.2 92.8 27.3
(Et,S)" 173.5 125.6 241.2
Total —-4.7 —-13.3 +3.6°

2lonized and neutral monomers in tlig,, symmetry, (MgS);"
in the C,,, symmetry and (EB); " in the C, symmetry.
P Unscaled; using scaled frequencieS’, = +3.7 Jmolr K2,

(Me,S);" + Q=Me,S* + Me,S + Q (18)
(ELS)" + Q=ELS' + Et,S+ Q (19)

Adding Egs. (18) and (19), we obtain the double
ligand exchange equilibrium of Eq. (20). To estimate
the entropy change associated with this equilibrium
reaction, we have performed ab initio calculations at
the HF/6-31G() level.

(Me,S); + Et,S*" + Et,S= Me,S™
+Me,S + (Et,S) (20)

Table 7 displays the translational, rotational, and
vibrational entropies of the species in Eqg. (20). The
sum of the translational entropy and the rotational
entropy change is-17.9 J mol'* K™ (at 298 K).
This is in good agreement with the experimental result
[4] of —20 J mol'* K™%, which is based on measure-
ments of equilibrium 18 (at 576 K) and equilibrium
(19) (at 520 K). The vibrational entropy change is
positive, due to several low frequencies. Ignoring all
frequencies below 300 cm gives a vibrational
entropy change of-0.2 J mol'* K~* and then will

Fig. 2 (see left column Optimized geometries (HF/6-31@) level

of theory) of (ES), ', C,yy Symmetry. (a) an€, symmetry, (b) and
(MeEtS)", (c) dimer radical cations. Bond distances are in A and
bond angles in degrees.
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become negligible. In conclusion, the sum of the 55 — - 55
translational and rotational entropy at the HF/6- 50 - S0
31G(d) or AM1 level of theory gives a good estima- :Z: - ::
tion of the entropy of reaction 14. Therefore, in the case 35 | s
of the equilibrium between the dimer radical cations of 30 - S
methylethyl sulfide and diethyl sulfide the entropy has ~ 25 -2 %
been calculated at the HF/6-3Xip(evel of theory. __E i:: i f‘; 3
°§ 10 - 10 {
5 - - 5
3.3. Sulfur—sulfur bond dissociation energies 0 -0
5 -5
In Table 2, we summarize our experimentst°® iz: :ii’
values for equilibrium 14, together with the corre- 20 4 /% | 20
spondingAS® values. For the smaller species, i.e. Me/IZS MeES Etlzs B b Pr|25 " Bus
(Me,S);", (MeEtSY ", and (E3S) ", theseAS® values Compound (Y)

stem from our HF/6-31G) CompUtatlor_].S' AS h_as Fig. 3. The Gibbs free energy chang&@°, this work) and the
been shown above thaS° for the equilibrium is entropy difference 4S°) of dialkyl sulfide dimer radical cations

mainly dependent on the rotational and translational plotted versus the number of atoms. For an explanation see the text.
part of the entropy. Moreover, low level calculations

have been shown to give results which are in good

agreement with higher level calculations. Therefore, (n-Pr,S);" + EtS" + Et;S2n-Pr,S™

- . G
the.equmbrlum that involves the (Et-PrS} " dimer +N-PLS + (ELS) 22)
radical cation has been calculated at the HF/3-21G

level of theory. The remainingnS° values for the Our experimental Gibbs free energies and the

larger (-Pr,S); ", (i-Pr,S); ", and (1-Bu,S); ~ systems, calculated or estimated entropies for the equilibria
were either estimated or collected values from the mentioned above are visualized in Fig. 3 as a function
literature. of the number of atoms. The reaction entropies for the
Two different (MeEtSy™ dimer radical cations  equilibrium exchange reactions 14 with= n-Bu,S
have been considered in the calculations, one @gh ~ and i-Pr,S have been estimated from these data
symmetry and one witfC; symmetry. The species through interpolation (see Table 2).
with C, symmetry has been found to be a minimum Finally, the sulfur—sulfur bond dissociation en-
energy structure, see Fig. 2. lonized and neutral thalpy can be computed using Eq. (13), the data in
methyl ethyl sulfide monomers have been calculated Table 2, and the literature [4,7] value of 115 kJ ol
with C5 symmetry. for the BDE of (EtS); . The resulting BDE are also
Recently, James and lllies [6] have determined the collected in Table+2. The overall trend, going from
association entropy ofn¢Pr,S);". Using van 't Hoff ~ small to large (BS), " dimers, is a decrease in the S-S

plots they determinedHC® andAS® of reaction (21):  bond strength from 115 kJ mot for (Me,S), " to 97
kJ mol ! for (n-Bu,S);". An exception on this trend

(n-Pr,S);" + Q=2n-Pr,S" + n-Pr,S+ Q (21) is the “too high” S-S BDE of 140 kJ mot for
(i-Pr,S); .

Together with the experimental entropies obtained by ~ The presently determined BDE values agree well

Deng et al. [4] for Egs. (18) and (19), these data with those from literature. For example, Deng et al.

enable us to compute the entropy chang® = 36 J [4] have calculated bond dissociation enthalpies of

mol~* K~' associated with equilibrium (22) (see 118.4 kJ mol* for (Me,S); and 117.0 kJ mal* for

Table 2): (Et,S); " at the MP2/6-31&{) level; their correspond-
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ing experimental values are 111 2 and 116+ 3 kJ a steady decrease of the S—S bond dissociation energy
mol~%, respectively. This is close to our 115 kJ with increasing size of the alkyl groups. This is
mol~t. Surprisingly, the calculated energies at the ascribed to steric repulsion between alkyl groups
HF/6-31G() level of theory lead to a drop in the across the S. S bond. The rather late onset of the
BDE to 60.4 kJ mol* for (Me,S); ", almost half the  repulsive forces is ascribed to the fact that the S
BDE calculated at the MP2/6-31@) level! Further- 2c3e bond is relatively long with-2.9 A.
more, there is a good agreement with the results from  The AG®s of the ligand exchange equilibria
our recent threshold experiments [7]. The latter have (R,S),” + 2 Et,S = (Et,S)" + 2 RS have a
yielded bond dissociation energies of 11510, 98+ significant entropy contributioMAS® as appears from
10, and 89+ 10 kJ mol* for (Et,S);", (n-Pr,S)", our computations at various levels of theory, ranging
and (-Bu,S), ", which has to be compared with the from semi-empirical to ab initio (used for the BDE
115, 103, and 97 kJ mot, respectively, obtained values) and DFT. The entropy chany&’ is shown
from the present equilibrium experiments. to originate primarily from the change in rotational
Possible electronic effects on the S-S bond entropyAS.,.
strength [21] are expected to be most pronounced for
the smaller dimers, e.g. when going from ()& " to
(Et,S); ~ or, even more so, from (}$); to (Me,S); ",
because here the characteristics of Resustituent’s
electronic structure, such as the polarizability or the
energy of the singly occupied molecular orbital
(SOMO), relatively change the most. Yet, and this is
of particular interest, the S—S bond strength is more or
less constant along (M8),, (MeEtS} , and
(Et,S); . Only when propyl or larger substituen®
are introduced, the BDE begins to decrease more
significantly. This strongly suggests that it is steric
repulsion between alkyl groups across the S bond Acknowledgements

that begins to oppose the 2c3e bonding interactions. _
In line with this is the low stability of ii-Pr,S) The authors wish to thank the Netherlands Orga-

(t-Bu,S)*" and ¢-Bu,S);" both of which rapidly nization for Scientific Research (NWO/SON/NCF)
eliminate at-butyl group. The rather late onset of the for financial support. F.M.B. thanks the Deutsche
repulsive forces may be ascribed to the fact that the Forschungsgemeinschaft (DFG) for a Habilitanden
S .. S 2c3e bond is relatively long witk2.9 A (for fellowship.

comparison, the S-S single bond in £F$CH, is
with ~2.0 A much shorter) [21].

Supplementary material

Cartesian coordinates, energies and entropies of
Me,S, Me,S*, Et,S, EtS™ (all in C,, symmetry),
MeEtS, MeEtS’, and Eta-PrS (Cg symmetry),
(Me,S); ™ (C,, symmetry), (MeEtS)” (C, symme-
try), (E,S);" (C, and C,, symmetry) and (Eh-
PrSy - (C, symmetry) are available upon request (8
pages).
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