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GENERAL INTRODUCTION 

Reliable thermochemical data for chemical species are among the most fundamental and 

useful information for the prediction of the chemical reactivity. Knowledge of the structures 

and energetics of those chemical species formed in a photochemical process or a bimolecular 

reaction is very inqwrtant for revealing the con:q)lex process involved in combustion, plasma, 

and atmospheric chemical cycles.̂  Owing to the great progress in experimental techniques in 

the past decade, detailed photoionization and dissociation studies on numerous small 

molecules and their ions have been made. Despite the existence of much mformation about the 

energetics and dissociation dynamics of small molecular neutrals and ions, similar information 

on more complex polyatomic species and their ions is quite limited. The purpose of this 

thesis research is to perform detailed photoionization and dissociation studies on relatively 

complex polyatomic neutral and ionic species using vacuum ultraviolet (VUV) 

photoionization (PI) mass spectrometry and collision-induced dissociation (CBD). 

The first part of the dissertation consist of two chapters concerning the photoionization 

studies of Group IV transition metal carbonyls and sulfur hexafluoride using the molecular 

beam photoionization mass spectrometric apparatus. These studies have provided reliable 

information about the dissociative photoionization channels, ionization energies (lEs), and the 

bond dissociation energies of these systems. These studies have also provided valuable insight 

into the bonding of these molecular systems. When possible, high level ab initio calciilations 

have also been made to conq)are with experimental findings. 
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The second part of the dissertation focuses on the unimolecular dissociation process of 

selected organosulfur ions induced by coUisional activation. The comparison between the 

resuhs of this coUisional activation study and those obtained in photoionization and charge 

transfer studies suggests that the low energy CID of CHsSlT, CHsCHaSlT, and CH3SCH3* 

are non-statisticaL Ab initio calculations have also been performed to rationalize the observed 

CID channels. 

Dissertation Oî anization 

This dissertation is separated into two parts. A general introduction to each part is 

presented. Part I consists of two independent papers on molecular beam photoionization mass 

spectrometry. Part n consists of three papers on the collision-induced dissociation of 

selected organosulfur cortqwunds. Each paper is prepared in a format ready for publication. 

The description of specific experimental conditions are given in each individual section. 

The dissertation ends with a general conclusion. 
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PARTI 

UNIMOLECULAR DISSOCIATION STUDIES OF POLYATOMIC 
MOLECULES BY MOLECULAR BEAM PHOTOIONIZATION MASS 

SPECTROMETRY 
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INTRODUCTION 

Photoionization mass spectrometry is a spectroscopic technique for studying the 

processes following the absorption of a VUV photon by a molecule or an atonL When 

molecules are irradiated with high energy photons, processes such as photoexcitation, 

photoionization, and photodissociation, are predominant.̂  

Photoionization: AB +hv -> AB^ + e" 

Autoionization: AB +hv -> AB' AB  ̂ + e" 

Dissociative photoionization: AB +hv -> AB^ + e' A" + B + e" 

By measuring the ionization cross section of a particular dissociation product channel as a 

function of the variable photon excitation energy, the ionization energy (IE) of the neutral 

species and the appearance energy (AE) of the fragment ion are obtained. After simple 

calculations with those values, some basic and useful information such as heat of formation 

and sequential bond energies can be deduced from the photoionization measurements. The 

photoionization technique is well known for accurate EE and AE measurement. 

The narrowed velocity distribution achieved by forming a molecular beam with a nozzle 

was first suggested by Kantrowitz and Grey^ and made successfully by Becker et al Under 

the molecular beam condition, the internal energy of the gas in the high-pressure stagnation 

region is removed coDisionally and transferred to translation along the flow streamline 

directioiL Collisions cool the internal degrees of freedom of molecules in the expansion, and 
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an internal temperattire of only a few Kelvin can be achieved.®'̂  Because the local speed of 

sound in a gas is a measure of the random thermal motion, in the case that motion transverse 

to the flow, molecules moving along the flow have speeds several times greater than the local 

speed of sound. Therefor, such a gas expansion is called a "supersonic expansion". In addition 

to high directionality, the higher number densities of gas in the stagnation region of the 

expansion leads to higher flux than for an effusive beam. This revolutionary discovery has 

been widely implemented in studies of molecular reaction dynamics and spectroscopy."* Use of 

the supersonic beam technique in the photoionization mass spectrometric studies has made 

possible a cooled molecule beam with high intensity in a collision-free environment. 

References 

1. T. Baer. C. Y. Ng, and I. Powis, The Structure, Energetics, and Dynamics of Organic 

Ions. Wiley (1996) 
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L A MOLECULAR BEAM PHOTOIONIZATION MASS SPECTROMETRIC 
STUDY OF CR(C0)6, M0(C0)6, AND W(CO)« 

A paper published in the Journal of Chemical Physics 

Y. J. Chen, C. L. Liao and C. Y. Ng 

Abstract 

The photoionization efficiency (PIE) spectra for M(CO)n^ (n=0-6) from M(CO)6, M=Cr, 

Mo, and W, have been measured in the photon energy range of 650-1600 A. Based on the 

ionization energies for M(C0)6 and appearance energies (AEs) for M(COV (DFO-5) determined 

here, we have obtained estimates for the sequential bond dissociation energies (Do) for CO-

M(CO),^i^ (n=l -6). The conparison between the Do vahies for the Cr(C0)6'' system obtained here 

and in the recent collisional induced dissociation and theoretical studies suggests that Do values for 

CC)-M(CO)n.i^ (n=3-6) based on this PEE experiment are reliable. The PEE results reveal the 

general trend for individual values that Do[CO-Cr(CO)n.iT < Do[CO-Mo(CO)D.itl < Do[CO-

W(CO)n.n (if=3-6). The conparison of the first E)o values for M(C0)6  ̂obtained here and those 

for M(C0)6 reported previously provides strong support for the theoretical analysis that the 

hnportance of relativistic effects, which give rise to more efficient M to CO Tc-back-donation in 

M(C0)6, is in the order W(CO)6 > Mo(CO)6 > Cr(CO)6. 

Introduction 

Neutral and ionic transition metal carbonyl compounds and their fragments are model 

systems for the detailed experimental'"^ and theoretical*"*^ investigation of transition metal-

ligand bonding. The accurate determination of the successive bond dissociation energies at 0 

K (Do) for neutral and ionic transition metal carbonyl con:pounds is still a challenge for both 
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State-of-the-art experimental techniques^^ and theoretical '̂̂  calculations. Due to the 

complexity of these experimental systems and finite limitations of individual experimental 

techniques, the accurate determination of successive Do values requires careful comparisons of 

results obtained using differrat experimental methods'*' and predictions firom high level 

theoretical calculations.®"'̂  

Photoionization^*'̂ '''* and electron-ionization'̂ " mass spectrometry are traditional 

techniques for obtaining estimates of the sequential Do values for ligated transition metal 

cations, such as CO-M(CO)n.r (n=l-6), M=Cr, Mo, and W. Due to the finer control in 

ionization energy and the more favorable threshold law for photoionization,'"* photoionization 

mass spectrometry is preferred over electron-ionization mass spectrometry. In a 

photoionization mass spectrometric study of M(C0)6, the photoionization efficiency (PIE) 

spectra for M(CO)n'' (n=0-6) are measured, fi-om which the ionization energy (EE) and 

appearance energies (AEs) for the following processes are determined. 

M(C0)6+hv M(C0)6^ + e- (1) 

-> M(C0)5" + CO + e (2) 

-> M(C0)/ + 2C0 + e (3) 

M(C0)3" + 3C0 + e (4) 

-> M(CO)2  ̂+ 4CO + e- (5) 

MCO* + SCO + e (6) 

—> + 6C0 + e (7) 
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In principle, the differences of successive AE values yield the Do values for M(CO)6*. 

In reality, the accuracy for the Do values obtainable in such an experiment is affected by hot 

bands and kinetic shift effects.'* The hot band effect is due to thermal excitation of rotational 

and low frequency vibrational modes of the precursor molecule. As a result, the observed 

onset is lower than the true BE or AE vahie. It is possible to lessen the hot band effect by 

using the supersonic molecular beam technique to introduce the gas sanqjie into the 

photoionization source so that the rotational and low frequency vibrational populations of the 

sample molecules are partially relaxed prior to photoionization.̂ "'̂ ' The kinetic shift effect is 

statistical in nature. For a polyatomic molecule, the kinetic shift effect may restrict the 

dissociation rate of the excited cation to a negligible level near the dissociation threshold, 

making it difficult to observe the true dissociation threshold. Since the hot band and kinetic 

shift effects are counteracting factors, a quantitative assessment of these effects on the 

measured onset is difficult to make. For this reason, the accuracy of Do values obtained by 

PEE measurements requires confirmation with other experimental and theoretical studies. 

Despite the difficulties mentioned above, previous PIE resufts'*^*'̂  have provided valuable 

energetic information on selected metal carbonyl cation systems. 

The photoionization processes (1-7) for Cr(C0)6 have been investigated previously by 

pee' and photoelectron-photoion coincidence (PEPICO)'* measurements. The 

photoionization studies for M(CO)6, M=Mo and W, have also been made without mass 

selection. The main objective of this article is to present PIE data for M(COV (n=0-6), 

M=Cr, Mo, and W, formed in processes (1-7). The analysis of these data yields estimates for 

the sequential Do values for CO-M(CO)n-î  (n=l-6). The successive Do values for CO-
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Cr(CO)tt.i'' (n=l-6) were detennmed in a recent collision-induced dissociation (CID) study/ 

The con5)arison between the Do values for CO-Cr(CO)n.î  (n=I-6) obtained here and in the 

CID study suggests that the Do values for CC)-M(CO)n.i'̂  (n=3-6) determined in the 

photoionization mass spectrometric study are more reliable than those for CO-M(CO)n-r 

(n=l-2), M=Mo and W. The simi of the PIE (total PIE) spectra for the individual M(CO)n"  ̂

(n=0-6) systems are also conqiared here with the corresponding Hel photoelectron spectra for 

M(C0)6, M= Cr, Mo, and W5 

Experiment 

The experimental arrangement of the molecular beam photoionization apparatus used 

in this experiment has been described in detail previously.^"'̂ ^ Briefly, the apparatus consists 

of a 3 m near normal incidence vacuum ultraviolet O/UV) monochromator, a capillary 

discharge lamp, a tungsten photoelectric VUV light detector, a differentially pimiped 

supersonic molecular beam production system, and a quadrupole mass spectrometer for ion 

detection. 

The grating employed in this study was a Bausch and Lomb 1200 lines/mm Os coated 

aluminum grating blazed at 1360 A. Either the hydrogen many-lined pseudocontinuum or the 

helium Hopfield continuum was used as the Hght source, depending on the wavelength region 

desired. All PIE data were taken at an optical resolution of 1.5 A (full width at half maximum). 

The Cr(C0)6, Mo(CO)6, and W(C0)6 sanqjles were obtained from Alfa Products with 

a stated purity of 98%, and were used without purification. In this experiment, a continuum 

Cr(C0)6 [or Mo(CO)6 or W(C0)6] beam seeded in Ar was produced by supersonic expansion 
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through a home-built quartz oven beam source. This oven beam source consisted of a quartz 

san5)le cell and a quartz nozzle (diameter » 127 nm) which were heated by separated heaters. 

Two microprocessor based temperature controllers were used to independently set the 

temperature of the sample cell and nozzle. The san^le cell was maintained at temperatures of 

85 °C, 110 °C, and 120 °C, yielding partial pressures of 68 Torr, 25 Torr, and 15 Torr for 

Cr(C0)6, MO(CO)6, and W(C0)6, respectively. In order to avoid condensation at the nozzle, 

the nozzle was kept at a temperature about 10 °C higher than that of the sample cell. When 

the cell and nozzle were heated to a temperature >130 °C, noticeable decomposition of the 

metal carbonyl compoimds was observed as monitored by the photoionization mass 

spectrometer. The total stagnation pressure of the Ar and metal carbonyl vapor was 

maintained at *200 Torr. The molecular beam was coHimated by a conical skimmer 

(diameter=l mm) before entering the photoionization chamber. During the experiment, the 

beam source and photoionization chambers were maintained at IxlO"  ̂ Torr and ^xIO'̂  

Torr, respectively. 

In this experiment, the dispersed VUV photon beam from the monochromator is 

modulated by a 150 Hz tuning fork chopper.̂ " The difference between the counts 

corresponding to the VUV photon beam on and off was taken to be the ion signal. Due to the 

low ion signal near the IE and AEs, the modulation technique is essential in reducing the 

background of the ion detector. The PIE data presented here represent the averages of at 

least two reproducible scans. 
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Results 

A. Cr(CO)„  ̂(n=0-6) 

The PIE spectra for Cr(CO)n* (n=0-6) from Cr(CO)6 measured in the wavelength 

range from 700-1600 A are depicted in Figs. 1(a) and 1(b). The fragment ions observed are 

assumed to result from processes (1-7) for M = Cr. We note that the same PIE scale is used for 

for aH Cr(CO)n  ̂(n=0-6) spectra. Thus, the PIE spectra of Figs. 1(a) and 1(b) show the relative 

fragment ion intensities as a fimction of ionizing photon energy. 

The PIE curve for Cr(C0)6^ rises above the background level at «1530 A and increases 

gradually as photon energy is increased. The gradual rise in the ionization threshold is consistent 

with the interpretation that the geometries for Cr(CO)6 and its cation are different, resulting in poor 

Franck-Condon fectors for the ionization transitioiL This behavior of a very gradual ionization 

onset is also observed in photoionization thresholds of other transition metal carbonyl 

confounds. The linear extrapolation of the PIE data near the ionization threshold yiekis a 

vahie of 1520±5 A (8.16±0.03 eV) for the adiabatic IE of Cr(C0)6. The nonlinear rise of the PEE 

spectrum from 1530 to 1520 A is attributed to the hot band effect. The IE value determined in this 

study is in good agreement with previous photoionization results.̂ *'* (see Table I)- The onsets for 

Cr(CO)„'' (nr=2-5) are relatively distinct, wiiereas the onsets for CrCO"^ and Cr"  ̂are very gradual 

The formation of smaller Cr(CO)n'̂  fragment ions is likely the result of sequential dissociation 

processes. On the basis of statistical conskieration, we expect that the probability or rate of 

dissociation at the true threshoM decreases as the extent of dissociation increases because the 

neutral fragments cany away finite energy. Thus, the increasingly gradual onset observed for 

smaller Cr(CO)n'̂  firagment ions is consistent with this e;q)ectation. 
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1520±5A 

1520 1560 1480 

1300 1260 1340 
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0 — 
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H A )  

Figure 1(a) PIE spectra for Cr(CO)„^ n=4-6 from Cr(CO)6 iQ the wavelength (X,) range of 

650 - 1600 A. Note that the relative PIE scale are the same for (a) and (b). 
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Figure 1(b) PIE spectra for Cr(CO)n^, n=0-3 from Cr(CO)6 in the wavelength (X) range of 

650-1600 A. Note that the relative PIE scale are the same for (a) and (b). 
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Table I Ionization energies (lEs) and heats of formation at 0 K (AjH°o) and at 298 K (A{H°298).* 

Species 0 (kca]/moO AjH 298 (kcal/mo  ̂ IE(eV) 

CO 

Cr 

Cr" 

Mo 

Mo" 

W 

-27^0+0.04 

94.3±1.0 

250.3±1.0 

156.9 

320.6 

203.7±1.5 

378 

Cr(C0)6 -218.4±0.4 

MO(CO)6 -219 

W(C0)6 -213 

-26.42±0.04 

94.8±1.0 

252.5+1.0 

157.3 

321.0 

203.4±1.5 

379 

-217.110.4 

-218 

-212±1 

14.0139 

6.766 

7.099 

7.60 

8.16±0.03  ̂
8.142±0.017c 
8.2410.07^ 

821±0.03'' 
8227+0.01 r 

82410.03" 
8.24210.006" 

a) Unless specified, the values given in the table are obtained from Ref 22. 

b) This woik. 

c) Reference I. 

d) Reference 4. 
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The IE and AEs determined Ity the PIE spectra of Rgs. 1(a) and 1(b) are compared to previous 

electron-ionization'̂ *' and photoionization^ results in Table n. Although the vibrational rela;cation 

for M(C0)6, M=Cr, Mo, and W, under the beam expansion conditions of the present experiment is 

likely to be incon^lete, we assumed that the lEs and AEs determined here are 0 K values. Taking 

into account the e3q)erimental uncertainties, the AEs for Cr(CO)a^ (ff=l-5) obtained here and those 

in the previous PEPICO e3q)eriment'* are in agreement. However, the AE of 14.67 eV for Cr" 

observed here is significantly higher than the PEPICO value of 14.13 eV.* The deviations between 

AE values obtained in previous electron-ionization studies are large,indicating the lack of 

precision in the electron-ionization method. The AEs for Cr(CO)n'' (if=0-2) based on electron-

ionization are significantly higher than the corresponding photoionization vahies. 

The heats of formation at 0 K (AtH°o) and at 298 K (AftTx) for Cr"", CO, and Cr(C0)6 are 

known (see Table I).̂  Using these vahies, we calculated a vahie of 1326 eV (13.50 eV) for the 

heat of reaction at 0 K (298 IQ for the formation of Cr^S) + 6C0 from Cr(C0)6. This, the 

thermochenrical threshoW for the ground state Cr^S) ion, is significantly lower than the AE(Cr  ̂

value observed here, indicating that this AE(Cr') is an upper Hmit. It was suggested that the 

electron-ionization '̂'̂  and photoionization^ of Cr(C0)6 leads to production of Cr"^ in an excited 

state. Since the first excited Cr''(^) state is 1.52 eV higher than the ground CrYS) state,̂  we 

calculate a thermochenrical theshold of 14.78 eV for the formation of Cr*(^). The agreement 

between the latter value and the PIE AE(Cr^ of 14.67+0.26 eV seems to support the proposal that 

Cr"  ̂is formed in the first excited Cr^(®D) in the dissociative photoionization of Cr(C0)6. Using the 

thermochemical tbre^old (13.26 eV) of process (7) for M=Cr and IE[Cr(CO)6]=8.16±0.03 eV, 

we calculate a vahie of 0.85 eV for the average Cr-CO bond dissociation energy for Cr(C0)6''. 
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The successive Db vahies for COCr(CO)a.I (if=1-6) calculated nstng the AEs of this 

experiment are conpared to those of the PEPICO* and CID' studies in the last column of Table H. 

Taking into account the e}q)erimental uncertainties, the Db values for CO-Cr(CO)O.I (IF=3-6) 

determined here are in good accord with those of the CID study. We have inchided in Table U the 

theoretical Do values for COCrCO^ (0.98 eV) and Cr^-CO (0.93 eV) predicted by high level ab 

initio calculations.® These latter vahies are in excellent agreement with the CID values. On the 

basis of the con^jarison of Do values in Table I, we conchide that the PIE AE(CrCO0 value of 

12.78 eV obtained here is also higher than the true threshold for the formation of CrCO^ + SCO in 

their ground states from Cr(CO)6. Using the 0 K thermochemical threshold of 13.26 eV for the 

formation of Cr^S) + 6C0 and the AE(CrCO0 (<12.78 eV), we calculate a lower bound of 0.47 

eV for Do(Cr^-CO). Assuming that Do[CO-CrCO^ « Do(Cr^-CO) as predicted by the theoretical 

cahiclations* and using the AE[Cr(CO)2T = 11.48 eV and the thermochemical threshold for 

Cr^S) (1326 eV), we obtain an estimate of 0.89 eV for Do[CO-CrCOT and Do(Cr'̂ -CO), v^diich 

is in reasonable agreement with the CID' and theoreticaf results. 

Armentrout and co-woricers' rationalized the observed trend in the sequential IX) vahies for 

Cr(CO)6  ̂as due to spin changes induced by the increasing ligand field. The strong bonds are 

associated with a dissociation process which obeys spin conservatioiL '̂̂  That is, the higher vahies 

for Do[CO-CrCO^ and Db(Cr^-CO) are attributed to the fact that the ground electronic states for 

Cr  ̂ CrCO"^ and Cr(C0)2'̂  have the same spin mult^licity, namely the Cr^S), CrCO(®Z^, and 

Cr(CO)2^(®2g^ sextet states.̂  The higher Do[CO-Cr(CO)s ,̂ Do[CO-CrCO^, and Do(Cr^-CO) 

vahies indicate that Cr(C0)6\ Cr(C0)2  ̂and CrCO"" are more stable conpired to other fragment 

ions. It is interesting to note that the maximum PIEs for Cr(CO)6^ Cr(C0)2^and CrCO^are 
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Table n Ionization energies (EEs) or appearance energies (AEs) of Cr(CO)n\ if=0-6, from 

Cr(C0)6 and bond dissociation energies for CO-Cr(CO)n.R, ff=l-5. 

IE OT AE (eV) 

Species Thiswotk Ref.4 Ref. 15 Ref. 19 Ref. 17 Ref. 18 Ref. 16 Do(eV)* 

Cr(C0)6' 

Cr(CO)5' 

Cr(C0)4* 

Cr(C0)3" 

Cr(COy 

CrCO' 

8.15710.026 8.24±0.07 8.15 8.42 
(1520±5 A) 

9.55±0.04 9.73±0.24 9.5 9.85 
(1298±5 A) 

10.08±0.04 9.95±0.10 10.7 10.45 
(1230±5 A) 

10.78±0.09 10.78±0.14 12.0 
(1150110 A) 

11.4810.11 11.4410.13 13.1 
(1080110 A) 

12.51 

<12.7810.13 12.8010.10 14.9 14.03 
(>970110 A) 

8.48 8.43 8.18 1.3910.05" 
1.4910.25  ̂
1.3510.08'' 

8.95 9.32 9.17 0.5310.6" 
02210.26" 
0.6410.03'' 

9.64 9.52 9.97 0.7010.10" 
0.8310. ir 
0.53l0.08d 

11.35 11.00 10.42 10.62 0.7010.14" 
0.6610.19c 
0.56+0.06" 

11.94 12.56 11.56 <1.3010.17" 
1.3610.16' 
0.9810.03" 
0.98' 
«0.89'' 

>0.47^ 
1.33+0.05® 
0.9510.04" 
0.93' 

«0.89^ 

13.63 14.12 13.3 

Cr" <14.6710.26 14.1310.11 17.7 15.36 15.10 17.07 14.7 
(>845115 A) 

a) Bond dissociation energies at 0 K (Do) for CO-Cr(CO)n.i'' (n=l-6). 
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Table n (continued) 

b) PIE values. This work. 

c) PEPICO values. Reference 4. 

d) CIDvalues. Reference?. 

e) Theoretical values. Reference 8. These values have not been corrected for zero-point 

vibrational energes. 

f) Assuming that Do[COCrCO  ̂» DoCCr""-CO) as predicted the theoretical cahiclations (Ref. 

8) and using the AE[Cr(C0)2T = 11.48 eV and the thermochemical reshold for Cr^(®S) (13.26 

eV), we obtain an estimate of 0.89 eV for Do[CO-CrCO  ̂and Do(Cr^-CO). 

significantly higher than those for other fragment ions as shown in Figs. 1(a) and 1(b). 

We shovi  ̂in Fig. 2(a) the plot of the sum of the PIEs, Le., total PIE, for Cr(CO)n'̂  (if=0-6) in 

the photon energy range of 7.7-19.0 eV. The Hel photoelectron spectrum for Cr(C0)6 in a similar 

energy range obtained fix)m Ref 22 is reproduced in Fig. 2(b) for comparison with the total PEE 

spectrum of Fig. 2(a). The first photoelectron band centered at 8.5 eV has been assigned to the 

removal of an electron firom the higihest occupied t2g orbital of Cr(C0)6, which has mostly the 

Cr(3d) and CO(2n) characters. The broad photoelectron band in the photon region of 13-16 eV is 

assigned to ionization fix)m molecular orbitals with the CO(l tc and 5o) characters. The rise in total 

PIE observed in the photon region of 9.5-13 eV is likely due to autoionization fix)m Rydberg states 

of Cr(CO)6. The autoionization mechanism'̂  shouki make possible the ef&cient formation of 

vibrationally excited Cr(CO)6''precursor ions prior to fi^gmentation according to processes (1-6). 



www.manaraa.com

19 

-V/N CR(C0)6 

19 18 17 16 15 14 13 12 11 10 9 8 

Energy (eV) 

Figure 2 (a) The sum of the PIE (total PIE) for Cr(CO)„  ̂(n=0-6) in the photon energy range 

from 7.7-19.0 eV range. 

(b) Hel photoelectron spectrum for Cr(C0)5 in the energy range 7.7-19.0 eV 

(Ref 22). I(e') is the photoelectron intensity. 
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B.Mo(CO)„*(n=0-6) 

Figures 3(a) and 3(b) show the PIE spectra for Mo(CO)n  ̂ (n=0-6) formed in the 

photoionization of Mo(CO)6 in the wavelength range of 620-1600 A using the same relative 

PIE scale. The PEE spectra for Mo(CO)6  ̂and Mo(CO)5'̂  reveal strong autoionization features at 

aslOlO and wl080 A. These features are also discernible, though less prominent, in the PEE spectra 

for Cr(C0)6" and Cr(CO)5^ [see Rg. 1(a)]. 

The PEE spectrum for Mo(CO)6^ rises above the background at 1520 A. A linear 

extrapolation of the PIE data near the threshold yields an adiabatic IE[Mo(CO)6] value of 1510±5 

A (8.21±0.03 eV). The latter vahie is in excellent agreement with that obtained in the previous 

photoionization study of Ref 1. The AE values for Mo(CO)n'' (ii=2-5) obtained by the linear PIE 

extrapolation method are listed in Table HI for conqjarison with AE values obtained in previous 

electron-ionization studies.'"' We note that the PIE spectrum for MoCO"^ rises above the 

background level at «798 A and increases very gradually in the region of 768-798 A To account 

for this, we have assigned a relatively large uncertainty (±15 A) to the AE(MoCO^. Using the 

known AfH°o (A{H°298) vahies for Mo"", CO, and Mo(CO)6 (Table I), we calculate a vahie of 16.32 

eV (16.50 eV) for the 0 K (298 K) thermochenrical threshold for the formation of Mo^S) + 6C0 

from MO(CO)6. The latter value is significantly lower than the AE(Mo'*) vahies ranging fix)m 

18.18 to 20.7 eV obtained in this PIE and previous electron-ionization studies,'"' indicating 

that these AE(MoO vahies are u^jper timits. Since the first excited Mo'*"(^) state is 1.47 eV higher 

than the ground Mo''(®S) state, the threshoki for the formation of the excited Mo''(®D) + 6C0 

channel is expected to be 17.78 eV. Thus, the observed IE AE (Mo"^) vahie is also consistent 
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Figure 3 (a) PIE spectra for Mo(COV, n=4-6. from Mo(CO)6 in the wavelength (X) range of 

650-1600 A. Note that the relative PIE scale are the same for (a) and (b). 
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Figure 3(b) PIE spectra for MoCCOXi"  ̂ , n=0-3, from Mo(CO)6 in the wavelength (X) range 

of 650-1600 A. Note that the relative PIE scale are the same for (a) and (b). 
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Table HI Ionization or appearance ena-gies (EE or AE) of Mo(CO)a* nrO-6, from Mo(CO)6 and 

bond dissociation energies I>) for CO-Mo(COVi  ̂n=l-5. 

EE or AE (eV) 

Species Thiswc  ̂ Ref. 15 Ref. 19 Ref. 17 Ref. 18 Ref. 16 Do(eV)* 

MO(CO)6" 

MO(CO)3* 

MoCCOV 

MO(CO)3  ̂

MO(CO)2* 

MoCO* 

Mo* 

8:21±0.03 823 
(1510±5A) 

9.63±0.07 9.8 
(1288±10A) 

10.97+0.10 11.9 
(1130±10A) 

8.46 8.32 8.46 8.30 1.42+0.08" 

9.43 9.14 10.02 9.64 1.34±0.06'' 

10.63 10.72 11.62 11.28 1.741022" 

12.71±0.20 
(975±15 A) 

14.17±0.08 
(875±5 A) 

13.7 12.82 13.18 13.29 12.36 1.4610.22" 

15.6 14.5 14.76 14.86 13.90 

<15.8310.30 18.1 15.7 15.61 16.52 15.80 
(783+15 A) 

<18.1810.13 20.7 
(68215 A) 

18.6 19.63 1824 18.30 

<1.6610.31" 
0.92' 

^LOS** 

>0.49" 
0.82' 

«1.08'' 

a) Bond dissociation energies at 0 K for COMo(CO)n.i'' (n=l-6). 

b) PIE values. This work. 

c) Theoretical values. Reference 8. These values have not been correrted for the zero-

point vibratioanl energies. 

d) Assuming that Do[COMoCO^ » Do(Mo'̂ -CO) as predicted by the theoretical cahiclations 

(Ref 8) and using the AE[Mo(CO)2T = 14.17 eV and the thermodiemical reshold for 
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Table m (contiaued) 

MoYS) (16.32 eV), we obtain an estimate of 1.08 eV for Db[CO-MoCO^ and Db(Mo"-

CO). 

with the proposal^^^ that Mo"" is formed in excited electronic states in the dissociative 

photoionization and electron-ionization of Mo(CO)6.0n the basis of the known thermochemical 

threshold (16.32 eV) for the formation of Mo^(^S) + 6C0 from Mo(CO)6 and the IE[Mo(CO)6] = 

8.21 eV, the avaage Mo-CO bond dissociation energy for Mo(CO)6  ̂is calculated to be 1.35 eV. 

The sequential I>) values for Mo(COV calculated using the measured AE values 

determined in the present experiment are given in Table HI. Similar to the observation for the Do 

values for Cr(CO)6'", the second Mo-CO bond is found to be weaker than the first Mo-CO bond in 

MO(CO)6". The CO-MO(CO)3  ̂bond seems to be the strongest Mo-CO bond in Mo(CO)6*. While 

the DO[CO-MO(CO)5  ̂ vahie of 1.42±0.09 eV is close to the E^)[CO-Cr(CO)5l vahie of 1.3910.06 

eV, the Do[CO-Mo(CO)n.i"  ̂ (ff=3-5) values are significantly greater than the corresponding 

Do[COCr(CO)n-i^ (if=3-5) values. The sequential Do[CO-Mo(CO)n.n (if=2-6) determined here 

M in the range of 1.34-1.74 eV, and are close to the average I>) of 1.35 eV. The variation of the 

sequoital values for Mo(CO)6^is smaller than that observed for Cr(CO)6^ We have included in 

Table in the respective theoretical predictions® of 0.92 and 0.82 eV for Do[CO-MoCO^ and 

Do(Mo'̂ -CO). It is interesting that these vahies are lower than the corresponding theoretical 

predictions® for I^[CO-CrCO^ = 0.98 eV and I^[CO-Cr  ̂= 0.93 eV. Using the thermochemical 

threshoW of 16.32 eV for the formation of Mo^S) + 6C0 fijom Mo(CO)(j, together with the PIE 

AE(MoCO^ of 15.83 eV, we calculate a vahie of 0.49 eV for Db(Mo^-CO), which is significantly 
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lower than the theoretical prediction of 0.82 eV. This observation indicated that the AE(Mo^-CO) 

value obtained here is likely an upper limit. If we take the difference between the thermochemical 

threshold of 16.32 eV forMo"'(^S) + 6C0 from Mo(CO)6 and the PEB AE[Mo(CO)2'] = 14.17 eV. 

we obtained the sum of Db[COMoCO  ̂and l>)(Mo'̂ -CO) to be 2.15 eV. 

If we assume that E^[CC)-MoCO'̂  » Db(Mo^-CO) as predicted by the theoretical calculation,̂  we 

airive at an estimate of 1.07 eV for I>o[CO-MoCOT and Do(Mo'*'-CO), which is close to the 

theoretical predictions in the range of 0.82-0.92 eV. 

Figure 4(a) depicts the total PIE spectrum for Mo(CO)n* (n=0-6) in the photon energy 

range of 7.7-17.7 eV. The Hel photoelectron spectrum for Mo(CO)6 in a similar energy range 

obtained from Ref 22 is reproduced in Fig. 4(b) for conqjarison with the total PIE spectrum of Fig. 

4(b). The Hel photoelectron spectra for Cr(C0)6 and Mo(CO)6 have essentially the same features. 

The assignment for the Hel photoelectron spectrum for Mo(CO)6 is similar to that for Cr(C0)6. 

That is, the first photoelectron band centered at 8.5 eV is attributed to the removal of an electron 

from the highest occupied tzg orbital of Mo(CO)6, which has mostly the Mo(4d) and C0(2k) 

characters. The broad photoelectron band in the photon region of 13-16 eV is assigned to 

ionization from molecular oiintals with mainly the C0( I tc and 5a) characters. The increase in total 

PEE observed in the photon energy region of 9.5-13 eV is most likely contributed by autoionization 

from Rydberg states of Mo(CO)6. Autoionization in this photon energy region is expeaed to 

produce vibrationally excited Mo(CO)6^ precursor ions for further dissociation according to 

processes (1-3). 
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Figure 4 
(a) The sum of the PIE (total PIE) for Mo(CX)V (n=0-6) in the photon energy 

range from 7.7-19.0 eV range, (b) Hel photoelectron spectrum for Mo(CO)6 

in the energy range 7.7-19.0 eV (Ref. 22). Ke') is the photoelectron intensity. 
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C W(CO)„'̂ (n=l-6) 

The PIE spectra for W(COX  ̂(IF=1-6) formed in the photoicnization of W(C0)6 [processes 

(1 -6) for M=W] in the wavelength range of650-1600 A are ptotted in Figs. 5(a) and 5(b). Within 

the sensitivity of this experiment, the ion was not observed in this wavelength region. 

The gross features observed in the PIE spectra for W(CO)N  ̂(IF=1-6) are similar to those found in 

the corresponding spectra for Mo(CO)N  ̂ (IF=1-6). The autoionization peaks observed at =sl070 A 

in the PIE spectra for W(CO)N^ (IF=5,6) are less pronounced than those found in the Mo(CO)n" 

(II=5,6) spectra. The PIE spectrum for W(C0)6* rises above the background level at 1513 A. The 

adiabatic IE[W(C0)6] of 150515 A (8.24±0.03 eV) determined here is also in occellent agreement 

with the photoionization value of Ref 1. The AEs for W(CO)N'' (IF=1-5) determined in the present 

PIE experiment are compared with those obtained in previous electron-ionization studies^ '̂' in 

Table IV. Using the known AfH°o (AfH°298) values for W^(^), CO, and W(CO)6 (see Table I), we 

calculate the 0 K (298 K) thermochemical threshold for the formation of W^(®D) + 6C0 from 

W(C0)6 to be 18.55 eV (18.76 eV). Based on the latter vahie and IE[W(C0)6]= 8.24 eV, we 

obtained a value of 1.71 eV for the average W-CO bond dissociation energy for V^(CO)^. The 

ground W^(®D) state corresponds to the electronic configuration of 5d^6s, whereas the first 

excited W^(^S) state has the electronic configuration of 5d^. The (®S) state is 0.92 eV above the 

ground W^(*'D) state.  ̂Thus, the thermochemical threshoki for the formation of the excited (®S) 

+ 6C0 channel fi-om W(C0)6 is 19.47 eV. The feet that was not observed at photon energies 

up to 19.68 eV (630 A) may indicate that the probability for the formation of W^(®D) ions by 

photoionization is low. 
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Figure 5(a) PIE spectra for WCCOX"", n=0-3, from W(CO)s in the wavelength (k) range of 

650-1600 A. Note that the relative PIE scale are the same for (a) and (b). 
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Figure 5(b) PEE spectra for W(CO)n^, n=0-3, from W(CO)6 in the wavelength (X) range of 

650-1600 A. Note that the relative PIE scale are the same for (a) and (b). 
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Table IV lomzadon or appearance ena-gies (IE or AE) of W(CO)n^ nr=0-6, from W(CO)6 and 

bond dissociation energies Do for CO-W(CO)n.i  ̂ii=l-5. 

IE OT AE (eV) 

Species This work Ref. 15 Ref. 19 Ref. 17 Ref. 18 Ref. 16 Do (eVf' 

W(COV 824±0.03 sle 8!47 8^60 8!46 1.56±0.09 
(1505±5A) 

W(C0)5* 9.80±0.08 9.8 9.86 9.21 10.03 9.97 1.68±0.14 
(1265±10 A) 

W(C0)4  ̂ 11.48±0.11 12.7 11.93 12.05 12.22 11.82 1.8510.13 
(1080±10 A) 

W(C0)3" 13.33±0.07 14.9 13.7 13.87 14.06 13.60 2.3610.13 
(93015 A) 

W(C0)2" 15.6910.10 17.6 15.8 16.08 16.29 16.07 ^.4110.16 
(79015 A) «1.43' 

WCO" <18.10+0.13 20J2 18.7 18.51 18.36 18.50 <0.45 
(68515 A) «1.43' 

W — 22.9 21.7 22.25 21.01 

a) Bond dissociation energies at 0 K for CO-W(CO)n.r (if=1-6). 

b) PIE values. This work. 

c) Assuming that Do[CO-WCO*] » Do(W^-CO) ami using the AE[Cr(CO)2  ̂ = 15.69 eV and the 

thermochemical threshold for Cr*(*D) (18.55 eV), we obtain an estimate of 1.43 eV fw Do[CO-

WCOT andDi^W-CO). 
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The sequential Do values for W(C0)6'' calculated using the IE and AEs of the present PIE 

experiment are included in Table IV. Based on the 0 K thennodiemical threshold (18.55 eV) for 

and PIE AE(WC0^18.10 eV, we estimate that Db(W^-CO) = 0.45 eV. The theoretical 

predictions and experimental values for E^Mo^-CO) and I^Cr^-CO) are in the range of 0.8-1.0 

eV. The value of 0.45 eV for IVW^-CO) is most Hkefy too low. Thus, the AE{W^-CO) =18.1 

eV and Do[CO-WCO']=2.41 eV obtained here are probably iqjper limits. If Do[CO-WCO  ̂ » 

Do(W^-CO) as in the case of the Mo and Cr systems, we eq)ect that Db[CO-WCO  ̂and Do(W"-

CO) have a value of «1.43 eV wbich is lower than the average W-CO bond dissociation energy of 

1.71 eV for W(C0)6^ We note that the higher Do[CO-W(CO)2l and Do[CO-W(CO)3l also 

seems to correlate with the higher PIEs for W(CO)3'' and W(CO)4" as shown in Figs. 5(a) and 5(b). 

The total PEE spectrum for W(CO)n^ (if=1 -6) in the photon energy range of 7.5-19.1 eV is 

shown in Fig. 6(a). The Hel photoelectron spectrum of W(CO)6 reported in Ref. 22 is reproduced 

in Fig. 6(b) for conparison with the total PIE spectrum of Fig. 6(b). The first photoelectron peak 

at 8.5 eV is associated with ionization of an electron fi-om the highest occupied tag orbital of 

W(C0)6, wiiich has mostly the W(5d) and CO(27c) characters. The broad i±otoelectron band in 

the photon region of 13-16 eV is assigned to ionization fix)m molecular orbitals with mainly the 

C0(l7i and 5o) characters. The rise in the total PIE observed in the photon region of 9.5-13 eV 

can be attributed to autoionization fix)m Rydberg states of W(C0)6. Vibralionalty excited W(C0)6'̂  

initially formed by autoionization in this photon energy region may subsequently deconpose to 

W(C0)5  ̂+ CO. As shown in Rgs. 2(b), 4(b) and 6(b), the Hel spectra for Cr(C0)6, Mo(CO)6, 

and W(CO)6 have essentialty the same stractures. Thus, it is not surprising that the total PIE 

spectra for V/(CO)  ̂and Mo(CO)n'' (ir=0-6) are also similar. 
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Figure 6 (a) The sum of the PIE (total PIE) for W(CO)„  ̂(n=0-6) in the photon energy 

range from 7.7-19.0 eV range, (b) Hel photoelectron spectrum for W(CO)6 in 

the energy range 7.7-19.0 eV (Ref. 22). I(e") is the photoelectron intensity. 
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Discussion 

Due to the large difference in IE(M) [IE(Cr>=6.77 eV, IE(Mo)=7.10 eV, IE(W)=7.60 eV] 

and LE(CO) (14.014 eV),̂  the bonding interactions between M and CO are ocpected to be 

inefficient, and should be mostly electrostatic in nature. This picture is reflected by the small E)o 

values for M(C0)6 and M(CO)6'', M=Cr, Mo, and W. Since the highest occupied molecular orbital 

is expected to be dominated by the atomic orbitals of M, we eqject that the IE value for M(C0)6 is 

similar to that of M. Stemming fix)m this consideration, the IE for M(C0)6 should have the trend: 

IE[Cr(C0)6] < IE[MO(CO)6] < IE[W(CO)6]. Furthermore, as the IE is increased from Cr to Mo 

to W, the bonding interaction between M and CO should become more fevorable. Thus, we 

expect that the Db(M-CO) vahies for M(CO)6 and M(C0)6  ̂are in the order Do(Cr-CO) < Do(Mo-

CO) <Do(W-CO). As shown in Fig. 7, this trend for individual Dd[CO-M(CO)n.n (n=3-6) vahies 

is observed in the present experiment. The average M-CO bond dissociation energies for 

M(C0)6", M=Cr, Mo, and W, certainly obey this trend. Although the trend for the lEs is also 

observed, the IE differraices for M(CO)6 are surprisingly slight and significantly smaller than the 

differences for lE(Cr), IE(Mo), and IE(W). 

The conq)lication in describing the bonding for group 6B transition metal carbonyl species 

arises in part due to the small energy gap between the metal nd and (n^-l)s atomic orbitals. The 

increasing inportance of relativistic eflfects (such as spin-orbit interaction) as M is changed from Cr 

to Mo to W can account for the observed variation in Do values for M-CO. A more refined 

bonding picture for groiq) 6B transition metal caibon>i species takes into account the possible 

interactions between the highest occiqned and lowest unoccupied orbials of M and CO. Hie 

lowest energy electronic configuration for Cr, Mo, and W are 3d^4s, 4d^5s, and 5d'̂ 6s ,̂ 
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CO-M(CO)n-i . n= 1 - 6 

Figure 7 The bond dissociation enagies (Do) for CO-M(CO)n.r (n=l-6), M= Cr (O), Mo ( ), 

and W (A) d^ennned in the present PIE experiment Note that the Do[CO-MCOT 

values are iqjper limits, wdiile the Do(M^-CO) values are lower limits (see the text). The Do 

values obtained in the CID study of Ref. 7 are shown as (•). 
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respectively, wiiereas the cations Cr"", Mo" ,̂ and W*" have the respective ground state electronic 

configurations of 3d^ 4d^, and 5d'*6s. Based on the molecular orbital scheme, the stability of 

M(C0)6 is largefy derived fix)m two types of bonding interactions. One involves a-type bonding, 

which arises from the donation of an a-type electron pair from the C atom end of CO to vacant 

metal orbitals. The other is TC-type bonding interactions, resulting from the back donation of 

electrons fix)m filled metal die orbitals into the unocciqried 2ji (antibonding ;c*-orbitaI) of CO. The 

7t-back-donation has the effect of strengthening the M-C bond and weakening of the C-0 bond. 

The recent theoretical analysis of Ziegler and co-workers^  ̂shows that relativistic effects play a key 

role in the periodic trends among M-CO bond dissociation energies and bond distances. The 

inclusion of relativistic effects in the calculations are seen to stroigthen the M-CO bonds. 

Depending on the level of theory, for Cr(C0)6, Mo(CO)6, and W(C0)6, the relativistic effects 

increase the first Do(M -CO) values by 0.3-0.9, 1.5-2.4, and 4.9-8.4 kcal/mol, respectively. 

Relativistic effects also diminish the steric repulsive interactions between M(C0)5 and CO as a 

result of the reduction in electronic kinetic energy due to the relativistic mass-velocity correction.'̂  

The relativistic effects, which raise the metal d-oibitals, reduce the energy gap between the M(d7c) 

and C0(7c*) oibitals, and thus enhance the 7c-back-donation stabilization &ctor. The increase in the 

M(da) orbital energy will on the otha* hand increase the energy gap between the M(do) and C0(o) 

orbitals, and thus reduce the CO to M a-donation bonding interaction. However, it is concluded 

that the stabilization feaor due to enhancing 7c-back-donation prevails over the destabilization 

fector due to reducing the a-donation. We note that the formation of M(C0)6'' invohres the 

removal of an electron from the highest occupied molecular orbital of M(C0)6. Thus, the 
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conparison of the first Db values for M(CO)6 and M(C0)6  ̂should be most sensitive in probing the 

stabilization Actors due to the 7c-back-donation and a-donation bonding interactions. 

The first bond dissociation energies at 298 K for Cr(C0)6, Mo(CO)6, and W(CO)6 

have been measured using pulsed pyrolysis techniques to be 36.8±2.0, 40.5±2.0, and 46.0±2.0 

kcal/mol, respectively.' After thermal corrections," we estimated that Do[CO-Cr(CO)5]= 

34.8±2.0 kcal/mol, Do[CO-Mo(CO)5]= 38.5±2.0 kcal/mol, and Do[CO-W(CO)5]= 44.012.0 

kcal/mol. In conqjarison, the first Do values for Cr(C0)6^ Mo(CO)6^ and W(C0)6^ 

determined here are: 32.1±1.4, 32.7±2.1, and 36.0±2.1 kcal/mol, respectively. The 

corresponding differences in the first Do values for the neutrals and cations are 2.7 kcal/mol 

for Cr(C0)6", 5.8 kcal/mol for Mo(CO)6^ and 8.0 kcal/mol for W(C0)6''. These losses in 

stability by removal of an electron fi-om the highest occupied t2g molecular orbital of M(CO)6 

are consistent with the trend expected for the importance of relativistic effects on Cr(C0)6, 

MO(CO)6, and W(CO)6. This observation can be taken as strong support for the theoretical 

analysis'̂  that the stabilization fector due to 7c-back-donation is more inportant for heavier 

transition metal elements. 

Conclusion 

We have measured the PEE spectra for M(CO)n  ̂ (n=0-6), M=Cr, Mo, and W, in the 

photon energy range of 7.75-19.07 eV. The sequential Do values for M(CO)6  ̂ have been 

calculated using the observed EEs for M(C0)6 and AEs for [M(CO)n^ (n=0-6), M=Cr, Mo, 

and W. The comparison between the Do values for the Cr(C0)6  ̂system obtained here and in 

the previous CID and theoretical studies indicates that the values for Do[COM(CO)n-n (ii=3-

6) are likely to be more reliable than those for Do[CO-M(CO)n.n (n=l-2), M=Mo and W. 
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The observed decreases of the first Do vahies for M(C0)6'' coirpared to those for M(C0)6", 

M=Cr, Mo, and W, support the theoretical analysis of Ziegler and co-workers'̂  that the 

stabilizing factors due to relativistic efifects are more important for heavier transition metal 

elements. We hope that this experiment will stimulate rigorous theoretical studies of group 

6B transition metal carbonjd species. 
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n. COMBINING EXPERIMENT AND THEORY: THERMOCHEMISTRY OF SFn, 
SF/,ANDSFN,N=1-6 

A paper published in the Journal of American Chemical Society 

Y. S. Cheung, Y. J. Chen, C. Y. Ng, S. W. Chhi, and W. K. Li 

Abstract 

The appearance energies for the formation of SFs^ SF4^ and SFs^ from SFe, and for 

the formation of SFa^ and SFs"^ from SF4 have been reexamined by the molecular beam photo-

ionization mass spectrometric (PIMS) method. The heats of formation at 0 K (AfH°o) for 

SFn" (n=2-4) derived from this and previous PIMS studies are in agreement with G2 and 

G2(MP2) predictions. The G2 and G2(MP2) calculations allow the examination of the 

consistency of experimental thermochemical data for SFn, SFn", and SFn" (n = 1-6) in the 

literature. Based on comparisons between G2 and G2(MP2) theoretical predictions and 

experimental measurements, we recommend the following self-consistent set of experimental 

AfH'o values for SFn, SFn", and SFn (n = 1-6): ArfI°o(SF) = 2.9±1.4 kcal/mol, AfH%(SF") = 

240.9±1.2 kcal/mol, AfH°o(SF) = -43±13 kcal/mol, AfH%(SF2) = -67.5±3.5 kcal/mol 

AfH^oCSFz") = 164.9±3.3 kcal/mol, AfH^CSFj) = -103.6±2.5 kcal/mol, AfH^CSFj") = 

85.0±1.9 kcal/mol, AfH^CSFj') = -175.1±5.2 kcal/mol, AfH°o(SF4) = -182.5±2.5 kcal/mol, 

AfH%(SF4") = 91.9±2.5 kcal/mol, A£H%(SF4) = -2I7.1±5.2 kcal/mol, AfH°o(SF5) = 

-205.9±3.4 kcal/mol, ArH°o(SF5") = 16.4±3.6 kcal/mol, Afl°o(SF5") = -291 ±5.7 kcal/mol, 

ArH-'oCSFfi) = -288.4±0.2 kcal/mol, and AfH°o(SF6) = -314.5± 2.4 kcal/mol. For 

AfH°o(SF2'), which is not known experimentally, we recommend a G2 value of -102.7 

kcal/mol. At the MP2/6-31+G(d) level, SFe" is found to be unstable with respect to 
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dissociation forming lower sulfur fluoride cations. We have rationalized the theoretical 

structures for SFo, SF/, and SFa" (n=l-6) using the valence-shell-electron-pair-repulsion 

theory. The ahemating patterns of high and low values observed for the SFa.i-F (n=2-6), 

SF^r-F (n=3-5), and SFn-f-F (n=2-6) bond dissociation energies at 0 K and for the lEs and 

EAs of SFn (n=l-6) are attributed to special stabilities for closed-shell molecular species, 

(SFs  ̂SF2, and SF), (SFs  ̂ SF4, and SF3"), and (SFe and SFs"), with fiilly-fiUed eight, ten, and 

twelve valence electron shells around the central S atoms, respectively. 

Introdactioii 

Reliable thermochemical data are among the most fundamental and useful information 

for chemical species and are used to predict their chemical reactivities. Fhiorinated molecules 

such as SFe have found widespread use as gaseous dielectrics in the electric power industry 

and as plasma etching gases in the semiconductor industry. For sulfur hexafluoride, SF„, SF^", 

and SFn" (n=l-5) are expected to be formed as byproducts.̂  Sulfur hexafluride has also 

been suggested as a tracer in hazardous waste incineration systems." The toxic natinre of 

breakdown byproducts of SFe in these applications is  of  environmental  concern.Accurate 

thermochemical data for F- and S-containing neutral and ionic species are critical for 

understanding the complex kinetics involved in these applications. 

In addition to practical industrial applications, sulfur fluorides are excellent examples 

of hypervalent" conqwunds. The studies^^"'' of the neutral and ionic sulfur fhioride species 

have also been motivated to understand their structures as a model system for achieving 

deeper insight into the bonding of hypervalent species. 
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Despite the existence of a large body of thermochenrical data for the SFo and SFn"  ̂

(n=l-6) systems, general agreement among previous measurements for many sulfiir fluorides 

is lacking.^" Several recent reports address the inconsistency of the literature thermochemistry 

for the SFn and SFn"  ̂ systems.̂ ®"^^ The ion collision-induced dissociation (CID) and 

endothermic charge transfer study of SFn^ (n=l-5) by Fisher, Kickel, and Armentrout^" 

represents the most conqwehensive measurements of the IBs for SFn (n=l-6) and the 

sequential bond dissociation energies at 0 K (D "o) for SFn-i'̂ -F. They have also made a 

detailed summary of the literature thermochenrical data for SF„ and SFn"" (n=l-6) published 

before 1992. 

Traditionally, the sequential bond dissociation energies for SF,̂ r-F (n=l-6) are 

measured by electron impact^^^^ or photoionzation '̂̂  mass spectrometry (PIMS). In these 

experiments, the IE for SFe and the appearance energies (AEs) for SF^"  ̂(n=l-5) formed in the 

dissociative ionization of SFe are measured. The parent SFe^ ion has not been observed 

experimentally.̂ "'"'̂ '''̂  ̂ This, together with the observation that the ionization onset for SFs 

observed by photoelectron (PE) spectroscopy''*'" is nearly identical to the AE for SFs* from 

SFe measured by PIMS experiment,̂ '̂"''̂  indicates that SFg^ is unstable with respect to SFs" + 

F. We note that SFe"^ may exist in the form of an ion con:q)lex, SFs"^—F. 

Regardless of the minor difGculties due to the rotational and vibrational hot band 

effects and the poor Franck-Condon factor for ionization excitations, the most serious 

problem encoimtered in AE measurements is the kinetic shift effect, which may prevent 

observation of the true AE for a given product species.̂ ' Depending on the dissociation 

dynamics of the parent ion produced in photoionization, the photofragments may be formed in 

an excited state. If the excited state cannot be identified, the D % deduced from the 
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experimental AE is erroneous. Since the kinetic shift effect is statistical in nature, it does not 

depend on the mode of energization of the precursor ions. Thus, the kinetic shift effect may 

affect the AEs measured in the ion CID^° as well as in the PIMS experiments. Considering 

that each experimental technique has its own advantages and limitations, reliable 

thermochemical data for a complex system such as the sulfur fluorides require the application 

of as many experimental methods as possible. 

When thermochemical data obtained by different experimental methods do not agree, 

theoretical predictions calculated using a reliable ab initio quantum chemical procediu-e help 

to reveal possible experimental problems. It has been shown that the Gaussian-2 ab initio 

procedure '̂ yields accurate predictions for bond dissociation energies, adiabatic ionization 

energies (IE), adiabatic electron affinities (EA), and proton affinities of molecules and radicals 

consisting of the first- and second-row elements. Most recently, Curtiss et al. have introduced 

two variations of the G2 theory at reduced NfoUer-Plesset (MP) perturbation orders."*" The 

basis-set extension energy corrections obtained at the 2nd and 3rd orders are referred to as the 

G2(MP2) and G2(MP3) theories, respectively. These theories give slightly poorer results but 

require significantly less computational time and disk storage than the G2 theory does. In 

recent experimental and theoretical studies, we have performed G2, G2(MP3), and G2(MP2) 

ab initio calculations of the energetics for sulfur-containing polyatomic neutral species CH3S 

(Ref 41), CH3SS (Ref. 42), C2H5S (Ref. 43), and CH3SSCH3 (Ref. 44) and their ions for 

coaq)arison with experimental measurements. These comparisons indicate that G2 predictions 

for the adiabatic lEs and heats of formation of these species at 0 K (AfH°o) and at 298 K 

(AfH°298) are accurate to ±0.15 eV. 
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In this report, we present the results of a combined experimental and theoretical 

investigation of the SF ,̂ SF/, and SFn (n=l-6) systems. The AEs for SF  ̂ (n=3-5) from SFe 

and those for SF/ (n=2,3) from SF4 have been reexamined using the modulated molecular 

beam PIMS method. 

SFfi + hv ^ SFs^ + F + e (I) 

SF4  ̂+ 2F + e" (2) 

SFs^ + 3F + e" (3) 

SF4 + hv  ̂SF4* + e' (4) 

^ SFj' + F + e (5) 

-> SFi* + 2F + e (6) 

We note that the photoionization eflBciency (PIE) spectra for SF„  ̂(n=3-5) from SFs have been 

examined previously in gas cell^^° and effusive beam^  ̂ PIMS experiments. The AEs for 

processes (1),^"^° (2),'̂  and (3)^° have been reported. Processes (4), (5), and (6) have also 

been investigated recently using the photoionization and photoelectron-photoion coincidence 

techniques.'*^ Since the AH^fo values determined for SFs"^ and SF4'" in the CID experiment^" 

are foimd to be incompatible with those derived from previous photoionization experiments, 

we decided to reexamine these processes, focusing on the AE determinations. 

We have performed extensive ab initio calculations on SFn, SF/, and SFa" (n=l-6) 

using the G2 and G2(MP2) procedures. A preliminary report on the G2(MP2) calculations of 

the energetics for SFn (n=4-6) and SFn* (n=4,5) and their conparison with the literature 
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thermochenrical data for these species has been published.̂  Here, we present a thorough 

analysis of the results of the previous and present PIMS experiments. The good agreement 

between experimental results obtained in the PIMS studies and predictions calculated using 

the G2 and G2(MP2) procedures indicates that AE measurements using PIMS can provide 

accurate thermochenrical data for complex systems such as SFg"^. The G2 and G2(MP2) 

calculations make possible a thorough assessment of the literature thermochemical data  ̂ for 

the SFn, SFn  ̂and SFn (n=l-6) systems. The detailed comparison presented here allows the 

selection of a self-consistent, possibly more reliable, set of experimental values for the lEs and 

EAs of SF„ and AfH°o's of SF„ and SF„  ̂(n=l-6). The G2 and G2(MP2) AfH°o values for 

SFn, SFo', and SF^" (n=l-6) are found to be in good agreement with available experimental 

results. 

The theoretical structures for SFn, SFn"", and SFn (n=l-6) optimized at the 

MP2/6-31G(d) level are presented. We rationalize these structures based on the valence-

shell-electron-pair-repulsion (VSEPR) theory.'*' The experimental trends observed for the 

D Vs, IBs, and EAs of these molecular species are also rationalized. 

Experimental and Theoretical Methods 

A. Photoioiiization mass spectrometric measurements 

The PI measurements of SFs and SF4 are performed using the molecular beam 

photoionization mass spectrometer which has been described in detail previously.^^" Briefly, 

the apparatus consists of a 3 m near normal incidence vacuum ultraviolet (VUV) 

monochromator (McPherson 2253), a capillary discharge lanq), a VUV light detector, and a 

quadnipole mass spectrometer for ion detection. 
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A quartz nozzle with a diameter of 0.127 mm is used to introduce the neutral SFs 

(SF4) at room temperature. The supersonic beam is produced by the expansion of 14% SFe 

(25% SF4) seeded in Ar (total stagnation pressure = 415 Torr) through the quartz nozzle. 

The gas beam is skimmed by a conical skimmer before entering the photoionization region of 

a quadrupole mass spectrometer. Photoionization san:q)ling of the SFe (SF4) beam takes place 

=6 cm from the nozzle tip. 

Sulfur hexafluoride is supplied by Aldrich with a purity of ^99.75% and sulfur 

tetrafluride is obtained from Air Products with a purity of 94.0%. The major impurity in the 

SF4 sample is S2F2. Both SFs and SF4 samples are used without fiirther purification. 

Photoions are produced by dispersed vacuum ultraviolet (VUV) radiation at a 

wavelength resolution of = 1.5 A (FuU-width-at-half-maxinium). Within the sensitivity of this 

experiment, SFs^ from SFg is not observed. Because of the limited photon energy range of 

our photon source, the photoionization efficiency (PEE) spectra for S", SF*", and SF2" from SFe 

cannot be measured. The formation of SF4  ̂ SF3\ and SFa  ̂from SF4 are observed. A 

chopper operated at 150 Hz is used to chop the VUV light. The photoion signal is taken to 

be the difference between the ion intensity observed when the VUV light is on and that when 

the VUV light is off. We find that by modulating the VUV radiation, the influence in the AE 

measurements due to the dark counts of the ion detector is greatly nrioimized. The counting 

time at each wavelength is typically 20-40 sec. The PIE spectra reported here represent the 

average of at least two reproducible scans. 

B. Ab initio cakulatioiis 

The ab initio G2 theoretical procedure has been described in detail by Curtiss et aL '̂ 

Briefly, at the G2 level of theory, molecular structures are optimized using MP2 perturbation 
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calculations with the 6-31G(d) basis set and all the electrons are included [MP2(fiiI^6-31G(d)]. 

Equilibrium structures are found for aH suliur fluoride species except SFg ,̂ where attempts to 

locate an equiHaium structure at the MP2/6-31G(d) and MP2/6-31-Hj(d) levels have been 

unsuccessfiiL All single-point calculations invoh^ed are based on the MP2/6-31G(d) optimized 

structures. The G2 method, an q)proximation of a QCISD(T)/6-311-Hj(3df,2p) calculation, 

requires single-point calculations at the MP4/6-311G(d,p), MP4/6-311+G(d,p), 

MP4/6-311G(2df,p), QaSD(T)/6-311G(d,p), and MP2/6-311-K3(3df,2p) levels. A small 

semienqjirical correction is applied to account for high level correlation effects. The 

MP2/6-31G(d) harmonic vihrational frequencies, scaled by 0.93, are used to correct zero-point 

vibrational energies (ZPVE).''̂  The total energy at 0 K (Eo) is equal to Be + ZPVE, where He is the 

total electronic energy. All calculations are carried out on IBM RS6000-320h and RS6000/340 

work stations or CRAY-YMP and CRAY-2 using the Gaussian 90 and Gaussian 92 package 

programs.̂  ̂

Recently, Curtiss et aL have introduced two variations of G2 theory [G2(MP2) and 

G2(MP3)] at reduced Moller-Plesset (MP) perturbation orders.̂  The G2(MP2) and G2(MP3) 

theories, which provide substantial savings in computational time and disk storage, have been 

tested on the same set of 125 systems used for validation of the G2 theory.''*  ̂ The average 

absohite deviations of G2(MP2) and G2(MP3) theories from experiment are only 0.4 kcal/mol 

greater than that observed for G2 theory. 

Due to the relatively large size of the molecule, we have performed calculations for 

SFn, SF/, and SFn (n=3-6) only at the G2(MP2) levels of theory. In order to verify the accuracy 

of G2(MP2) and G2(MP3) predictions as conpared to G2 predictions, we have compared the 

results obtained by G2^^Q?2) and G2(MP3) on SFn, SFn" ,̂ and SFn (ii=l^) with those calculated 
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using the G2 procedure, since the energetics for the SFn, SFn", and SF„' (n=l^) species are 

relatively well known. This companson of G2 pFedictions and experimental molecular energies for 

these smaller sulfiir fluorides also serves to verify the accuracy of the G2 procedure. 

Among the closed-shell species, only SF  ̂ is found to be RHF unstable,Le., the UHF 

wavefimction yields lower energy than the RHF wavefimction. Hence, in the optimization and 

subsequent single-point energy calculations, the UHF wavefimction is enployed for SF". 

Restrirted HF wavefimctions are used for other closed-shell species, SF, SF2, SFs^ SF3", SF4, SFs', 

SFs", and SFs. 

Because of the very large size of SFe", the UQCISD(T)/6-31 lG(d,p) single-point energy 

calculation is conpitationally very demanding. Hence, we obtain the G2(MP2) energy by 

approximating the UQCISD(T)/6-311G(d,p) energy using the following approximated additivity 

rule: 

E[QCISD(T)/6-311 G(d,p)] 

= E[MP4/6-31 lG(d,p) + {E[QCISD(T)/6-31 lG(d,p)] - E[MP4/6-31 lG(d,p)]} 

. E[MP4/6-31 lG(d,p) + {E[QCISD(T)/6-3IG(d,p)] - E[MP4/6-31G(d,p)]} (7) 

The same approximation is repeated for other suliiir fluoride species in verification calculations. 

Con:q)arisons are made between IE, EA, and )Hffl predictions calculated using this approximated 

G2(MP2) [AG2] and G2(MP2) schemes are made. 
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Results and Discussion 

A. Theoretical stnictores for SFb, SFn**, and SF  ̂(n=l-6) 

Figure 1 shows the equiKbdum stractures for SFn, SFn"", and SFn" (if=1-6) optimized at the 

MP2/6-31G(d) level Bond distances (r) are iu C and bond angles (p) are in degrees. Many of 

these molecules are hypervalent species and their stractures can be rationalized by the VSEPR 

modeL"*  ̂ Traditionally, the bonding and stractures for some of these hypervalent sulfur fluorides 

are described by VSEPR along with the valence bond sp^d and hypbridization schemes. 

However, recent reliable ab initio investigations  ̂ of main group hypervalent species indicate that 

the rf-orbital partic^tion in the bonding of SF4 and SFe is insignificant. Thus, the equilibrium 

stractures for SFn, SF/, and SFn (n=l-6) are rationalized below using the VSEPR model without 

invoking the sp^d and 5/7V hypteidization schemes. We note that ^S-F) increases from SF* to SF 

to SF. This trend is expected since the nonbonding electron density on sulfur increases from SF* 

to SF to SF, and hence the repulsion between the nonbonding electrons on S and F and r(S-F) 

increases accordingly. 

The r(S-F) increases and ^-S-F decreases from SF2'̂  to SF2. As both S atoms in SF2'̂  and 

SF2 are sp  ̂ hytaidized, the higher nonbonding electron density localized in the S orbital in SF2 

leads to longer KS-F) and smaller ^-S-F. hi the case of SF2', a(S-F) is longer and /^^-S-F is 

greater than those for SF2  ̂and SF2. The anion SF2' is a hypervalent species with 42 electron pairs 

around the S atom. The VSEPR model predicts that the two F atoms occupy the axial positions 

and that the two and a half lone pairs occiq}y the equatorial positions of a trigonal bipyramidal 

stracture. Since the three equatorial lone pair lobes are only partially filled, the 3-foki axis cannot 

be maintained and the anion is distorted fix}m linearity. The increasing nonbonding electron density 

at the S atom in SF2' is also responsible for /^S-F) (1.67-1.80 C) being longer for SF2' than for 
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Figure 1(a) Theoretical equilibriuin structures for SF  ̂ (n=l-3), SFn"" (n=l-3), and SFn' 
(n=l-3) optimized at the MP2/6-31G(d) levels. Bond distances are in A and 
tx)nd angles are in degrees. 
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Figure 1(b). Theoretical equilibriuin structures for SFa (n=4-6), SFn"" (ii=4-5), and SFn" 
(n=4-6) optimized at the MP2/6-31G(d) levels. Bond distances are in A and 
bond angles are in degrees. 
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SFz" (1.535 C) and SFz (1.60-1.67 C). 

The bonding of F atoms to S in SFs  ̂obeys the octet rule, and the sp  ̂hybridization on the S 

atom leads to a trigonal pyramidal molecule with Csv symmetry. Both SF3 and SF3' are hypervalent 

species with 4  ̂ and 5 electron pairs, respectively, around the S atoms. In SF3", the two lone 

pairs on the S atom occupy two of the equatorial positionsof a trigonal bypyramidal arrangement, 

resulting in a T-shaped structure. When one electron is taken from a sulfur lone pair, the 

nonbonding electron densities associated with the two equatorial lobes are no longer equivalent. 

The two axial F atoms are expected to be distorted out of the molecular plane, yielding a structure 

with C, symmetry for SF3. 

Similarly, the C, symmetry structures of SF4'̂  and SF4 are easily understood via the VSEPR 

theory. In these cases, the half-filled and the lone pair reside in an equatorial position of a trigonal 

b^yramidal arrangement aroimd the S atoms in SF4'̂  and SF4, respectively. Two structures with 

C4V and C2V symmetries are located for SF4'. There are 5 X electron pairs (4 bonded pairs and 

1 Yi lone pairs) around the S atoms in SF4". To arrange the electron pairs in an octahedral 

airangement in SF4', the one and half lone pair lobes can be in either a trans Qx^.cis configuration, 

which corresponds to the SF4"(C4v) or SF4'(C2v) isomer, respectively. If the two non-equivalent 

lobes are in the c£s configuration, the axial F atoms are »q)ected to distort from the plane 

containiDg these F atoms, as in the case of SF3. The three nonbonding electrons on S in the SF4" 

(C2v) isomer are subject to greater inter-electron repulsion than those in the SF4'(C4v) isomer, where 

the two lobes of the nonbonding electrons point in opposite directions. This picture is consistent 

with the G2(MP2) prediction that the SF4'(C4v) isomer is more stable than the C ,̂ isomer by 11.3 

kcal/mol 
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The point group for SFs"" is Djh, those for SF5 and SFs' are Civ. Since SF5" is 

isoelectronic with PF5, the five bonded electron pairs in SFs"  ̂are expeaed to be distributed around 

the S atom in a normal trigonal b^yramidal structure. Hie neutral SFs and anionic SFs' have a half-

filled pair and a filled lone pair, respectively, and their roles in the molecular geometry are similar to 

that of the lone pair in CIFs. Thus, SF5 and SFs", similar to QFs, are laedicted by the VSEPR 

theory to possess a square pyramidal (Qv) structure. 

Suliur hexafhioride has six bonded electron pairs around the S atom and is predicted by the 

VSEPR model to have Oh symmetry. As indicated above, an equilibrium structure for SFe" is not 

found because the cation tends to dissociate to SF/ + F2 at the MP2/6-3lG(d) and MP2/6-

31G+(d) levels. We note that the highest occupied molecular orbital for SFs has symmetry. 

Upon ionization, the resulting electronic configuration [...(?/g)  ̂corresponds to a tr^ly degenerate 

state. The feet that this state is sulg'ect to Jahn-Teller distortion may be the source of the instability 

of SFs .̂ Although SFs"  ̂ may not be chemically bound, it may exist as SF4  ̂••F2, stabilized by long 

range forces such as the charge-induced-d^le interactiorL The formation of SFe' can be 

considered by adding an electron to the lowest unocaqned molecular orbital (LUMO). Since this 

LUMO has symmetry, the Oh structure is preserved for SFs". However, the anti-bonding 

character of the aig orbital causes r(S-F) to lengthen by 0.118 A in SFe" compared to that in SFs. 

B. Comparison of G2, G2(MP3), and G2(MP2) predictions 

In order to verify the accuracy of the G2(MP2) procedure which is applied to predict the 

energetics of higher sulfur fluorides SFn, SFn  ̂ and SFn (if=3-6), we have compared the predictions 

for the lEs, EAs, AjHEo's, and AjHEagg's of SFn, SFn  ̂and SFn (rF=l,2) obtained using the G2 and 

G2(MP2) procedures. These predictions, together with those calculated using the G2(MP3) 

procedure, are listed in Table I. The available experimental results for SFn, SFn  ̂and SFn (n=l 
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Table L Conparisons between G2, G2(MP3), and G2(MP2) Eo, AfHEo, EE, and EA values and 
experimental z^HEo, IE, and EA values for SFn, SFn ,̂ and SFa (n = 1 and 2). 

02 G2(MP3) G2(MP2) A[G2-G2(MP2)]' Expt" 

SF 
Eo(hartree) ^97.41824 -497.41336 -497.40726 -0.01098 

H298 (hartree) -497.41486 -497.40998 ^97.40387 -0.01099 

A{HEo (kcal/mol)'' 2.3 3.7 1.7 0.6 2.9+1.4 
6.614.1" 
8.3+2.6" 
8.0" 

A^JE298 (kcal/mol/ 2.5 3.9 1.9 0.6 3sl±L4 
lE(eV) 10.40 10.33 10.31 0.09 10.16±0.17  ̂

10.0910.108 
EA(eV) 2.33 2.33 2.29 0.04 

sr 
Eo (hartree) -497.03622 -497.03391 -497.02850 -0.00772 ... 

H298 (hartree) -497.03288 -497.03056 -497.02516 -0.00772 ... 

AfHEo (kcal/mol)'' 242.0 241.8 239.4 2.6 240.9±1.2" 
235.6±"4.0 

AfHE298 (kcal/mol)'̂  2422 242.0 239.6 2.6 ... 

SF 
Eo (hartree) -497.50372 -497.49692 ^97.49130 -0.01242 ... 

H298 (hartree) -497.50028 -497.49347 -497.48786 -0.01242 ... 

AfHEo (kcal/mol)" -51.4 -48.7 -51.0 -0.4 ... 

AfHE298 (kcal/mol)  ̂ -51.1 -48.5 -50.8 -0.3 -43±13' 

SF2(C>) 
Eo (hartree) -597.19238 -597.18512 -597.17896 -0.01342 ... 

H298 (hartree) -597.18804 -597.18077 -597.17461 -0.01343 ... 

AfHEo (kcal/mol)" -67.9 -65.5 -69.3 1.4 -67.5±3i? 
-69.2±2.8" 
-70.414.0 

AfHE298 (kcal/mol)  ̂ -68.1 -65.7 -69.6 1.5 ... 

lE(eV) 10.15 10.06 10.07 0.08 10.0810.05'' 
EA(eV) 1.51 1.35 1.43 0.08 ... 

^able I (continued) 
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TaWe I (continued) 

Eo(hartree) -596.81927 -596.81525 -596.80878 -0.01049 
H298 (hartree) -596.81505 -596.81102 -596.80455 -0.01050 
AfHEoOccal/mol)' 1662 166.6 163.0 3.2 164.9±33' 

167±11'" 
163.2±2.6  ̂
162.0 

AfHE298 (kcal/mol) 165.9 166.3 162.7 164.6+33' 
161.6 

SFzXCT.) 
Eo (hartree) -597.24780 -597J23456 -597.23163 -0.01617 
Hzsg (hartree) -597.24295 -597.22970 -59722677 -0.01618 
AfHEo (kcal/mol)'̂  -102.7 -96.5 -102.4 -0.3 
ArfIE298 (kcal/mol)  ̂ -102.6 -96.4 -102.3 -0.3 

a) Difference between G2 and G2(MP2) values. 

b) Experimental vahies. Unless specified, vahies are ftom Ref. 46. The underlined values are 

recommended values. The values in bold font are consistent with the G2 and G2(MP2) 

predictions. 

c) Calculated using AfHEo vahies of S (65.6 kcal/mol) and F (18.5 kcal/mol) fi"om Ref 46; Eo(G2) 

values S (-397.65495 hartree) and F (-99.63282 hartree) from Ref. 39; Eo[G2(MP3)] vahies of 

S (-397.65326 hartree) and F (-99.63194 hartree) from Ref 40; and Eo[G2(MP2)] values of S 

(-397.64699 hartree) and F (-99.62894 hartree) fix)m Ref. 40. 

d) Reference 20. 

e) Reference 54. 

f) Calculated using the AfHEagg values of S (66.2 kcal/mol) and F (19.0 kcal/mol) from Ref 46. 

H298[G2, G2(MP3), or G2(MP2)] values for these atoms are obtained by adding Eto + PV (= 

5/2 RT = 2.36 miTli-hartree at 298 K) to their Eo[G2, G2(MP3), or G2(MP2)] vahies. 
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Table I (continued) 

g) References 25 and 46. 

h) 298 K vahie. G2 and G2(MP2) calculations show that EA(0 K) is essentially identical to 

EA(298 K). 

i) Calculated using EA(298 JQ = 2.0±0.5 eV and i!^HE298(SF) = 3.1±1.4 kcal/mol (Ref. 46). 

j) This work. Calculated using IE(SF2) = 10.08+0.05 eV (Ref. 55) and AHEfD(SF2'̂  = 164.9+3.3 

kcal/mol derived from the AE of SF2  ̂from SF4 (see Table II). 

k) Reference 55. 

1) This work. Value converted from AfHE298(SF2'̂  = 164.6±3.3 kcal/moL See footnote (n) of this 

taWe. 

m) Reference 56. 

n) This work. Vahie determined using the AE for SF2  ̂fix)m SF4 and AjHE298(SF2) = -183.712.5 

kcal/mol AfHEoCE  ̂= 19 kcal/mol (Ref 46). See Table II. 

are also inchided in the table.̂ '̂ '*''̂  ̂ E)etailed conq)arisons between the experimental and 

theoretical results are made in a later section. Here, we just point out that the G2, G2(MP3), and 

G2(MP2) predictions for the AjHEo's, AfHE298's, EEs, and EAs of SFn, SFn ,̂ and SFn (n=l,2) fall 

within the range ofthe experimental measurements reported in the literature. The deviation 

between the G2 and G2(MP2) values, A[G2-G2(MP2)], for Eo's, AfHEo's, lEs, and EAs of SFo, 

SFn", and SFn (if=I,2) are diown in Table I. The theoretical Eo's are found in the order Eo(G2) < 

Eo[G2(MP3)] < Eo[G2(MP2)], a trend consistent with the e3q)ectation that Eo is lower as the 

degree of correlation increases. The Eo(G2) values are lower than the corresponding Eo[G2(MP2)] 

values by 0.007-0.016 hartree. The differences between the G2 and G2(MP2) predictions for the 
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lEs and EAs of SF and SF2 are ̂ .09 eV. The absolute vahies for A[G2-G2(MP2)] of )fHEo [or 

A1HE298] are 1.5 kcal/mol for SF, SF, SF2, and SF2'. lE^er A[G2-G2(MP2)] values of 2.6 and 

32 kcal/mol are observed for AjHEo(SF  ̂and A^IEo(SF2  ̂[or 4HE298(SF*) and AjHE298(SF2i], 

respectively. Based on these and previous con:;)arisons of experimental and G2(MP2) results, we 

conclude that the G2(MP2) procedure provides reliable energetic predictions for the suliur 

fluorides and their ions of interest. 

C AfHEo(SFn  ̂(n=2-S) from PBVfS studies and their comparison to G2 predictions 

Figure 2(a) shows the PIE spectra for SFs" ,̂ SF4*, and SFs"" from SFe obtained in the 

wavelength region of 600-850 A. The relative PBEs of these spectra have been calitaed by 

measuring the relative intensities for SFs" ,̂ SF4", and SFs"" at selected wavelengths. These spectra 

are in excellent agreement with those observed previously,except that the intensities of SFs  ̂

and SF  ̂relative to that of SFs"  ̂are greater than those found in Ref 28. The PIEs for SFn"" (n=3-5) 

near their onsets are magnified in the figure to show the assignments of the experimental AEs for 

processes (1H3)- The AEs measured in this study are compared to previous PIMS results^^*^  ̂in 

Table n. Although the adiabatic EE of SFe cannot be measured in the PIMS e}q)eriinents, the 

literature IE determined by PE spectroscopy is included in the table. After taking into accoirat the 

experimental uncertainties, the values for the AEs of SFs  ̂and SFs  ̂from SFe determined here are in 

excellent agreement with those observed previously.̂  The AE of 18.23±0.05 eV observed for 

SF4'̂  from SFe is also consistent with the PEE measurement of Ref 29, \^ch indicates that the SF4'' 

signal appears at 18.1 eV. 
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Figure 2 (a) PIE spectra for SFs  ̂SF4  ̂and SFs"  ̂from SFg in the wavelength range of 
600 -850 A. 
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Table IL AEs for (ir=3-6) fiom SFs and SF^  ̂(if=2-4) from SF4 measured PIMS and 

PE spectroscopy, and conparison between )iHEo(SFn*) (n=2-5) derived from these PIMS 

experiments and G2 calcuktioDs. 

Reactants Product Channels AE(expt)* A^IE298(expt)'' AfHEo(expt)'' AfHEo(Theor)'' 
(e\0 (kcal/mol) (kci/mol) (kcal/mol) 

SFfi+hv-  ̂ SFfi  ̂+ e" IE =15.35' 

SFs  ̂+ F + e- 15.27±0.08(812±4 A/ <41.9  ̂ <43.8' 20.3 
15.32±0.04» 
15.29  ̂

SF/ + 2F + e 18.2310.05 (680±4 A/ 90.712.5'" 91.9±2.5' 91.1 
18.5±0.1 (670±5 Ay 
18.1 (685 Ay 

SF3" + 3F + e 18.7910.11 (660±4 A/ 84.612.5  ̂ 85.512.5' 85.5 
18.7910.14(66015 A)« 84.613.28 85.513.2' 
19.510.1 (63515 Ay 
18.9 (655 Ay 

SF4 + hv-> SF/+ e IE = 11.90" 90.9" 92.2*' 91.1 
92 2^1 93 5Kk 

SFj  ̂+ F + e 12.4110.05 (999+4 A/ 83.7+3.9  ̂ 84.6+3.9' 85.5 
12.40" 85.015.1" 85.915.1'̂  

83.512.8° 84.412.8°' 

SF2  ̂+ 2F + e 16.7510.09 (74014 A/ 164.814.2  ̂ 165.114.2  ̂ 163.0 
16.90" 166.115.4" 166.4+5.4" 166.2° 

164.613.3°' 164.913.3°' 

a) The AEs are assumed to be 298 K values. 

b) AfHE298 values for SFn"" (n=2-5) calctilated using the AEs, A^IE298(F) =19.0 kcal/mol 

from Ref. 46, AfHE298(SF4) = -183.513.7 kcal/mol, and AfHE298(SF6) = -291.710.2 
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Table n (continued) 

kcal/mol from Ref. 46. The value for AfHE298(SF4) is converted from AfHEo(SF4) = -

182.3±3.7 kcal/mol from Ref 20 using MP2/6-31 G(d) vibrational frequencies for SF4. 

c) A(HEo(expt) values converted from corresponding ArfBEassCexpt) vahies for SFn" (n=2-

5) using MP2/6-31G(d) vibrational frequencies for SFn" (n=2-5). 

d) G2(MP2) predictions unless specified. See Ref 23. 

e) Reference 34. 

f) This work. 

g) Reference 30. 

h) Reference 28. 

i) Reference 32 

j) Reference 29. Cited in Ref 32. 

k) Reference 45. 

1) Values calculated using AfHE298(SF4) = -182.2±5.0 kcal/mol, which is calculated using 

A{HEo(SF4) = -180.9±5.0 kcal/mol from Ref 56 and MP2/6-31G(d) vibrational 

frequencies for SF4. 

m) Values calculated using AiHE298(SF4) = -183.7+2.5 kcal/mol, which is obtained by 

combining AfHE298(SF4  ̂ = 90.7±2.5 kcal/mol (this work) and IE(SF4) = 11.90 eV 

(Ref 45). See the text. 

n) G2 value. 
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The PIE spectra for SF2'*' and SFs  ̂from SF4 in tiie wavelength region of 600-1020 C are 

depicted in Fig. 2(b). The PIEs near the onsets of SFj  ̂and SFs"  ̂ are also magnified in the figure to 

show the ejqjerimental AEs for processes (3) and (4). While the AE for SFs"" is in excellent 

agreement with that obtained in Ref. 45, the AE (16.75+0.09 eV) of SF2" is lower than that of Ref 

45 by 0.15 eV (see Table II). 

The AEs measured in previous PIMS experiments^"'̂  ̂ are 298 K values. Under the 

molecular beam «q)ansion conditions of the present experiments, the relaxation of the vilrational 

excitations of SF4 and SFe is expected to be ineflBcient. Although the rotational excitations are 

partially relaxed, it is a good assun^on that the AEs determined here also correspond to 298 K 

values. However, the partial rotational relaxation is e;q)ected to reveal more distinct AEs than 

those measured in previous PIMS studies. Using the AEs, together with the literature 

thermochenrical data AfHE298(F) = 19.0 kcal/mol,''̂  AjHE298(SF4) = -183.5+3.7 kcal/mol^" [or 

A^IE298(SF4) = -182.3±3.7 kcal/mol ,̂" and AfHE298(SF6) = -291.7±02 kcal/mol,'® we have 

obtained the experimental AfHE298(SFnO (n=2-5) values shown in Table n. The experimental 

AfHEo(SFnO (Q=2-5) vahies in the table are converted from corresponding A1HE298 vahies using 

MP2/6-31G(d) vibrational frequencies for SF^"" (n=2-5). The observation that the A(HEo(SFnO 

(i^3,4) vahies derived from the AEs of SFn  ̂ (n=3,4) from SFe are in excellent agreement with 

those derived from SF4 is taken as strong support that these experimental data are reliable. 

The vahie A{HE298(SF4) = -183.5"3.7 kcal/mol [AfHEo(SF4) = -182.3"3.7 kcal/mol] used to 

calculate A^BE298(SF3') = 83.7"3.9 kcal/mol and A(HE298(SF2') = 164.8"4.2 kcal/mol (see Table II) 

is obtained by combining AflEo(SF4  ̂ = 872"3.4 kcal/mol and IE(SF4) = 11.69±0.06 eV 

determined in the recent QD and charge transfer study.̂ ° The latter IE vahie is lower than the 
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Fig. 2(b) PIE spectra for SF2'̂  and SFs  ̂from SF4 in the wavelength range of 600-1020 A. 



www.manaraa.com

63 

value of 11.90 eV determined in the PIMS and PE spectroscopy study.̂  ̂ Furthermore, the 

AfHEo(SF4  ̂ = 87.2+3.4 kcal/mol is also lower than the value of 91.9£2.5 kcal/mol determined 

here. We derive a value of -183.7i2.5 kcal/mol for A{HE298(SF4) combining IE(SF4) = 11.90 

eV and AjHE298(SF4  ̂= 90.7±2.5 kcal/mol based on the AE of SF4'̂  from SFs determined in this 

study. We note that although the vahie AfHE298(SF4) = -183.5±3.7 kcal/mol derived from the OD 

and charge transfer experiment is essentially the same as that derived using the PIMS data, we 

recommend the PIMS vahie, ie., A^IE298(SF4) = -183.712.5 kcal/mol [A^IEfD(SF4) = -182.5+2.5 

kcal/mol] on basis of the analysis presented above. Using A{HE298(SF4) = -183.7"2.5 kcal/mol, we 

obtain AfHE298(SF3'*) = 83.5±2.8 kcal/mol [AfHEo(SF3'̂  = 84.4d .̂8 kcal/mol] and AfHE298(SF2  ̂= 

164.6±3.3 kcal/mol [AjHEoCSFiO = 164.9±3.3 kcal/mol] (see Table II). These latter experimental 

values for ArflEoCSFj"  ̂and A^IEoCSFi"  ̂are recommended. 

The G2(MP2) predictions for SFn, SFn"", and SFn (if=2-5) are included in Table n for 

comparison with the experimental AfHEo(SFn*) (if=2-5) values derived fix)m the PIMS e3q)eriments. 

As pointed out previously, the observation that the IE of SFs determined by PE spectroscopy is 

nearly identical with the AE for SFs  ̂from SFe indicates that the AE value for SFs  ̂ is an upper 

Kmit. This in turn yields an upper boimd of 41.9 kcal/mol for AjHEzgsCSFs  ̂[or 43.8 kcal/mol for 

AfHEoCSFs"^], which is consistent with the G2(MP2) prediction of AfHEoCSFsO = 20.3 kcal/moL  ̂

Other than for AfHEoCSFsOj the agreement between the G2(MP2) predictions for A{HEo(SF„  ̂

(if=2-4) and the PIMS results is excellent. This comparison lends additional support to the 

reliability of G2(MP2) predictions for the sulfir fluorides. 

D. Comparison of experimental and theoretical results for SFn, SFb\ and SFn* (n=l-6) 

The main motivation for performing G2 and G2(MP2) calculations for SF ,̂ SF^  ̂and SF„ 

(n=l-6) is to help choose reliable experimental data from widely scattered experimental 
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measurements. The con^jarisons of theoretical and experimental^® '̂̂ ''* '̂̂  results for SF„, SF„", 

and SFn (if=3-6) are made in Tables I and IE. Where G2 and G2(MP2) predictions are available, 

the G2 value is preferred for conqjarison with experimental values. After considering the 

oqjerimental uncertainties and estimated enxjrs for G2 and G2(MP2) calculations, we have 

highlighted in bold font the experimental values >^ch are in reasonable accord with the 

corresponding G2 and G2(MP2) predictions. The underlined raperimental EE, EA, and )^EEo 

values are recommended vahies for SF ,̂ SF^ ,̂ and SFn (ii=l-6) based on these comparisons. 

The experimental values for A(HEo(SF) range from 2.9 to 8.0 kcal/moL The lowest vahie 

2.9 ± 1.4 kcal/mol, is closest to the G2 prediction of 2.3 kcal/mol for AfHEo(SF), and is 

recommended for A(HEo(SF). Taking into account the experimental uncertainties, the value 6.6 

±4.1 kcal/mol determined in the recent CDD and charge transfer study^° is also consistent with the 

G2 prediction The experimental IE(SF) = 10.16±0.17 eV, EA(SF) = 2.0"0.5 eV, AfHEo(SFO = 

240.9±1.2 kcal/mol, and ^^HE298(SF  ̂ = -43±13 kcal/mol [AfHEo(SF) = -43±13 kcal/mol] '̂ are 

consistent with the corresponding G2 predictions. 

The experimental AfHEoCSFz") and EA(SF2) are unknown. However, the experimental 

IE(SF2) =10.08±0.05 eV agrees very well with the IE(G2) vahie of 10.15 eV. The 

experimentalAflEoCSFi'̂  = 164.9"3.3 kcal/mol is also in excellent accord with the G2 prediction of 

166.2 kcal/moL Combining these experimental values, a value of -67.5±3.5 kcal/mol is calculated 

for AfHEoCSFa), which compares well with the G2 value of -67.9 kcal/moL We note that after 

taking into account of e;q)erimental uncertainties, the other experimental values^*  ̂of -69.2±2.8 

and -70.4±4.0 kcal/mol for A ÎEo(SF2) and iI^Effio(SF20 are also consistent with the G2 

predictions. 
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Table HI. Eo, AfH°o, IE, and EA values obtained at the G2(MP2) levels and experimental 
AfH^o [AfH'oCexp)], IE [lE(exp)] and EA [EA(exp)] values for SFn, SFn*, and SF„', 
n=3-6. 

Species Eo[G2(MP2)] AfH''o[G2(MP2)]* AfHVexp)" IE/EA[G2(MP2)] ECexp)" EA(expf 
(hartree) O^cal/mol) (kcal/mol) (eV) (eV) (eV) 

Neutrals 

SF3(Q -696.89453 -105.2 (-105.8) -103.6±2^ 8.27/3.09 8.18±0.07 3.1±0J> 
-111.6±3.6'' 2.9±0.1 
-115.2±5.8' 

SF4(C2v) -796.67566 -182.2 (-183.4) -182^±2^^ 11.85/1.52®, 1.02® 11.90 1.5±0.2 
-Isajta-T* 12.03±0.05 
-181±5 11.69±0.06 

SF5(GV) -896.36530 -201.8 (-203.6) -205.9±3.4°^ 9.63/4.07 9.60±0.05' 3.70±0.2 
-2\5n±3.t >3.7±0J 
-221.8±4.3 3.01 ±0.29 

SF6(Oa) -996.16457 290.2 (-292.8) -288.4±0.2 .../1.04 si5.27 L05±0.10' 
15.35 

Cations 

SF3"(Cjv) -696.59058 85.5 (84.7) 8S.6±iy ... 
93.8±8.0' 
77.0±3.2'' 

SF^Cjv) -796.24009 91.1 (89.9) 91.9±2.5'̂  ... 
87.213.4" 
96.7±5.0 

SFJ^^ja) -896.01141 20.3(18.3) 16.413.6° ... 
525.0±2.0° 

5.6±3.5' 
-0.4±4.1"' 

543.8*  ̂
SFfi' 

Anions 

SFjXC^v) -697.00818 -176.5 (-177.0) -17S.1±5.2'' 
-187.1 ±10^ 
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Table III (continued) 

SF4"(C2V) -796.71324 -205.8 (-206.6) ... 

SF4*(C^) -796.73136 -217.1 (-217.8) -217.1 ±5^  ̂

SFjXGv) -896.51473 -295.6 (-297.0) -29\2±s.t 
-2753±7.5' 

SFsXOfc) -996.20296" -314.3° r-315.6^° -314.5±2.4* ... 

a) Calculated using AiH'o values of S (65.6 kcal/mol) and F (18.5 kcal/mol) from Ref. 

46, and Eo[G2(MP2)] values of S (-397.64699 haitree), and F (-99.62894 bartree) 

from Ref. 40. The values in parentheses are A£H°298[G2(MP2)] values. 

b) Experimental values. Unless specified, values are from Ref 46. The underlined values 

are recommended values. The values in bold font are consistent with the G2(MP2) 

predictions. 

c) This work. Calculated using the AfH''o(SF3") = 85.0±1.9 kcal/mol (see footnote k of 

this table) and IE(SF3) = 8.18±0.07 eV. 

d) Reference 20. 

e) Reference 18. 

f) This work. 

g) The EA[G2(MP2)] values of 1.52 and 1.02 eV correspond the processes, SF4 (C4v) -

SF4(C2v) + e" and SF4XC4V)  ̂SF4(C2v) + e", respectively. 

h) Value calculated using the experimental d VSFs-F) = 101 kcal/moL 

Table HI (continued) 
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Table in (continued) 

i) Reference 22. 

j) Reference 58. 

k) Average value of 85.5±2.5 kcal/mol and 84.4±2.8 kcal/mol for AfH^oCSFs") 

determined using the AEs of SFj"  ̂from SFe and SF4, respectively. See Table n. 

1) Reference 56. 

m) Value calculated using the experimental D^oCSFs-F) =101 kcal/mol and lECSFs) = 

9.60±0.05 eV (Ref. 22). 

n) Reference 24. 

0) Equilibrium structure for SFs"  ̂is not foimd. 

p) Calculated using AfH^oCSFs) = 103.6±2.5 kcal/mol and EA(SF3) = 3.1 ±0.2 eV. 

q) Reference 46. Converted from A fH" 298 values. 

r) Calculated using AfH°o(SF4) = -182.5±2.5 kcal/mol and EA(SF4) = 1.5±0.2 eV. 

s) Calculated using AfH^oCSFs) = -205.9±3.4 kcal/mol and EACSFs) = 3.7±0.2 eV. 

t) Calculated using Afi\(SFs) == -205.9±3.4 kcal/mol and EACSFs) = 3.01 ±0.29 eV. 

u) Calculated using the approximated G2(MP2), i.e., AG2, scheme. 

w) Converted from AfH''298(SF6') = -315.9±2.4 kcal/mol, which is calculated using 

AfH°298(SF6) = -291.7±0.2 kcal/mol (Ref 46) and EACSFg) = 1.05±0.10 eV (Ref. 46, 

298 K value). 
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The e^serimental IE(SF3) (= 8.181f).07 eV) and EA(SF3) (= 3.1±0.2 eV) are in good 

accord with IE[G2(MP2)] (= 827 eV) and EA[G2(MP2)] (= 3.10 eV). The value AeHEoCSFj  ̂= 

85.0+1.9 kcal/mol is the avenge of the two values 85.5±2.5 and 84.4±2.8 kcal/mol determined 

using the AEs of SFs  ̂from SFe and SF4 (see Table H), and is in exceUeot agreement with the 

G2(MP2) value of 85.5 kcal/moL Combining this average value and the e}q}erimental IE(SF3), we 

obtain AiHEoCSFs) = -103.6+2.5 kcal/mol, which agrees with the IE[G2(MP2)] value of 105.2 

kcal/moL Using AjHEo(SF3) = -103.6+2.5 kcal/mol and EA(SF3) = 3.1+0.2 eV,"*  ̂ we obtain 

AjHEo(SF3") = -175.1+5.2 kcal/mol, in close agreement with EA[G2(MP2)] = -176.5 kcal/moL 

As pointed out above, IE(SF4) = 11.90 eV determined in the previous PIMS and PE 

spectroscopy ©cperiment'*  ̂ and ArflEoCSF+O = 91.9±2.5 kcal/mol and AjHEo(SF4) = -182.5±2.5 

kcal/mol obtained in this study are in excellent agreement with the G2[(MP2)] values of 11.85 eV, 

91.1 kcal/mol, and -182.2 kcal/mol, respectively. Because SF4' is found to have two stable 

structures, two EAs are predicted by G2(MP2) calculations. The EA[G2(MP2)] values of 1.52 

and 1.02 eV are measures of the transition energies for the detachment reactions, SF4"(C4») -> 

SF4(C2v) + e" and SF4'(C2v) SF4(C2v) + e', respectively. Since the structures for SF4(C2v), SF4" 

(C2v), and SF4'(C4v) are quite different, the Franck-Condon fectors for these detachment processes 

are not fevorable. Because SF4'(C4v) is the more stable isomer, the e}q)erimental EA(SF4) = 

1.5±02 eV is associated with the process, SF4'(C4v) -> SF4(C2v) + e'. Combining this experimental 

EA(SF4) and AfHEo(SF4) = -182.5±2.5 kcal/mol, we calculate AfHEo(SF4") = -217.1±52 kcal/mol, 

conpared to Ihe G2(MP2) prediction of -217.1 kcal/moL 

The previous expoimental determinations of A(HEo(SF5) and AjHEo(SF5'̂  are the most 

controversiaL This issue is the subject of several recent reports."'̂ '' This difficulty is partly due to 

the feihire of the traditional PIMS method to find the AE of SFs"  ̂from SFg. The previously 
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accepted AfHEo(SF5) = -215.7+3.2 kcal/mol is based on the iqjper Kmit of 91.1±32 kcal/mol for 

£>°o(SFs-F) obtained in a study of the chenuhmmescent reaction Sr(^P) + SFe.'® fii the same 

experiment, an upper Kmit of 101.0±3.4 kcal/mol was obtained for D£o(SFrF) by the Cai^F) + SFs 

reaction. No logical arguments are given in Ref. 18 for the rqection of the Ca(^P) + SFe results. 

Cheung et aL  ̂point out that the latter Kmit is close to the G2(MP2) prediction of 106.9 kcal/mol 

for £>°o(SF5-F). TTie Ca(^P) + SFE result translates into a vahie of -205.9+3.4 kcal/mol for 

AfHEoCSFs), A\Wch is in reasonable accord with the G2(MP2) prediction of -201.8 kcal/mol after 

taking into account the experimental uncertainties and the estimated accuracy of the G2(MP2) 

procedure. One possible difficulty in the chemiluminescence experiment'̂  is the existence of higher 

long-lived excited states such as the Ca('D) [Sr('D)] state in the Ca (Sr) atomic beams. The 

presence of such higher excited states is expected to result in a lower value for the iqjper bound of 

I)°o(SF5-F). 

The IE(SF5) = 9.6010.05 is in good agreement with IE[G2(MP2)] = 9.63 eV. The value 

AfHEoCSFs") = 16.4±3.6 kcal/mol derived by combining the experimental IE(SF5) and AfHEoCSFs) 

= -205.9±3.4 kcal/mol is again conskiered to be in accord with the AfEIEo[G2(MP2)] value of 20.3 

kcal/moL We note that in the most recent proton affinity study of SFe, Latimer and Smith" report 

an upper limit of 25.0+2.0 and 20.9i2.0 kcal/mol for the heats of formation of SFs  ̂at 0 K and 298 

K, respectively. The experimental EA(SF5) values are in the range from >3.7+0.3 to 3.01±0.29 

eV. The G2(MP2) calculation yields an EA value of 4.07 eV for SFs, suggesting the actual 

EACSFs) is likely >3.7 eV. Without newer experimental measuremoits, we recommend EA(SFs) = 

3.7±0.2 eV.̂  Combining this latter vahie and AfHEoCSFs) = -205.9±3.4 kcal/mol, we calculate an 

EA(SF5) vahie of -291.2+5.7 kcal/mol, whidi is in agreement with the G2(MP2) prediction of -

295.6 kcal/mol after taking into account the experimental uncertainties. 
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The experimental value AfHEo(SF6) = -288.4±02 kcal/mol is well established. As pointed 

out above, the adiabatic IE for SFe, and thus AflEoCSFg ,̂ are unknown both experimentally and 

theoretically. In the previous PIMS study  ̂of SFe, observation of a very low intensity of SFe  ̂ is 

reported. We find tbat the intensity of SFe"  ̂ is in the noise level of our ejq)eriment, in agreement 

with the observations of previous and electron inqwct"'®* experiments. The results of 

the PIMS and electron mqiact experiments are consistent with the conchision that SFe" is unstable 

with respect to SFs"*  ̂ + F. As noted above, the theoretical structure optimization of SFs  ̂indicates 

that SFe" is unstable with respect to SF4'̂  + F2. As pointed out previously, since the SFs" - F and 

SF4" "F2 conplexes are boimd by ion-induced-d^le forces, these ion con:q)lexes can in princ^le 

be observed if mechanisms exist for relaxing their excess internal energies. Using the 

recommended AiHEoCSFe) = -288.4+0.2 kcal/mol  ̂and ArfIEo(SFs"  ̂ = 16.4±3.6 kcal/mol,̂  along 

with A^IEo(F) = 18.5 kcal/mor*®, we predict the true AE for SFs"" from SFe, le., the threshold for 

process (1), to be 14.0 eV, >\1rich is 127 eV lower than the observed AE for SFs  ̂from process 

(1). Using the experimental EA(SF6) = 1.05±0.10 eV and AjHE298(SF6) = -291.7±0.2 kcal/mol, we 

calculate a vahie of -315.9i2.4 kcal/mol for A^IE298(SF6 ). We convert the latter value to 

AjHEoCSFe") = -314.5±2.4 kcal/mol using the theoretical MP2/6-31 G(d) frequencies for SFe". 

In order to make possible the UQCISD(T)/6-31 lG(d,p) single-point energy calculation for 

SFe", we invoke the additivity approximation shown in Eq. (7). To test the reliability of applying 

this approximation to G2(MP2) calculations ie., the AG2 procedure, we have coirpared the Eo, 

DE, EA, AfHEoCSFg") values for S, F, SFn, SFn"", and SFn (n=l-6) using the AG2 and G2(MP2) 

schemes and find excellent agreement between the two schemes. The AG2 results for Eo's, )fHEo's, 

IBs, and EAs of S, F, SFn, SF/, and SFn (if=1-6) calculated using the AG2 scheme are 

summarized in Table IV. The deviation Eo[G2(MP2)] - Eo(AG2) increases roughly as the size of 

Table IV. Conq)arison between G2(MP2) and approximated G2(MP2) [AG2] theoretical 



www.manaraa.com

71 

Table IV. Comparison between G2(MP2) and approximated G2(MP2) [AG2] theoretical 
energetics for S, F, SFa, SF^ ,̂ and SFn' (n=I-6).' 

Species Eo[AG2] 
(hartree) 

Eo[G2(MP2)]-Eo[AG2] 
(hartree) 

A{H%(AG2)'' IE/EA(AG2) 
(kc^mol) (eV) 

S -397.64694 -0.00005 ... ... 

F -99.62881 -0.00013 ... ... 

SF -497.40721 -0.00005 1.7(1.8) 10.30/2.29 

sr -497.02857 +0.00007 239.3 (239.4) ... 

SF -497.49131 +0.00001 -51.1 (-50.9) ... 

SF2(CA.) -597.17924 +0.00028 -69.7 (-69.9) 10.07/1.42 

SFzXCiv) -596.80901 +0.00023 162.6(162.3) ... 

SFzXC^v) -597.23158 -0.00005 -102.6 (-102.4) ... 

SF3(Q -696.89496 +0.00043 -105.8 (-106.3) 8.27/3.10 

SF3"(C3V) -696.59120 +0.00062 84.9 (84.0) ... 

SFSXC^V) -697.00872 +0.00054 -177.1 (-177.6) ... 

SF4(C^) -796.67630 +0.00064 -183.0 (-184.2) 11.86/1.52' 

SF4^(a) -796.24051 +0.00042 90.5 (89.2) ... 

SF4-(Gv) -796.73229 +0.00093 -206.7 (-207.5) ... 

SFsCQv) -896.36586 +0.00056 -202.6 (-204.4) 9.62/4.08 

s¥s\d3h) -896.01217 +0.00076 19.4 (17.4) ... 

SFsXGv) -896.51566 +0.00093 -296.6 (-298.0) ... 

sfem -996.16512 +0.00055 -291.1 (-293.6) . j i m  
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Table VI (continued) 

SFe'iPh) -996.20296 ... -314.3 (-315.6) 

a) The QCISD(T)/6-311G(d,p) energies for G2(MP2) calculations are calculated using 

the approximation: [QCISD(T)/6-311G(d,p)] = [QCISD(T)/6-31G(d,p)] + [MP4/6-

311G(d,p)] - [MP4/6-31G(d,p)]. 

b) Values in parentheses are values. 

c) EA for SF4(C2v) + e' - SF4'(C<v) 

d) Attempts to determine the SFe"  ̂structure were unsuccessM 

the molecular species, and has a maximum of 0.00093 hartree for SF4"(C4v) and SFs". Comparing 

the G2(MP2) predictions for AiHEo's in Tables I and HI with the corresponding AG2 values in 

Table IV, we find that the agreement between the two schemes is surprisingly good, with the 

maximum deviation < 1 kcal/moL The deviations between G2(MP2) and AG2 predictions for 

AjHEo's also increase with molecular size. The G2(MP2) and AG2 p:edictions for IBs and EAs for 

SFn (iP=l-5) are also in excellent accord, with differences < 0.1 eV. The AG2 predictions 

AfHEo(SF6') = -314.3 kcal/mol and EA(SF6) = 1.04 eV agree with the expaimental results of 

314.5d .̂4 kcal/mol and 1.05±0.10 eV, respectively. 

Table V compares the experimental and theoretical sequential I f  o' s  for SF^i-F (ff=l-6), 

SFn-f-F (1-5), and SFn-i -F (if=1-6). These experimental sequential Lfo's are computed using the 

recommended AfHEo values for SFn (n=l-6) shown in Tables I and HI. Since A(HEo(SF6  ̂ is not 

available experimentally or theoretically, the Lfc^SFs^-F) is not knowiL Because the experimental 

value for AjHEo(SF2") is also imavailable, we cannot calculate the Lf o(SF-F) and If ((SFz -F) 

Table V. Comparisons between experimental and G2 or G2(MP2) bond dissociation 
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Table V. Comparisons between experimental and G2 or G2(MP2) bond dissociation 

energies at 0 K for SFn,i-F, and SFn.r-F (n=l-6).'''' 

Bond Neutral (kcal/mol) Cations flccal/mon 

Experiment Theory Experiment Theory 

Anions fkcal/mon 

Experiment Theory 

S-F 81.2±1.4 

SF-F 88.9±3.8 

SFz-F 54.6±4.3 

SFj-F 97.4±3.5 

SF4-F 41.9 ±4.2 

SFs-F 101.0±3.4 

Sum 465.0±8.7 

81.8 

88.7 

55.8'' 
54.4 

95.5 

38.1 

106.9 

466.8 

81.6±1.2 
82.̂ 1.2' 

94.3 ±4.4 
96.2±2.3" 

98.6±4.6 
96.0 
104.7±1.8'̂  
100.1 ±2.3® 

11.6±3.1 
8.3 ±1.2" 
12.9±2.8' 

94.0±4.4 
106.1 ±2.3" 

77.2 

94.3 

99.2" 

12.9 

89.3 

79.2±13 89.3 

69.8 

92.3" 
92.6 

60.5±7.4 59.1 

92.6±7.9 97.0 

41.8±6.5 36.2 

444.7 

a) Unless specified, the experimental d °o values are calculated using experimental AjH°o 

values of S (65.6 kcal/mol), F(18.5 kcal/mol), S"  ̂ (304.0 kcal/mol), and S' (17.7 

kcal/mol) fi-om Ref. 46; and the recommended experimental AfH°o values (underlined 

and bolded) for SFn and SFn  ̂(n=l-6) given in Tables I and HI. 

b) Unless specified, the theoretical d ^SFn-i-F), d 'o(SF„.r-F), and d ''o(SF,̂ r-F) (n=l, 

2) are G2 predictions, and d VSFn-i-F), d ^SFn-r-F), and d ^SFn-r-F) (n=3-6) are 
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Table V (continued) 

G2(MP2) predictions. These vahies are calculated using Eo(G2) or Eo[G2(MP2)] 

values or theoretical Afl°o(G2) or A{H°o[G2(MP2)] values for SFn and SFn" (n=l-6) 

given in Table I and HI. The vahie Eo(G2) = -397.28016 and -397.72856 hartree for 

S"" and S' from Ref 41 is used in the calculation of D VS^-F) and D VS -F). 

c) Reference 20. 

d) Values calculated using AfH°o(G2) values for SF2, SF2", and SF2", and 

AiH°o[G2(MP2)] values for SFj, SF^", and SFj". 

e) This work. 

values. We note that the EA of the F atom (3.4 eV)"*® is high, so the actual dissociation for the 

anions may involve the formation of F. Ion-pair processes producing F have been observed in 

PIMS studies of SFe (Ref 30) and SF4 (Ref 45). 

The experimental ffo's for SFn-i-F and SFa-f-F conpited using the recommended 

experimental heats of formation data (underlined values) in Tables I and IQ are in excellent 

agreement with those obtained from theoretical G2 and G2(MP2) calculations. In all cases, the 

theoretical £fo values fall within the experimental uncertainties, except those for S^-F, SF^-F, and 

SF5-F. The differences between the experimental and theoretical Lfo values for S'̂ -F, SF/-F, and 

SFyF are 4.4, 4.7, and 5.9 kcal/mol, respectively. The lower theoretical Lf(^S^-F) of 77.2 

kcal/mol compared to the expenmental value of 81.6±12 kcal/mol is partly attributed to the feet 

that the EE of S calculated by the G2 procedure is lower than the experimental IE(S) by 3.7 

kcal/moL Thus, we conclude that the difference observed between the experimental and theoretical 

LfdiS^-F) is due to the inaccuracy of the G2 predictioiL The sum of 465±9.5 kcal/mol for the 
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sequential experimental Z>°o(SFn.i-F) (if=1-6) values agrees with the value of 465 kcal/mol for the 

entha^y of reaction at 0 K for the process SFs -> S + 6F. 

Considering the straight-forward approach of applying PIMS and ion CID techniques to 

determine the sequential DPoS for a system such as SFs, it is interesting to coitpare the £)°o(SFn.r-

F) (nr=l-5) determined in these experiments with those calculated hy theoretical procedures and 

also with those calculated using the recommended AfHEo(SFn^ data. As shown in Table V, the 

sequential Z/o(SFn.i"-F) (n=l-5) determined by ion CID and PIMS studies are in general accord 

with those based on the recommended AfHEo(SFnO data. The £>°o(SF4'"-F) = 106.1 "2.3 kcal/mol 

determined in the CID study is likely too high. These con^jarisons indicate that ion CID and PIMS 

are good experimental techniques for measuring sequential bond dissociation energies and ion heats 

of formation for conplex systems such as SFe^ 

As shown in Table V, the sequential EfoS for the neutral, cationic, and anionic sulfur 

fluorides all exhibit alternation patterns. The trend of alternating high and low vahies observed for 

the neutral S-F botKl dissociation energies has been discussed and rationalized previously without 

invoking the participation of the d-orbitals of the S atom in the bonding.'̂ " The pattern observed 

for the S-F bond dissociation energies of the sulfiir fluoride cations is also discussed in Ref 20. 

Interestingly, similar patterns are observed for the IBs and EAs of SFn (if=1-6) shown in Tables I 

andm. 

The general trends observed for Z>°o(SFo.rF) (if=2-6), If o(SFn.r-F) (if=3-5), and Z/o(SFn. 

r-F) (nr=2-6), and EA(SFn) (1-6) and lE(SFn) (n=2-5) are understood by recognizing that 

molecular species with My-ffled eight, ten, and twehre valence electron shells around the S atoms 

are more stable than other species. Thus, for the systems of interest here, we have: fijlfy-filled eight 

electron shells for SFs"", SF2, and SF; My-filled ten electron shells for SFs"", SF4, and SFs"; and 
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My-fifled twelve electron shells for SFe and SFs". Figure 3 is constructed to illustrate and to 

ecplain the variations of the observed Lfa's, EEs, and DEs. The cations SFn" (if=2-5), the neutrals 

SFn (ff=l-6), and the anions SFn (ii=l-6), are shown in Fig. 3 in three rows. The vahies on top of 

the horizontal am)ws are the experimental Lfo's in kcal/mol for dissociation from SFn.i-F to SF^-i, 

SFn.r-F to SFn-i^ or SFn.i-F to SFn.f except those forZ)£o(SF-F) and Z)°o(SF-F) are theoretical 

values. The higher Lfo values correspond to the S-F bond energies for SF2 (88.9±3.8 kcal/mol), 

SF4 (97.4±3.5 kcal/mol), SFg (101.0+3.4 kcal/mol), SFj" (98.6i4.6 kcal/mol), SFs^ (94.0±4.4 

kcal/mol), SF3' (92.3 kcal/mol, theoretical value), and SFj' (92.6±7.9 kcal/mol). hi each of these 

cases, the dissociation involves the transformation from a higher and more stable neutral (or 

cationic, or anionic) sulfiir fluoride to a lower and less stable neutral (or cationic, or anionic) sulfur 

fluoride phis an F atom. The lower S-F dissociation energies correspond to transformation from a 

high and less stable sulfur fhioride to a low and more stable sulfiir fluoride phis an F atom. These 

latter cases are observed for SF3 [D VSFa-F) = 54.6±4.3 kcal/mol], SFs [D 'o(SF4-F) = 41.9±4.2 

kcal/mol], SF4" [D "c^SFs'-F) = 11.6±3.1 kcal/mol], SF2" [D ^SF-F) = 69.8 kcal/mol, theoretical 

vahie], SF4" [D °o(SF3'-F) = 60.5±7.4 kcaVmol], and SFs [D "diSFi-F) = 41.8±6.5 kcal/mol]. 

Ionization energy is a measure of the transition energy from the neutral to its cation, whereas 

electron affinity measures the transition from an anion to its corresponding neutral The vahies in 

eV shown by the side of the vertical arrows in Fig. 3 are either lEs or EAs. For the ionization 

transitions SF2—> SFa"" + e- and SF4-^ SF4-'' + e-, the transitions correspond to ionization from a 

stable neutral to a less stable cation, and thus the lEs of SF2 (10.08±0.05 eV) and SF4 (11.90 eV) 

are expected to be high. The lower DEs for SF3 (8.18±0.07 eV) and SF5 (9.60+0.05 eV) are due to 

ionization transitions from a less stable neutral to a more stable cation. 
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+ 10.5 

9.6 11.9 8.2 10.1 IE (eV) 
E\ (eV) 

lOl.O 96.3 43.4 52.1 90.8 
SF 

1.0 1.5 3.7 3.1 1.5 2.3 

41.8 92.3 94.1 59.4 
siY 

S-F bond energy (kcai/tnoi) 

Figure 3 Schematic diagram illustrating the altemating patterns for D Vs for SF„-i-F 
(n=2-6), SFn-t^-F (n=3-5), and SF„.r-F (n=2-6), IBs of SF„, and EAs for SF„ 
(n=l -6y The values marked by asterisks are theoretical values. 
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Simflarly, the electron detachment transitions, SF SF + e", SF3' SF3 + e', and SFs" -> SFs + 

e", involve transitions from a more stable to a less stable species. Therefore, we espect the EAs for 

SF (2.0 eV), SF3 (3.1 eV) and SFs (3.7 eV) to be higher than those for SF2 (1.5 eV, theoretical 

value), SF4 (1.5 eV), and SFe (1.05 eV), v^ch correspond to detachment transitions from a less 

stable anion to a more stable neutral 

The picture presented above to e)q)lain the alternating patterns observed for D°o's, lEs, and 

EAs for the SFn and SFn^ (d=1-6) systems should also be applicable to similar systems involving 

other hypervalent species. 

Conclusions 

The conparison of the experimental thermochemical data and G2 [or G2(MP2)] 

predictions for SF^, SFn^ and SFn (if=1-6) allows us to recommend a self-consistent set of 

experimental AfHEo, IE, EA, DEo values for these systems. This woric shows that for reliable 

determinations of the thermochemical data for a complex system such as SFn, SFn"", and SFn (if=1-

6), it is necessary to combine both e^qjerimental measurenoents made using different techniques and 

theoretical predictions calculated using a sufficiently accurate theoretical procedure. 

The conqjarison of experimental and theoretical results in this study further confirms that 

G2 and G2(MP2) procedures are reliable theoretical methods for provkiing energetic predictions 

accurate to 4-5 kcal/mol for complex sulfur-containing molecular species. The study also indicates 

that traditional CID and PIMS experiments are reliable methods for ion sequential bond energy 

measurements for conplex molecular ions such as SFst 

The theoretical equilibrium structures obtained for SFn, SFn^ and SFn" (n=l-6) have been 

rationalized using the VSEPR theory. Furthermore, we have provided an ejq)lanation to account 
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for the observed alteroating patterns in IE, EA and D°o values for SFn, SFa"", and SFn (if=1-6). 

Alternating patterns in IE, EA and D°o values are expected for other similar hypervalent species. 
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PART II 

COLLISION-INDUCED DISSOCIATION OF ORGANOSULFUR COMPOUNDS 
EVIDENCE OF NON-STATISTICAL BEHAVIOR 
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INTRODUCTION 

The observation of the decon^sition of ions produced by coDision-induced 

dissociation (CID) in the gas phase is as early as 1913 when Thomson^ observed the 

decon:q)osition of collisionally activated H2* ions, and it was only in 1919 that Aston gave a 

correct explanation on the observed phenomenon. Although the subject attracts interests of 

mainly physicists and lead to increasing reports on the fundamentals of the CID process of the 

small diatomic molecules, the interests of organic mass spectrometry was stimulated by the 

early work of Jeraiings^ and Haddon and McLafiferty' and the detailed investigation by Cooks 

et al."*, Beynon et al.', and Kim et aL® McLafiferty first implemented the CID technique for the 

structure elucidation of organic ions in the gas phase, and Cooks further explored the 

potential of CID method for analysis of mixture of organic conqwunds/'® 

The CID process for a polyatomic molecule can be considered to consist of mainly two 

distinct steps: (a) collisional excitation and following (b) unimolecular dissociation: 

Collision of high energy ions (AB)^ with a neutral target will usually result in electronic, 

rotational, or vibrational excitation, depending on the range of the energy. When the ion 

(AB)"^ approaches the neutral target M, a strongly repulsive collision complex will be formed. 

If the ion and the neutral target approach each other infinitely slowly, the electron density of 

the system will adjust adiabatically and therefore the ion still remain its electronic ground state 

(AB)^ + M (ABf* + M (a) 

(AB)"* A" + B (b) 
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after collision. On the other hand, in the extreme of very short interaction time in the collision 

conqjlex, the electron can not adjust adiabatically in its excited state. As a result, the nuclear 

motions can be ignored and the excitation will occur depending on the relative position of the 

potential curves of (AB)"^ and (AB)""*. 

In general, the mechanism for the collision-induced dissociation can be described well by 

the statistical quasiequilibrium theory (QET).' There are two basic assumptions: 

(1) The reaction rate is controlled by the critical configuration of the transitioiL 

(2) The excitation energy will be redistributed over all vibrational degrees of fi-eedom before 

unimolecular dissociation. 

A great deal of evidences supporting the quasiequilibrium theory has been observed. For 

exanqjle, an isotropic distribution of fragments has been observed.'" The same types of 

fragments are observed following coDisional activation, electron impact excitation, or photon 

excitation of a molecular ion. However, experimentally, there are examples^" of incoii5)lete 

excitation energy sharing among the phase space, i.e., the initially excited state is coupled to 

significantly fewer levels than the large nimiber of energetically available levels. That a 

collision proceeds via a long-lived complex doesnt necessarily in^ly that it is not selective in 

its energy requirement or that it is not specific in its energy disposal. An exanqsle is the 

elimination of HX molecule from energy-rich alkyl halides, in which a considerable fraction of 

the energy is deposited into the H-X vibratioiL"' Whether aiergy randomization is in fact 

complete when the reactant molecular ion dissociates is an in^rtant issue requiring fiirther 

investigation, and it might he^ us to gain insight into the fimdamentals behind the collision-

induced dissociation process. 
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Due to the advantage of soft ionization and high energy resohition achieved in the 

photoionization , ionization by photoionization is preferred over electron impact ionization 

for the preparation of state-specific reactant ion." The internal energy of the precursor 

reactant ion can be better defined by the spectroscopic knowledge of molecules in the vacuum 

ultraviolet (VUV) region. The precise control of wavelength for ionization of a molecule 

allows us to produce molecular ions in vibrationally selected states. By the incorporation of 

jet-cooled molecule beam, the cooling effect, resulting from supersonic expansion, narrows 

spread in translational energy and makes possible the preparation of neutral reactants in their 

ground rotational states. The use of the radio fi-equency (RF) octopole ion guide^^ reaction 

gas cell in the ion beam- gas cell arrangemem allows the absolute total cross section 

measurement with high accuracy and extends the collision energy to near thermal enrage. By 

combining VUV light source, molecule beam, RF octopole ion guide reaction cells, we are 

able to measure the absolute total cross sections with high collection efficiency and weU-

defined internal energy for the collision-induced dissociation. 

Large quantities of sulfiir conqjounds are released by the biosphere, volcanos, and 

human activities.̂ "* Such compounds include HaS, COS, CS2 , methyl mercaptan (CH3SH), 

dimethyl sulfide (CH3SCH3), and dimethyl disulfide (CH3SSCH3). Most of these conqwunds 

are attacked by OH radicals and ozone and subsequently oxidized to form SO2. For example, 

methyl mercaptan is emitted into the atmosphere by industrial companies and is oxidized to 

form SO, SO2, and SO3, which are major pollution factors affecting the acidity of moisture 

and rain. By studying the collision-induced dissociation behavior of these selective organsiilur 
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compounds, we hope to shed light on the fundamental properties of these pollutants and lead 

to the development of control methods for converting the pollution into harmless substances. 
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FFL. BOND SELECTIVE DISSOCIATION OF CHSSH  ̂AND CHJCHZSBT 
VIA COLUSIONAL ACTIVATION 

A paper published in the Journal of Chemical Physics 

Y. J. Chen, P. T. Fenn, S. Stizoson and C. Y. Ng 

Abstract 

Strong preference is observed for the C-S bond scission process, leading to the 

formation of CHs^ + SH (CH3CH2^ + SH), in the coDision induced dissociation (CID) reaction 

of CHsSIT + Ar (CH3CH2SH+ + Ar). Since the dissociation energy of 81.4 kcal/mol (45.2 

kcal/mol) for the CHj^-SH (CHsCHa"" -SH) bond is significantly higher thaii that of 48 

kcal/mol (33.9 kcal/mol) for the H-CHaSlT [H-CH(CH3)Sir] bond, this observation indicates 

that the CID process is non-statistical. The high yield for the C-S bond breakage process is 

attributed to the more efficient translational to vibrational energy transfer for the C-S 

stretching mode than for C-H and S-H stretching modes via collisional activation, and to weak 

couplings between the low fi-equency C-S and high firequency C-H and S-H stretching 

vibrational modes of CHsStf" and CHsCHaSH^. 

Results and Discussion 

A primary and long-standing motivation for detailed dissociation studies is to learn about 

the factors which control the outcome of a Segmentation process, such that bond selective 

dissociation pathways can be designed. A bond selective dissociation process is a process that 

violates the expectation of a statistical outcome. Most bond selective dissociation studies have 

been centered on dissociation processes activated by photoexdtation.*'̂  In a recent UV 
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photodissociation study, it was demonstrated that by selectively exciting a bonding electron 

localized on a specific bond to an anti-bonding orbital, pronqit dissociation of the 

corresponding bond can be achieved. The short lived repulsive state does not allow energy 

randomization and results in selective bond-breaking. It has also been demonstrated that 

overtone excitation of the 0-H (0-D) stretch of HOD, followed by photodissociation 

excitation, produces dominantly OD + H (OH + D) products.^ The underlying principle of the 

overtone scheme is to shift the Franck-Condon excitation region such that the molecule is 

photoexcited to the repulsive part of an excited potential energy surface, favoring the 

formation of a specific product channel The application of the principle of coherent control '̂"* 

is also potentially useful for controlling the branching ratio of photoproducts. An 

experimental demonstration of coherent control in the photoionization of HI has recently been 

made.^ In this communication, we report the demonstration of bond selective dissociation of 

CH3SH + and CH3CH2SH + via collisional activation. The dissociation of polyatomic ions are 

usually described using statistical models. '̂' The selective C-S breakage process in the 

collisional activated dissociation of CH3SH+ and CH~CH2SH^ is attributed to the more 

efficient translational to C-S vibrational energy transfer and inefficient energy flow between 

the C-S and X-H (X=C and S) vibrational modes. 

The arrangement of the triple-quadrupole double-octopole (TQDO) photoionization 

ion-molecule reaction apparatus and procedures used to perform state-selected absolute total 

cross section measurements have been described in detail previously. '̂" The reactant CHsSlT 

(CHsCHzSlT) is prepared by photoionization of CH3SH (CH3CH2SH) at its ionization 

threshold of 1311 A (1334 A)." By using a wavelength resolution of 6 A (FWHM), CH3SEr 
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(CHsCHaSlT) is formed predominantly in its ground vibronic state. Furthermore, since the 

CH3SH (CH3CH2SH) sanqjle is introduced into the photoionization ion source as a free jet, 

the CH3SH* (CHsCHaSH^ thus formed is also rotationally cold. For absolute total cross 

section measurements, the reactant CHsSHT" ions were extracted and selected by the reactant 

quadrupole mass spectrometer before entering the upper radio frequency octopole ion guide 

reaction gas cell, where collision activated dissociation occurred with Ar. The pressure of Ar 

in the gas cell was maintained at 2-3x10"*Torr. The reactant ions and the product ions formed 

in the upper reaction gas cell were then detected by the product quadrupole mass 

spectrometer. The center-of-mass kinetic energy (Etm.) resolution achieved in this experiment 

was ±0.2 eV. 

Figures 1(a) and 1(b) show the absolute total cross sections for the collision-induced 

dissociation (CDD) reactions of CHsSET + Ar [reactions (1) and (2)] at Ecjn.=2~30 eV and 

CH3CH2Sir + Ar [reactions (4) and (5)] at Ecjn. = 1-30 eV, respectively. 

OTSIT + AT CHZSH" + H + Ar AH°o = 2.09 ± 0.09 eV (I) 

->CH3" + SH +Ar AH°o= 3.53±0.02eV (2) 

CH3CH2Sir + Ar-^CH3CHSir + H + Ar AH°o = 1.47 eV (3) 

CHzSir + CH3 + Ar AH°o = 1.73eV (4) 

-^CHsCHz^+SH +Ar AH°o = 1.96eV (5) 
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Figure 1 (a)Absolute total cross sections for CHs^ (o) and CHaSHT (•) formed in the CID 

reaction of CHaSlT + Ar at E~m. = 2-30 eV. (b) Absolute total cross sections for 

CHjCHz^ (o) and CHzSlT (•) formed in the CID reaction of CHjCHaSlT + Ar 

at Eon. = 1-30 eV. 
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Using the currently available themaochemical data, we have calculated the heats of reaction 

at 0 K (AH"O) for processes (1H5). Figures 2(a) and 2(b) depict the respective mass spectra 

observed for the CID reactions of CHsSlT + Ar at Ecjn. = 7.3 eV and CHsCHaSlT + Ar at 

Ecjn. = 5.3 eV by scanning the product quadrupole mass spectrometer. These mass spectra 

illustrate that CHs^ and CH2Sir (Ref. 14) are the major product ions from CHsSHT, while 

CHsCHa^ and CHaSKT are the dominant product ions from CHsCHaSH^. Minor product ions, 

CHaS^ HCS^ HS^ and CHz^ from CHjSlT and CHzS^, HCS% HjS", and CHj' 

from CHsCHaSIf, have absolute total cross sections (not shown here) mostly <0.5 in the 

Ecjn. range ofinterest in this experiment. 

As shown in Fig. 1(a), the maximum cross section of 3.4 for CHs^ at Ecm = 10-14 eV 

is 3 times higher than the maximum cross section of 1.2 A^ for CHaSH at the same Ecjn.. 

The appearance energy (AE) of 3.5 ± 0.2 eV observed for CHj"" is in excellent agreement with 

the AH°o value of 3.53 ± 0.02 eV for reaction (2). This observation is consistent with the 

expectation that the formation of CHs^ + SH involves a loose transition con^)lex and the 

reverse activation barrier is zero.^^ The formation of CHaSET + H involves the H-

elimination from the C atom of CHsSlT." On the basis of ab initio calculations'"* and 

photoionization'®"'® AE measurements, the reverse activation for this process is also small (< 

0.07 eV). The CID AE (a3.9 eV) for CHaSlT" found here is significantly higher than the AH°o 

value of 2.09 ± 0.02 eV for reaction (1), indicating that the formation of CHaSH^ by reaction 

(1) is inefficient at Ecjn. < 3.9eV. 

The CID AEs for CHjCHa^ («L9 eV) andCHaSlT («1.7 eV) from CHjCHaSlT [see 

Fig. 1 (b)] are consistent with the AH°o values of 1.96 eV and 1.73 eV for reactions (4) and 
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Figure 2(a)Mass spectrum in the mass range of m/e = 12-49 amu for the CID reaction of 

CHsSlT + Ar obtained at Eom. = 7.3 eV. The mass peak for m/e = 48 amu has 

been scaled by a factor of 0.06. 
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Fig. 2(b)Mass spectrum in the mass range of m/e = 36-64 amu for the CID of CHsCHaSH^ 

+ Ar reaction obtained at Ecjn. = 5.3 eV. The mass peak for m/e = 62 amu has been 

scaled by a factor of 0.05. Note that the mass peak (m/e = 61 amu) corresponding to 

CHjCHSlT formed by reaction (3) is absent in the spectrum. 
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(5), respectively. The maximum absolute total cross section for CH3CH2* is 5 at Ecja.. = 4-

5 eV. The total cross sections for CHaSlT' at Etm. = 3-30 eV are essentially constant with 

values of 1.6 A^. 

The calculated AH°o values for reactions (l)-{5) indicate that the formation of CHaSfT 

+ H is significantly more stable than the formation of CHj"^ + SH in the CHsSlT + Ar 

reaction,̂ ' and that the formation of CHsCHSlT + H channel is more stable than the CH3CH2" 

+ SH and CHaSH^ + CH3 channels for the reaction of CH3CH2Sff" + Ar. The basic 

assimiption of a statistical model is that the internal energy of the excited molecule is 

randomly distributed in the molecules active dissociating degrees of fi-eedom, favoring the 

most stable product channel/ Hence, the result of the present CID experiment, which shows 

strong preference in the formation of the higher energy product channel is clearly 

incompatible with the energy randomization assunqjtion of a statistical model 

It is known that coUisional activation at the Ecjn.. range of this experiment mainly 

involves translational to rotational and vibrational energy transfer. We expect that the low 

frequency vibrational modes of CHsSrf" are preferentially excited in such a process. The four 

highest vibrational frequencies '̂ of CH3SH^ correspond to CH3 and SH stretching modes, 

ranging from 2556 to 3035 cm"' , while the C-S stretch"'̂ ' is the second lowest vibrational 

mode with a frequency of 687 cm'V Thus, the internal vibrational energy resulting from 

coUisional activation is predominantly deposited in the C-S stretching mode instead of the C-H 

(S-H) stretching modes of CHsSH^. Owing to the large differences in vibrational frequencies 

between the C-S and C-H (S-H) stretching modes of CH3SH^, the C-S and C-H (S-H) 

stretching modes should only be weakly coupled, resulting in inefficient energy flow between 
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the C-S and CHJ (SH) vibrational modes of CHSSKT. AS a consequence, the product CH3' 

ions resulting from the breakage of the C-S bond is fevored over those due to the breakage of 

the C-H (S-H) bonds of CHjSlT. 

The CDD reaction of CH3CH2Sir + Ar can be considered as a test case for the 

physical picture gained in the analysis of the QD data for the CHsSIT + Ar reaction. Since 

CH3CH2Sir contains a C-C bond as well as a C-S bond. Based on experimental" and ab 

initio investigations", the stretching frequencies associated with the C-H, S-H, and C-S bonds 

are similar to those of CHjSH^ . The frequency associated with the C-C bond is 1200 cm"' 

In addition to the more efficient excitation of the C-S and C-C stretching modes via coUisional 

activation, the coupling between the C-S and C-C modes of CHsCHaSHT" should also be more 

efficient. Hence, produa channels [reactions (5) and (4)J arising from the breakage of the C-

S and C-C bonds, respectively, should dominate in the CID of CH3CH2SH^. This expectation 

is confirmed by the CID data presented in Figs. 1(b) and 2(b). As shown in Fig. 2(b), the mass 

peak at m/e = 61 amu corresponding to CH3CHSH + formed by reaction (3), which is the 

most stable product channel, is not observed. Thus, we conclude that the CID reaction of 

CH3CH2SH+ + AT is highly non-statisticaL 

A strong bond is usually associated with a high stretching vibrational frequency. The 

C-H stretching frequencies for CH3Srf' and CH3CH2SH^ are typical of that expected for a 

single C-H bond. However, the dissociation energies for the H-CH2SH^ and H-

CH(CH3)SH^ bonds are significantly lower than the expected energy for a single C-H bond 

because of the energy gained in the C=S double bond formation in CH2SH^ and CHsCHStf"." 

We believe that the high vibrational frequency and weak bond dissociation energy combination 
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is a key feature for the bond selective dissociation of CH3SH+ and CH3CH2SH + observed in 

this colUsional activation study. 

We note that the relative abundances of product ions from the dissociation of CHsSIT 

observed in previous photoionization and charge exchange studies are in qualitative 

agreement with predictions of the statistical quasiequilibrium theory, indicating that the 

energy randomization assumption is mostly valid when the internal energy of CHsSlT is 

deposited by electronic excitation. The difference between the resuhs of these experiments 

and those of the present study is in how the necessary internal energy for fragmentation is 

added to CH3 SlT. It is known that coUisional activation is highly inefficient for electronic 

excitation.^° 
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IVrDIRECT mENTIFICATION OF PRODUCT CHjSH /̂CHaS* STRUCTURES 
IN THE DISSOCIATION OF CB3CH2SH" AND CH3SCH3* VIA 

COLLISIONAL ACTIVATIGN 

A paper submitted to the Journal of Chemical Physics 

Y. J. Chen, P. T. Fenn, S. Stimson and C. Y. Ng 

Abstract 

We report an experiment on the structural identification of CHsS^ /CHaSlT formed in 

the collision-induced dissociation (CID) reactions of CHsSCHs^ (CH3CH2SBr ) + Ar. We 

found that CH2Sir is the dominant ion formed in the CID of CHsCHaSH^, while CHsS^ is 

produced in abundance along with CHaSlT in the CID of CHsSCHj^. The results are 

attributed to the nonstatistical nature of the dissociation processes. 

Results and Discussions 

In a recent study concerning the absolute total cross section measurements of the 

collision-induced dissociation (CID) reactions of CH3SEr + Ar, strong preference for the C-S 

bond scission was foimd, yielding CHs"*" + SH.'*^ Since the dissociation energy (Do) of 81.4 

kcal/mol for the C-S bond in CH3SH + is significantly higher than the Do value of 48 kcal/mol 

for the H-CHaSir bond,^ this observation indicates that the dissociation of CHsSlT via 

coUisional activation is non-statistical. In contrast, previous dissociation studies using 

photoioni2ation '̂" and charge transfer techniques found that the branching ratios of 

products ions are in qualitative agreement with the predictions of the quasi-equilibrium theory. 

The selective C-S bond breakage process in the CID of CHsSHT is attributed to the more 
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efficient translational to C-S vibrational energy transfer and inefficient energy flow between 

the C-S and X-H (X=C or S) vibrational modes/'̂  In accordance with this interpretation, 

the C-S and C-C bond cleavage channels (1) and (2) are strongly fevored in the CID of 

CHsCHiSlT, despite the fact that neither is the most stable product channeL '̂® 

CHjCHzSlT + At CH3CH2* + SH + Ar AH®o = 1.96 eV (1) 

-^CHzSir +CH3 + Ar AH°o=1.73eV (2) 

-> CHjS^ + CHj+Ar AH°o = 3.18 eV (3) 

-> CHsCHSir + H + Ar Arf'o= 1.47 eV (4) 

We note that the most stable chaimel (4), corresponding to the H-CH(CH3)Sir bond 

breakage, was not observed, indicating that the CID of CH3CH2Sir is also non-statistical,^ ® 

An interesting question is whether the non-statistical behavior also occurs in other CID 

reactions. In this communication, we present preliminary results of an experiment designed to 

identify the isomeric structures of the m/e = 47 amu (mass 47) ions observed in reactions (2) 

and/or (3) and in the CID of CH3SCH3'̂  + Ar [reactions (5) and/or (6)]. 

CH3SCH3^ + At -)• CH3S" + CH3 + At AH^o = 3.75 eV (5) 

CHzSlT + CH3 + At AH^o = 2.30 eV (6) 

Considering that CHsCHzSIT and CHsSCHs^ are chemical isomers, a comparison of 

the branching ratios for product channels from the CID of these isomeric ions is expected to 
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shed light on their CID mechanisms. Using the charge exchange probing technique described 

here, we found that CHaSlT is the dominant structure formed in the CE) of CHjCHaSIT, 

while CHsS'̂ is produced in abundance, together with CHiSET, in the CID of CHsSCHs^. 

The arrangement of the triple-quadrupole double-octopole photoionization ion-molecule 

apparatus has been described in detail previously.''̂ " The reactant CHsCHzSlT (CH3SCH3") is 

prepared by photoionization of CH3CH2SH (CH3SCH3) at its ionization threshold of 1334 A 

(1425 By using a wavelength resolution of 6 A (FWHM), CH3CH2Sir (CH3SCH3") 

is formed predominately in its ground vibronic state. For absolute cross section measurements, 

the reactant ions were extracted and selected by the reactant quadrupole mass spectrometer 

(QMS) before entering the upper radio frequency octopole ion guide reaction gas cell 

(RFOIGGC), where CID occurred with Ar. The pressure of Ar in the gas cell was maintained 

at 2-3x10"^ Torr. The reactant ions and product ions thus formed were detected by the 

product QMS. The center-of-mass kinetic energy (Ecm) resolution achieved was +0.2 eV. 

As reported previously,' CH3CH2" and CHaSlT (CHsS"^ are the major product ions 

formed in the CID of CH3CH2SKr at Ecjn.. ^ 20 eV, and have maximum total cross sections of 

5 A^ and 1.6 A^, respectively. In the same Ec.ni. range, minor product ions observed in the CID 

of CH3CH2Sir include C2H4^ C2H3^ CH2S^, HCS^, H2S^, and CHj^ which have total cross 

sections mostly <0.5 In the Ecjn. of 1-19 eV, the product ions observed here in the CID 

reaction of CH3SCH3" + Ar are CHzSlT (CHjS^, CHzS^, CHS^ and CHj^ When it is 

allowed energetically, the cross section for the mass 47 ion (CH2Sir and'or CH3S+) formed 

by reactions (5) and (6) is significantly higher than those of the other product ions. As shown 

in Figure 1(a), the profile of the total absolute cross section curve for CH2Sir (CH3S+) from 
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CHjSCHs^ which exhibits a maximuTn of 3.8 A^, is quite different from that of reactions (2) 

and (3), which is essentially constant at 1.6 in the Eom. range of 3.5-20 eV. The 

appearance energy of the mass 47 ion from the CDD of CHsSCHs^ is fomid to be 2.6 ± 0.2 eV. 

Since this value is lower than the threshold of Atfo = 3.75 eV for reaction(5), we conclude 

that CH2Sir is formed near its threshold. 

To probe the structure of the mass 47 ions formed in the CID reactions (2), (3), (5), and 

(6), we used both the lower and upper RFOIGGCs. Reactant CHsCHaSlT (CHsSCHsi ions 

prepared by photoionization of CH3CH2SH (CH3SCH3) were first selected by the reactant 

QMS to enter the lower RFOIGGC where the CID reaction of CHsCHiSHT" (CH3SCH3O + Ar 

at a given Ecjn. took place. The mass 47 product ions thus formed wore selected by the middle 

QMS and guided into the upper RFOIGGC, in which the structure for the mass 47 ions was 

probed by the charge transfer reaction with benzene (CeHg) at Eom. » 0.2 eV. The ionization 

energies (lEs) for CH3S, CH2SH, and CsHs are known to be 9.2649±0.0010 eV (Refs. 13-15), 

7.536i0.003 eV (Ref 13), and 9.2438421±0.000006 eV (Ref. 16), respectively Using these 

IE values, we calculate that the charge transfer reaction (7) for CH3S'̂  is slightly exothermic 

by 0.021 leV, whereas the charge transfer reaction (8) for CHaSlT is endothermic by more 

than 1.7 eV. 

CH3S" + QHfi CH3S + CfiHs" AH°o = -0.0211 eV (7) 

CHzSir + CfiHeCHzSH + CfiHfi" AH°o= 1.708 eV (8) 
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Figure 1(a) Absolute total cross section curves for mass 47 ions formed in the CID reactions 

of CHjSCHs^ (o) and CHjCHzSlT (•) in the Eom range of 1-20 eV. 
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Any charge transfer product ions formed were detected by the product QMS. The 

CfiHfi pressure in the upper gas cell was 3x10"* Torr. Because near-resonant charge transfer 

reactions usually have large cross sections, we should observe the formation of QHe* if the 

mass 47 ions have the CHsS"^ structure, while the charge transfer cross section should be 

negligibly small if CHaSlT ions are produced by reactions (2) and (6). 

Figure 1(b) depicts the cross sections for resulting from the charge transfer 

reaction of benzene with the mass 47 ions which are formed in the CID reaction of CH3SCH3* 

+ Ar in the Ecjo. range probing reaction with benzene. Thus, we conclude that the cross 

section for process (3) is negligible, and the mass 47 ions resulting from the CID of 

CHsCHiSlT have mostly the CH2Sir structure. 

A recent experimental and ab initio study^"^ shows that the C-S and C-H stretching 

frequencies for CH3SCH3* are in the ranges of 620-680 cm"' and 2880-3000 cm'\ 

respectively. Although the DofH-CHaSCHs^ value of 2.28 eV is lower than that of 3.75 eV 

for Do(CH3S"-CH3), the formation of CH3SCH2'̂  + H from CH3SCH3* was not observed. The 

observation of reaction (5) can be attributed to the more efficient translational to vibrational 

energy transfer for the C-S stretching modes than the C-H stretching modes. The negligible 

yield of CH3SCH2" may be the result of the weak coupling between the low frequency C-S 

and high frequency C-H stretching modes of CH3SCH3^. Thus, the resiilts of this experiment 

are consistent with the physical picture gained in the previous total cross section 

measurements for the CHsSlT (CH3CH2Sir) + Ar reactions. The difference in product 

ions and isomer structures for the mass 47 ions resulting from the CID of CH3CH2Sir and 

those of CH3SCH3'̂  observed here strongly suggests that the CID processes for these ions are 
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Fig. 1(b) Absolute cross section for CeHe"" (•) formed in the charge transfer reaction of 

benzene and the mass 47 ion at a fixed Ecm- of 0.2 eV. The mass 47 ions are formed 

in the CID reaction of CHsSCHs^ + Ar in the Ecjn. range of 2-6 eV. We note that the 

Ecjn. onset at 3.6 ± 0.2 eV is in excellent agreement with the threshold of 3.75 eV for 

reaction(5). 
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non-statisticaL Furthermore, this experiment demonstrates that the charge transfer probing 

technique is a promising method for the structural identification of isomeric ions formed in 

dissociation reactions induced by collisional activation or photoionization. 
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V: A STUDY OF THE DISSOCIATION OF CtHSSBT BY COLLISIONAL 
ACTIVATION: EVIDENCE OF NON-STATISTICAL BEHAVIOR 

A manuscript prepared for submission to the Journal of Cheniical Physics 

Y. J. Chen, P. T. Fenn, S. Stimson, W. K. Li, S.-W Chiu and C. Y. Ng 

Abstract 

The absolute cross sections for c2h4^ C2H3^ CHaSlT, CHaS" , chs" 

and H2S' produced by the collision-induced dissociation (cid) reaction of CHjCHzSIT + Ar 

have been measured in the center of mass collision energy range of 1-37 eV. The thresholds 

for the formation of C2H5* C2H4^ C2H3* 0112811^, and H2S'̂  are consistent with the 

corresponding thermochemical thresholds, while the thresholds for the formation of the other 

ion are higher than the thermochemical thresholds. The dominance of the C2HS" ion formed in 

the cid reaction shows that the dissociation of ch3ch2sir strongly favors the c-s bond 

scission process, even though the formation of c2h5" + sh is not among the most stable 

produa channels . This observation suggests that the collision-induced dissociation of 

ch3ch2sir is contrary to a statistical model The high yield of cahs"^ + sh and ch2sh^ + 

CH3 observed in cid can be attributed to the more efficient translational to vibrational energy 

transfer for the c-s stretch than for c-h stretches of ch3ch2sh^ , weak couplings between 

the low frequency c-s and high frequency c-h stretching vibrational modes of ch3ch2sir , 

and better coupling of c-c and c-s stretching vibrational modes of ch3ch2sir . The 

different fragment ions and relative abundances observed in photoionization experiments are 
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attributed to the different excitation schemes used in photoionization and collision-induced 

dissociation. 

Introduction 

Industrial organosxilfur pollutants are emitted into the atmosphere from the incomplete 

combustion of coal and oil' These suliur compounds are usually serving intermediate and then 

oxidized in the atmosphere. In order to study the energy transfer dynamics and to identify the 

major dissociation product channels of organsulfur conqroimds, we have previously carried 

out a collision-induced dissociation (CID) studies of CH3SH. By comparing the results 

observed in CCD reaction of CHsSIf' + Ar , photoionization, and charge exchange 

experiments, those differences in the dissociation product ions and product ion relative 

abundances reveal the fundamental aspects of the CID mechanism.^ The breakdown diagrams 

of CHsSlT obtained from photoionization' and charge exchange"* agree qualitatively with the 

quasiquilibrium theory (QET). The reactant ion CHsSlT can be readily formed in excited 

electronic state when prepared by photoionization or charge exchange, and the agreement 

between experiment and QET indicates that the couplings between the electronic excited 

states and the dissociating degrees of freedom of CHsSlT are good, resulting in efficient 

energy flow between the electronic and vibrational modes of CHsSH^. On the other hand, low 

energy collisional activation mainly involves translational to rotational and vibrational energy 

transfer in the ground potential energy surface of CHsSlT. At very low collision energies, 

collisional activation should be equivalent to thermal excitation. Considering that translational 

to electronic energy transfer is inefficient at the energy range we are concerned with, it is 
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highly questionable whether collisional activation at low collision energies will access excited 

electronic states from the ground electronic energy sur&ce of CHsSlT. If the region of phase 

space available to collisional activation is different from that available to charge exchange and 

photoionization, the branching ratios for the dissociation product channels observed in CID 

should be different from those formed in the other modes of excitation. In other words, the 

mechanism for CED of CHsSlT may not be statistical in nature. Motivated by the striking 

resuhs from our previous study of CID reaction of CHsSlT + Ar, we further investigate a 

larger system with an extra C-C bond, the dissociation of CHsCHaSIT +by collision 

activation. Photoionization mass spectrometry has a well-known reputation of providing 

accurate thermochemical data for molecular and radical ions. In order to compare the 

differences of excitation scheme between the CID and photoionization, we also carried out the 

vacuum ultraviolet photodissociation mass spectrometric study of CH3CH2SH. In this article, 

we present the results and comparison on both experiments. The structure of mass 47 

product ion formed in CID reaction and photoionization is also probed by using charge 

exchange probing method. 

The reactant ion CH3CH2Sir in the present CID experiment is prepared by 

photoionization of CH3CH2SH in the threshold region. By using a sufficiently high photon 

energy resolution, the reactant ion CH3CH2Sir is formed in its ground vibronic state. The 

CH3CH2SH sanq)le is introduced by supersonic expansion into the photoionization ion 

source, so the ion beam should be rotationally cold. The supersonic expansion and efficient 

rotational cooling can assure that there is no internal energy involved in the reactant ion prior 

to collisional activation. 
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On the basis of the self-consistent-field molecular orbital calculation using the 4-31G basis 

set/ the main electronic configuration for CH3CH2SH is predicted to be 

....(lla')'(3a")'(12a')'(13a')^(4a")^ 

The 4a" orbital is a nonbonding orbital (ns) localized at the S atom. The 13a' and 12a' orbitals 

are a-bonding in character and are mainly localized along the C-S (ocs) and S-H (ohs), C-C 

(occ) bonds, respectively. The first to fifth photoelectron bands observed in previous He I 

photoelectron spectroscopic studies'® have been assigned to the removal an electron fi-om the 

4a", 13a', 12a', 3a", and 11 a' orbitals of CHsSKT. The vertical EEs for these corresponding states 

are 9.58, 11.87, 13.43,14.62, and 16.82 eV.'® 

Experiment 

The arrangement of the triple-quadrupole double-octopole (TQDO) photoionization 

ion-molecule reaction apparatus (Fig. 1) and procedures used to perform state-selected 

absolute total cross section measurements have been described in detail previously.®"' The 

TQDO apparatus essentially consists of, in sequential order, a vacuum ultraviolet (VUV) 

photoionization ion source, an electron inqiact ion source (1), a reactant quadrupole mass 

spectrometer (QMS) (5), a lower radio firequency (RF) octopole ion guide reartion gas cell 

(RFOIGGC) [(6) + (7)], a middle QMS (10), an upper RFOIGGC [(11) + (14)], a product 

QMS (15), and a modified'" Daly-type scintillation ion detector [(17) + (19) + (20)]. The 

electron inqjact ion source is not used in this experiment. The TQDO apparatus is partitioned 

into five chambers which are separately evacuated by liquid nitrogen- or fireon-trapped 

difiusion pun:q)s. 
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Figure 1 Schematic diagram of the TQDO apparatus. (1) Photoionization ion source, (2) atomic or molecular nozzle beam, 

(3) to freon-trapped 6" diffusion pump (DP), (4) to liquid-nitrogen (LN2)-trapped 6" DP, (5) reactant QMS, (6) 

lower RF octopole ion guide, (7) lower RFOIGGC, (8) to LNa-trapped 6" DP, (9) the lower RF octopole ion guide 

chamber, (10) middle QMS, (11) upper RF octopole ion guide, (12) to LN2-trapped 4" DP, (13) upper RF octopole 

ion guide chamber, (14) upper RFOIGGC, (15) product QMS, (16) detector chamber, (17) plastic scintillator 

window, (18) to LN2-trapped 2" DP, (19) photomultiplier tube, (20) aluminum ion target. 
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The photoionization ion source consists of a 0.2 m VUV monochromator (McPherson 

234), a hydrogen discharge lamp and a photoelectric VUV light detector. The recent high 

resolution non-resonant two-photon pulsed field ionization photoelectron (N2P-PFI-PE) 

study of CH3CH2SH near the ionization threshold yields a value of 9.2927±0.0006 eV 

(1334±0.08 A) for the ioiuzation energy (IE) of CHsCHaSH.^* The N2P-PFI-PE spectrum 

also reveals a vibrational progression corresponding to excitation of the C-S stretching mode 

(v4^=628 cm ') of CHsCHzSlT." Ethanethiol is introduced into the photoionization source as 

a free jet formed by supersonic expansion through a nozzle with a diameter of 75 iim at a 

stagnation pressure of «120 Torr. By setting the photoionization wavelength at 1333 A and a 

wavelength resolution of 6 A [full-width-at-half-maximum (FWHM)], the CH3CH2Sir 

reactant ions were formed in their ground vibronic states. The rotational temperature of 

CH3CH2Sir thus formed is expected to be < 150 K, characteristic of the neutral CH3CH2SH 

jet. 

For absolute total cross section measurements, the reactant CH3CH2Sir ions were 

extracted and guided by the lower QMS (operated in the RF only mode) and the lower RF 

octopole ion guide to the middle QMS. The middle QMS, functioning as a mass filter, passed 

only the desired CH3CH2Sir ions to the upper RFOIGGC, where collision-activated 

dissociation occurred with. Ar. The pressure of Ar in the upper RFOIGGC was monitored 

with an MKS Baratron manometer, and maintained at 2-3x10"^ Torr. In this pressure range, 

the CID product ion intensity was found to have a linear dependence on the Ar gas cell 

pressure. The reaaant ions and the product ions formed in the upper RFOIGGC were then 

mass selected by the product QMS and detected with the modified Daly-type scintillation ion 

detector. 
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The reactant ion beam energies were determined by the retarding potential method, 

using the upper octopole ion guide to retard the reactant CHsCHaSHT ions. The retarding 

potential curve thus obtained was differentiated to yield the most probable laboratory kinetic 

energy (Eij,) of the reactant ions and the FWHM of the kinetic energy distribution. The Eub 

resolution for CH3CH2SIf" achieved in this experiment was in the range of ±0.2 eV. The 

collection eflBciencies for reactant and product ions were maximized at each center-of-mass 

collision energy (Ecju.) by optimizing the DC voltage settings applied to the ion lenses, the 

octopole ion guides, and the QMS's. 

To probe the structure of the mass 47 ions formed in the CID reaction of CH3CH2Sir 

+ AT, we used both the lower and upper RFOIGGCs. Reactant CH3CH2SIf ions prepared 

by photoionization of CH3CH2SH were first selected by the reactant QMS to enter the lower 

RFOIGGC, where the CID reaction CH3CH2Spr + Ar took place. The Ar gas cell pressure 

used was 5x10^ Torr. The mass 47 product ions thus formed in the Ecjn. range of 4.5-6.5 eV 

were selected by the middle QMS and guided into the upper RFOIGGC, in which the 

structure for the mass 47 ions was probed by the charge transfer reaction with benzene (CeHg) 

at Earn. ^ 2 eV. Charge transfer product CeHe^ ions, if formed, were detected by the product 

QMS. The CgHs pressure used in the upper gas cell was 3x10"^ Torr. The lEs for CH3S, 

CH2SH, and CeHfi are known to be 9.2649±0.0010 eV'̂  7.536±0.003 eV", and 

9.243842±0.000006 eV^^, respectively (see Table I). Using these EE values, we calculated that 

the charge transfer reaction (1) for CHsS"^ is slightly exothermic by 0.0211 eV, whereas the 

charge transfer reaction (2) for CH2Sir is endothermic by more than 1.7 eV. The AH°o 

values given m reactions (1) and (2) are the corresponding heats of reaction at 0 BC. 
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CHjS" + QHe CHjS + 

CHaSir + CeHfi CHzSH + CeHs" 

AH°o =-0.0211 eV 

AH°o= 1.708 eV 

(1) 

(2) 

Because near-resonant charge transfer reactions usually have large cross sections, we should 

observe the formation of if the mass 47 ions have the CHsS"^ structure, while the charge 

transfer cross section should be negligibly small if CHaSlT ions are produced in the CID 

reaction of CHjCHaSlT + Ar. 

It is known that CHaSET ions are produced at the onset by photoionization of 

CH3SH/'"''® This conclusion is based on the fact that the thermochemical threshold of AH°o 

= 11.541 eV for process (3) is very close to the appearance energy (AE) of 1.55 eV for the 

mass 47 ion observed in the dissociative photoionization of CH3SH. 

CHjSH + hv CHzSir + H + e, AH°o = 11.541 eV (3) 

CHsCHaSlT" is an analogous system of CHsSlT, and we expect the mass 47 ion might have 

the same CHaSir" structure. To test the charge transfer detection scheme, we prepared 

CHaSKT in the photoionization ion source by process (3) at hv < 11.3 eV, and measured the 

charge transfer cross section for reaction (2) using the upper RFOIGGC. No ions were 

observed, indicating that CHaSlT is indeed produced by process (3) at hv < 11.3 eV. 

The data acquisition for the TQDO apparatus has recently been upgraded to be 

controlled by a Pentium PC system.'̂  This inqjrovement allows conputer control of the QMS 

and monochromator scans, the voltage settings applied to individual conqranents of the ion 
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Optics system, the reactant ion kinetic energy determination, and the backgromid corrections 

in absolute total cross section measm'ements. The procedures outlined above were conducted 

mostly in an automatic mode. 

The Ethanethiol and benzene were obtained from Aldrich Chemical Co. and Fisher 

Scientific with purities of 99.5% and 99.9%, respectively. The Ar gas is from Air Products 

and has a purity of 99.998%. 

Results and Discussion 

A. Absolute total cross section and identification of CID product channels 

Fig. 2 depicts the mass spectrum observed for the cid reaction of CaHsSHT + Ar at 

Ecjn.= 12 eV by scanning the product quadrupole mass spectrometer, showing that C2H5* and 

ch2sif (chjs^ are the major product ions. The product ions observed in the cid reaction 

of czhssir + At are c2h5", c2h4^ c2h3^ ch3^ ch2sir, ch2s" , chs" and h2s' . The 

absolute total cross section for these product ions in the Ecjn. range of 1-37 eV are plotted in 

Fig. 3(a). The cross section curves for CHs"^ and CH2Sir have similar Eam. dependence and 

exhibit a maxfmnm at Eom = 3-5 eV. The maximum cross section for CzHs"^ is about 5 , 

which is more than 3 times higher than the maximum cross section of 1.5 for 

CH2SH"(CH3S^. The cross section curve of C2H3" starts to compete with C2H5'' and 

CH2Sir(CH3S'̂  after Ecjn =8 eV, and these cross-sections curves are approaching the same 

magnitude at the highest energy we studied. A magnified view of the cross section curves for 

the minor product ions, all of which have ctoss section < 1 a^, are depicted in Fig. 3(b) and 

3(c). 
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Fig.2 Mass Spectrum in the mass range of m/e = 13-63 amu for the CID reaction of 

C2H5Sir + Ar obtained at Ecj^ = 12 eV. The mass peak of m/e = 62 amu has been 

scaled by a factor of 0.04. The mass peak (m/e = 61 amu) corresponding to 

CHsCHSlT formed by reaction lis absent in the spectrum 
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Cross Sections for CgHg ShT + Ar 
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Fig. 3(a) Absolute total cross section curves for C2H5* (o), C2H4'" (A), C2H3'̂  (•), CH3*(V), 

CH2Sir (•), CH2S* (•), CHS* (0) and H2S* (^) formed in the CID reaction of 

CzHsSH" + Ar 
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Fig. 3(b) Magnified total cross section curves of C2KC (A), (•), CH3^(V) 
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Fig. 3(c) Magnified total cross section curves of CH2S'^ (•), CHS^ (0) and HaS^ (^) 



www.manaraa.com

124 

All of the profiles for the cross section curves of these minor product ions are similar, i.e., 

they increase very slowly from their onset as Ecm increases.Using the thermochemical data 

listed in Table 1, we have calculated the corresponding AH°o values for the reactions possibly 

responsible for the CDD product ions. All atomic and molecular species in the following 

reactions are assumed to be in their ground states. 

CHjCHzSir + AT -> CHjCHSlT + H + Ar AH°o = 1.47 eV 1 

-> CH3CH2" + SH + AT AITO = 1.96 eV 2 

-^chachz^ +h2s + ar 

CHzCHz^ + SH +H +Ar 

-> CHsCir + H2S + Ar 

-> CiHs" + H2 + SH + Ar 

-> C2H3* + H2S + H + AT 

AH°o=1.97eV 3(a) 

AH° o = 5 .87eV 3(b) 

AH°o=3.11eV 3(c) 

AH°o = 4.28eV 4(a) 

AH'o = 4.87eV 4(b) 

-> CHs^ + CHzSH + AT 

->CH3^ +CH3S +Ar 

-> CH3" + CH2 + SH + AT 

AH°o = 4.03eV 5(a) 

AH°o=5.5eV 5(b) 

AH°o = 7.91eV 5(c) 

-^CHaSH" +CH3 + Ar AH°o= 1.73 eV 6(a) 
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Table I Current recommended e^)erimental A and IE values for CH3CH2SH, CH3CH2S. 

CH2SH, CHjS, CHzS, CHS, CH3, GHz. CH3CH2, CH2CH2, QHj, CHjCH2Sfr , 

CH3CH2S CHsCHSir, CHjSir, CHzSHz^ CHzSlT, CH3S", CH2S", HCSlT, CHS^ 

csir,ch3\andch2\' 

Species Af IT 0 IE 
(Kcal/mol) (eV) 

Neutrals 
gauche-CjHsSH -7.1' 9.2927dfc{).0006' 
trans-c2h5sh -6.6' --
CH3SCH3 34*2.5*^ 8.640±0.02'̂  check 
CH3CH2S 27.5'' 8.97±0.01' 
CH2SH 37.7±2.0'' 7.536±0.003" 
CH3S 31.4±0.5' 9.2649±0.0010'= 

9.2330±0.0010" 
CH2S 28.3±2.0= 9.376±0.003'' 
HCS l\n±2Sf 7.412±0.00r 
CSH — — 
H2S -4.2±0.2 10.4682±0.0002'= 
SH 34.0d:0.6 I0.4218±0.0004'= 
CH3CH2 28 check 
CH2CH2 14.5 check 
CH3 35.6 ± 0.3 9.8380 ± 0.0004' 
CH2 93 10.396 ±0.003 
H 51.63 13.598 

Cations 
gauche-C2H5Sir 207.3' 
trans-CzHsSlT 207.4' 
CH3SCH3* 194.1'' 
CH3CHSH2" 220.1'' 
CH2CH2SH2" 220.0'' 
CH3CH2S^ 236.5^ 
CH2Sir 211.5±2.0" 
CH3S* 245.0±0.5'= 
CHzS^ 244.5±2.0" 
trans-HCSHT 275'' 
cis-HCSir 277'' 
HCS^ 243.2±2.9'= 
CSir 314.6" 
H2S" 237.2±0.2" 
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Table I (continued) 

Sir 
ch3ch2" 
chscir 
chacha^ 
bridged-CHjCir 
nonbridged- CHaClT 
ch3* 
civ 

262.5 ±0.3 
332 

283.2" 
256.8 
267.8'' 
211.t 

274.3±0.6'= 
218.5±1 

References 

a. Reference 11 

b. G2 calculation 

c. Reference 2 

d. Reference 31 

e. Reference 32 

CHjCHzSIT + Ar CHjS^ + CH3 + Ar AlTo = 3.18 eV 6(b) 

^ chzs^ + CH4 + Ar Airo=0.92eV 7(a) 

-> CH2S" + CH3 + H + Ar AlTo = 5.40 eV 7(b) 

->CHS^ +CH3 + H2 + Ar Airo=3.1eV 8(a) 

-•CHS^ +CH3 + 2H + Ar zSiro=7.59eV 8(b) 

->CHS* + C H 4  + H + Ar Airo = 4.57eV 8(c) 
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->H2S^ +CH2CH2 + Ar Airo=1.93eV 9 

One of the most important pieces of information obtained in a low energy CID study, 

such as this, is the AEs of the product ions, from which upper limits of the bond dissociation 

energies involved can be calculated. By comparison of the observed AE(CID) values for 

product ions with their corresponding thermochemical thresholds, the conclusion can be 

drawn about identilying the structure of product ions or the relative probability of a specific 

dissociation channels in a unimolecular dissociation of large polyatomic molecule. Table n 

lists the AE(CID) values for C2H5", C2H4", C2H3", CHzSlT, CHzS^ , CHS* md HjS" 

determined from the cross-section curves. Below these AE(CID) values, the intensities for 

the corresponding product ions are at the background level. These AE(CID) values represent 

upper limits for the true thermochemical thresholds of the processes involved. Using a 

semiempirical expression^®'̂ ' for the cross-section, 

a = ao 
E. cjn. 

where ao, Eo and n are adjustable parameters, we have fitted the absolute cross-section data 

for the CID product ions near their onsets. This general form has been derived as a model for 

translationally driven reactions and has been applied to obtain accurate thermochemistry.^" 

The best fit values for these parameters are also listed in Table n. 

Figs. 3(a), 3(b) and 3(c) show the absolute total cross section curves of those product 

ion formed in CID reactions of CHjCH2Sir + Ar. The AE(CID) values for those product 

ions determined from the cross section curves are listed in Table n. In a photoionization (PI) 
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Table II. Appearance energies determined in QD and photoionization, and parameters [(EG, 

a 0, and n, see Eq. (12)] for the fittings of the CID cross sections for C2Hs^ C2H4", 

C2H3" CH2Sir (CHsS"), CH2S", CHS^ CH,^, and H2S^ near their onsets. 

Product Ions AE(CID)' 
(eV) 

Eo*" 
(eV) 

O"0 
(A^) 

n A(PI)'= 
(eV) 

CHjCHSir — — — — 1.47 ±.06 

C2H5" 1.9 ±0.2 1.79 7.33 1.24 2.0 ± 0.06 

C2H4 1.9 ±0.2 1.58 0.3 1.4 2.0 ±0.06 

C2H3^ 4.0 - 4.6 5.88 1.2 1.0 — 

CHzSir/OTS" 1.7 ±0.2 1.2 1.5 1.7 1.42 ±0.06 

1.73 ±0.06 

CHzS" 1.3 ±0.2 1.36 0.58 1.21 1.42 ±0.06 

CHS" 7.2 - 8.3 6.96 0.23 1.13 — 

CHj' 3.8 ±0.2 

8.4 - 9.4 

3.3 

H2S" 1.8 ±0.2 1.4 0.2 1.5 1.93 ±0.06 

a) This work. Appearance energy determined in the CBD study of CHsSIT(I ^A") + Ar. The 

uncertainties represent the precision of the measurements. The uncertainties for CH2S", 

HCS"", HS"^, CH2'" are shown by the energy ranges given in the table. 

b) See Eq. (12). Eo is the onset or AE of the process involved. 

c) Appearance energy AE(PI) determined in photoionization mass spectrometric studies 

of CH3SH. A (PI) = AE(PI) - IE(CH3SH). 

d) Reference 20. 

e) Reference 22. 
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Table n (continued) 

f) Reference 19. 

experiment, the product ions are produced by unimolecular dissociation from parent ions 

which have been prepared from excitation of neutral ground state to electronic excited states. 

In order to get insight into the consequences of the different excitation scheme, the 

photoionization threshold A(PI) values are also listed in table n for comparison with AE(CID) 

values. For the purpose of comparison, the A(PI) vahies are obtained by subtracting 

IE(CH3CH2SH) from the appearance potential AP(PI) determined from the photoionization 

eflBciency curves in Figs. 4(a) and 4(b). A detailed description of the photoionization spectra 

for individual fragment ions will be given in the next section. 

As pointed out in the previoiis CID study of CHsSlT + Ar, the threshold of the CH3" 

ion, resulting from cleavage of C-S bond, has a very sharp onset, indicating formation by a 

direct dissociation from the CHsSlT. The ion, formed in the CID reaction of 

CHsCHaSlT + AT also has a relatively sharp threshold compared to the other minor product 

ions, inplying that a similar direct breakage of the C-S bond is contributing to the production 

of CT^i. This conclusion is consistent with the observation that the AE(CID) value of 1.9 ± 

0.2 eV is in excellent agreement with the thermochemical threshold of AH°o = 1.96 eV for 

reaction (2). 

The AE(CID) value of 1.9 ± 0.2 eV for CaPlt^ is consistent with the thermochemical 

threshold AH°o = 1.97 eV in reaction 3(a) and is significantly lower than that of AH°o = 3.11 

eV from reaction 3(c). So we might conclude that CH2CH2^ is the structure accompanied by 

the formation of H2S. If it is so, the very gradual rising at the threshold region might be due to 
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the tight cyclic transition state involved in the H2S elimination process. The possibility of 

secondary dissociation from CaHs"^ near the threshold region can be excluded because the 

thermochemical threshold of AH°o — 5.87 eV is apparently too high. At high collision 

energies, the formation of both CHaCHa"" and CHsClT are possible and the H-elimination 

from CaHs^ may also contribute to the production of C2B/ ions. 

The AE(CID) value determined for the formation of is 4.6 ± 0.2 eV, which is 

slightly higher than the thermochemical threshold of AH°o = 4.28 eV for reaction 4(a). This 

observation indicates that + SH + H2 are formed in the C2H3" CID threshold. The 

thermochemical threshold AH°o = 4.87 eV for the dissociation channel + H2S + H is 

too high to be responsible for the CaHs"" threshold. At high Ecm , both C2H5* and C2H4' might 

be the precursors for C2H3'" and the corresponding products formed are from reaction 4(a) and 

4(b) respectively. Since the intensity of C2H4^ is lower than when the collision energy 

is well above their thresholds, secondary dissociation from CitU* is unlikely to be a 

significant route for the formation of C2H3"'. Another indication that C2H5" may be the 

precursor of C2H3^ is the rapid growth of C2H3'' at about Ec.m.= 7 eV where intensity of C2H5^ 

start to drop. 

The AE(CID) value of 1.7 ± 0.2 eV for the mass 47 ion is in excellent agreement with 

the thermochemical threshold AH°o = I -73 eV for reaction 6(a), which indicates that CH2Sir 

is formed near the CID onset for the mass 47 ion. The earlier study^ suggested a substantial 

activation energy for the rearrangement of CH2Sir to CH3S^ . To ensure the unambiguity 

about the structure of the mass 47 ion, we have carried out the charge transfer probing 

experiment using the double RFOIGGC scheme described in the experimental section. On the 
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basis of the energetics of reaction (1) and (2), we expect to observe CeHs' if mass 47 ion has 

the CHsS^ structure, whereas no ions should be formed if the mass 47 ion possesses the 

CHaSlT structure. Since no charge transfer product ions were observed, we conclude 

that the mass 47 ions formed in the dD reaction of CaHsSHT + Ar at Ecjn. = 1.7 - 5 eV have 

mostly the CHaSlT structure. This observation is analogous to the CID reaction of CHsSH" 

+ Ar, where CHaSKT is the structure of mass 47 ion near the threshold. These observations 

are consistent with the ab initio prediction that CHaSlT isomer is more stable than 

A very weak onset is observed at AE(CID) = 1.3 ± 0.2 eV for the CH2S" ion. 

Although this value is slightly higher than the thermochemical threshold of AH°o = 0.92 eV for 

reaction 7(a), we still conclude that CHaS"" + CH4 is formed at the AE(CID) for CH2S'. The 

thermochemical threshold of AH°o = 5.40 eV for reaction 7(b) is significantly too high, 

indicating that a hydrogen loss fi-om the second most abundant ion CHaSlT is not responsible 

for the formation of CHaS"^ in the threshold region. The formation of other isomers, such as 

cis-HCSH^, trans-HCSlT or CSH2'" , which are estimated" to be 1.1, 1.1, and 8.? eV 

respectively, could be possible at high Ecjn. range. 

The low intensity and slowly rising threshold, which might be due to the fact that the 

intermediates are formed in a range of internal energies during sequential decomposition, 

pose difiSculty in determining the AE(CID) for HCS  ̂(CSIT) ion. The AE(CID) value is 

determined to be 7.0 ± 0.2 eV by extrapolating the increasing cross section curve to the 

background leveL The formation of HCS"  ̂ or CSlT might be fi*om several different 

precursors, such as CHaSlT or CH2S". According to the CID study of CHjSHT + Ar, HCS" 
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is most likely produced by further dissociation of excited CHaSlT via H2 elimination. If the 

formation of HCS^ from the CID reaction of CHsCHzSlT" + Ar is analogous to that system, 

we expect to observed HCS"^ in the vicinity of the thermochemical threshold AITo = 3.1 eV for 

reaction 8(a). The AE(CID) for CHSVCSH^ value of 7 ± 0.2 eV is apparently much higher 

than that vahie. If we assimied that CHaS^ is the precursor, then the corresponding 

thermochemical threshold of 4.57 eV for reaction 8(c) to form CHS* + H + CIL, is closer to 

the AE(CID) value of CHS"^. 

The formation of CHa"^ ion is the weakest channel among all of the products. There is a 

weak onset or tailing at 3.8 ± 0.2 eV, after which it levels off for several eV above the onset. 

Near 8 eV, the cross-section curve begins to gradually rise with increasing collision energy. 

The second rise extrapolates to the level at 9.0 ± 0.2 eV. Based on the thermochemical 

threshold AH°o = 4.03 eV for reaction 5(a), we attribute the weak onset to the direct 

dissociation of CHs-CHaSlT into CHs"" and CH2SH in the threshold region. Although the 

charge of CHjCHaSlT is originally located at the S atom, the charge may hop to the p-carbon 

or even the a-carbon, resulting in the formation of CH3CH2'' and CHs^. Compared to the IE of 

CH3CH2 (8.13 + ? eV) and the m of CH2Sir (7.536 ± 0.003eV), the IE of CH3 (9.838 ± 

0.004eV) is the highest and therefore we expect that the formation of CHs"^ + CH2SH is least 

favorable. A larger contribution to the formation of CHs"" may be from the fijrther dissociation 

of CH3CH2^ the most abundant product ion in the CID of CH3CH2Sir + Ar. The second 

onset AE(CID) at 9.0 ± 0.2 eV is slightly higher than the thermochemical threshold AH°o = 

7.91 eV for the formation of CH3* + CH2 + SH. 
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The lE(CID) for is determined to be 1.8 ± 0.2 eV, indicating that the product 

channel is reaction 9, which leads to the formation of + CH2CH2. The breakage of the 

C-S bond resulting in SIT and CiHs seems to be more straight forward, yet no trace of SlT 

was observed over the entire all Ecjn. range. This can be easily explained because the IE of SH 

(10.4218 ± 0.0004 eV)^ is significantly higher than the IE of CH3CH2 ( 8.13 ± ? eV)^ and the 

charge win be preferentially located on the a-carbon. In order to form HaS"" and CH2CH2, 

there might be a cyclic transition complex which is formed by the weakly bonding the sulfur 

atom to a hydrogen atom on the P-carbon. Due to the similar BE for H2S (10.4682 ± 0.0002 

6Vf and CH2CH2 ( 10.507 ± 0.004 eV)^, the charge may be located on either the sulfiu" or 

the 3-carbon during the breakage of the C-S bond. This is consistent with the observation that 

H2S~ and CH2CH2^ have similar abundances and their cross-section curves resemble each 

other near their thresholds. 

B. Photoioiiization efficiency spectra for fragment ions of C2HsSEr 

The photoionization mass spectrum for C2HsSfr measured at 950 A is depicted in Fig. 4. 

The major photoionization ions observed are CaHs"" and CH2Sir(CH3S'̂ , which are also the 

major product ions in CID. The mass 61 ion, resulting fi-om one hydrogen loss of the 

CaHsSlT, shows small abundence while the CID experiment shows no evidence of its 

existence. Fig. 5(a), 5(b), 5(c), 5(d), 5(e), 5(f) and 5(g) show the PIE spectra of C2H5S* 

(CHjCHSlT), C2H5^ C2H4", CH2Sir (CHjS") , CH2S\ and HzS^ in the region of 950 - 1400 

A. 
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Photoionization of C2H5SI-r at A, = 950 A 
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25 30 35 40 45 

nVz 

50 55 60 65 

Fig.4 Mass Spectrum in the mass range of m/e = 24-65 amu for the photoionization of 

C2H5SH at X, = 950 A ( Eoc. = 3.76 eV. Note the mass peak (m/e = 61 amu) 

corresponding to CHsCHSlT' formed by reaction 1 is present in the spectrum 



www.manaraa.com

135 

Photoionization Efficiency of CjHgSH 
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Fig.5(a) Photoionization efficiency curve for CHsCHaSH^fromphotoionization of 

CH3CH2SH from 950 -1400 A 

5(b) Photoionization efficiency curve for CHsCHSlT from photoionization of 

CH3CH2SH from 950 -1180 A 
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Photoionization Efficiency of Cjl^gSH 
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Fig.5(c) Photoionization efficiency curve for CaHs^ from photoionization of CH3CH2SH from 

950-1150 A 

5(d) Photoionization efficiency curve for from photoionization of CH3CH2SH from 

950-1150 A 
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Photoionization Efficiency of CjHgSH 
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Fig.5(e) Photoionization efficiency curve for CHzSKT from photoionization of CH3CH2SH 

from 950-1180 A 

5(f) Photoionization efficiency curve for CH2S'' from photoionization of CH3CH2SH from 

950 -1200 A 
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P h o t o i o n i z a t i o n  E f f i c i e n c y  o f  C j H g S H  
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Fig.5(g) Photoiomzation efficiency curve for H2S^ from photoionization of CH3CH2SH from 

950-1180 A 

The EE of 9.22 ± 0.06 eV for CaHsSlT is in reasonable agreement with a previous 

meastirement^^ obtained in a high resolution nonresonant two-photon pulsed field ionization 

The AE value 10.99 ± 0.06 of the second onset agrees well with the thermochemical value of 

11.03 eV within the uncertainty of measurement. Despite the efficient rotational cooling for 

CaHsSKT by supersonic expansion in the current experiment, the magnified view of the PIE 

spectrum for CHaSlT (CHsS"^) in Fig. near the threshold region reveals a long tail extending 

to 1180 A. The AE for CHaS"^ is determined to be 10.71 ± 0.06 eV. No tailing is observed 

near the threshold region. The profile of the PIE curve for behaves very similarly to 

that of and the relative intensity is only slightly lower than CziU*- The expanded form 

of the threshold region shows a sharp onset at 1112 A, yielding the AE of 11.15 ± 0.06 eV. 
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C Comparison of relative abundances for prodnct ions observed in CID and 

photoionization 

Fig. 6(a) shows the relative abundances in percentage for the observed CID product 

ions C2H5", CiH/, C2H3", CHj", CHzSH", CHzS^ CHS^ and HaS^. The sum of the 

abundences for all product ions at a specific Eom. is normalized to 100%. As shown in Figure 

4(a), the relatively abundance of the most abundant ion, reaches a plateau at 3 eV and 

decreases monotonically from 63% to 20% when Ecjn. is increased from 6 eV to 40 eV. Over 

the same Ecjn. range, the relative abundance of CHaSlT remains at a constant 25 %. The 

relative abundance of CzHi* starts to increase rapidly after its AE(CID) onset at 7 eV, and 

competes with CzHs^ and CH2Sir at high collision energy. While the relative abundences for 

other minor product ions are < 10% over the entire Ecjn. range, the CHaS^ decreases from 

15% to 5% in the Ecjn. of 2 eV to 14 eV, and starts to gradually increase as a function of 

Ecm to < 10% at Ecjn.=40 eV. 

Fig. 6(b) shows the relative intensities in percentages of the fragment ions CiHsS" , 

CiEs^ C2lU\ CaHj^ CHzSir, CHaS^ and EiS" observed in the photoionization of CaHsSlT 

in the wavelength range of 1270 - 950 A. The simi of the abundances for all products except 

for CaHsSlT is normalized to 100% for the purpose of comparison with those in CCD. In 

order to conqjare the product ions abundances observed in CID, the photon energies (PHE) in 

the photoionization experiment are converted to excitation energies (Ee*) with respect to the 

ground vibronic state of CaHsSlT, where Eex= PHE - IE (CaHsSH^. The collision energy at it 

center of mass Ecm in CID will be equivalent to the difference between photon energy and IE 
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(CaHsSlT), Le., Ecjn. =£«. The relative abundances for fragment ions formed in the 

photoionization have been measured at 1200, 1150, 1100, 1050, 1010, and 950 A, 

corresponding to Eex = 1.0, 1.5,2.0,2.5,3.0, and 3.8 eV respectively. 

As shown in 6(a), the relative abundences of CaHs^ and CHaSHT are the two most 

abundant ions in CDD. In contrast, Fig. 6(b) shows that the relative ion abundances in PI are 

strongly dependent on £« with several dramatic crossovers between the conapetition of 

different fragment ions over the .small range of 1-4 eV. Considering that the endothermicity 

for the formation of CHaS^ + CH4 is the lowest among all of the dissociation channels, we 

expect that the formation of CHjS^ should be the most favorable at low Ee* which as seen in 

the Fig. 4(b). As the excitation energy increases, the lifetime of the tight transition complex 

prior 1,3 elimination from CaHsSlT might decrease and the other fragment ions formed by 

direct bond cleavage wiU compete in abundences. The formation of CHaSH^ + CH3, resulting 

from direct scission of the C-C bond during unimolecular dissociation of CaHsSlT, has the 

second lowest thermochemical threshold AH°o = 1.73 eV and it starts to dominate CH2S* 

abruptly right after its threshold. The relative abundance of CaHs^, produced from the direct 

cleavage of the C-S bond in photoionization, has a similar thermochemical threshold AH°o = 

1.96 eV, and it also shows a prominent abundance after £„ = 2.8 eV. We note that CaHs^ , 

the most abundant product ion formed in the CID reaction of CaHsSIT + Ar, remains 65% in 

CID in the Ec.ni. range of 2 - 4 eV while it reaches only 40% at Eoc = 3.8 eV in 

photoionization. The relative abundances for other fragment ions are below 10% at Eex < 4 

eV. CiHsS^ was not observed in the CID reaction of CaHsSlT + Ar. 
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Relative Fragment Abundances from CID of + Ar 
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Fig. 6(a) Relative abundances in percentage for C2H5'' (P), C2H4'" (A), (•), CH3'"(V), 

CHaSit (•), CHiS" (•) , CHS^ (0) and HzS^ (^) formed in the CID reaction of 

CaHsSlT + Ar. The sum of all the products are normalized to 100% 
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Relative Abundance of fragment ions in Photoionization of C^HsSH"'' 
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D. Potential-eneî  profile for rearrangement and dissociation of CzHsSET 

The potential energy profile for the rearrangement and dissociation reactions of 

CzHsSHT were calculated^® at G2 level of theory. The constructed rearrangement-dissociation 

pathways are shown in Fig. 7(a) and 7(b) and compared to the CID experiment results here. 

The distonic ion , CHsCHSHa"^, is found to be a stable isomer on the potential energy 

surfaces and lies 0.55 eV above the conventional CHaCHaSIf ion. The transition structure 

which interconverts CHsCHaSH^ and CHsCHSHa^ by a 1,2-hydrogen shift is calculated to be 

1.5 eV higher in energy respect to the CHsCHiSlT ion. Another isomeric ion, CH2CH2SH2*, 

which is calculated to be ahnost equal in energy to CHsCHSHz"^, lies 0.54 eV higher than 

CHsCHaSKT ion with a high activation barrier of 2.71 eV. Con^jared to the potential barrier 

of 1.5 eV for 1,2-hydrogen shift to form CH3CHSH2'', the AE(CID) values for all of the 

product ions are higher and as a consequence it is very likely that CH3CH2Sir rearrange to 

CH3CHSH2^ before unimolecular dissociation in the CID experiment. The rearrangement 

barrier of 2.71 eV to form CH2CH2SH2'" is higher than Some of the AE(CID) values, so the 

structure of CH2CH2SH2^ is only accessible in some dissociation channels whose AE(CID) is 

smaller than the value of 2.71 eV. As shown in Fig.5(a), the formation of C2HS" + SH from 

CaHsSlT involves a loose transition complex and the reverse activation energy for such a 

process is zero. The good agreement between the AE(CID) value of 1.9 ± 0.2 eV and the 

calculated dissociation energy threshold 1.95 eV supports the assimq)tion of dirert 

dissociation without a reverse activation energy. Similarly, the formation of CH2Sir + CHj 

from C2H5SFr should also proceeds without a reverse activation energy. 
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Fig. 7(a)Schematic of the potential-energy profile for the formation of €2115'̂ , C2H4 firom the 

rearrangement and dissociation reactions for CHjCHaSlT 
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The possibility of formation of CH2SH^ via 1,3-H2 elimination from CH2CH2SH2^ is less likely 

because the AE(CID) vahie 1.7 ± 0.2 eV is significantly lower than the potential barrier(T„) 

2.71 eV ioterconverting the CH3CH2Slf" and CH2CH2SH2^ . As mentioned previously, the 

CHs^ might be from further drect dissociation of CHjCHa"" and there is no reverse activation 

barrier involved. 

The AE(CID) value of 1.3 eV for CH2S^ observed in CID is higher than the 

thermochemical threshold AITo = 0.92 eV for the formation of CH2S" + CHt , indicating a 

potential energy barrier of at most 1.3 eV exists prior to dissociation. The A(PI) value 1.42 ± 

0.06 eV for CH2S^ observed in photoionization experiment is close to the AE(CID) value , 

which suggest that a transition conq^lex with similar barrier height is also present during the 

photofragmenation of C2HsSir to form CH2S^ and CH4. The transition structure T^ 

shown in fig.7(a) has a significantly higher barrier of 2.31 eV, which is significantly higher 

than the observed threshold, so the measured AE(CID) value seems not be able to overcome 

the activation barrier. The same situation also occurs to the formation of + H2S, its 

AE(CID) of 1.9 ± 0.2 eV is 0.81 eV lower than the transition state energy of 2.71 eV. 

The AE(CID) value of 1.9 ± 0.2 eV for CH2CH2'" is higher than the energy of 

CH2CH2SH2^ which is 0.55 eV above the conventional CH3CH2Sir ion. However, the 

transition structure ( Tsc) for the formation of the P-distonic ion CH2CH2SH2'' has a high 

barrier of 2.7 eV, which is significantly higher than the observed AE(CID). This means that 

dissociation should take place preferentially in the isolated conventional ion without 

rearrangement. If we neglea the possibility of the above two-step mechanism which involve 

the rearrangement from the conventional CH3CH2Sir to the P-distonic ion CH2CH2SH2'̂  and 
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consider the formation of Czti/ and H2S from direct dissociation of CHsCHaSlT , the direct 

fragmentation even has a higher barrier of ?(not done)eV. A recent study of the analogous 

system, conventional CHsCDzOH^ showed that €113002011^ will interconvert to distonic ion 

in the presence of polar neutral molecules.^® In spite of the substantial energy barriers for the 

unassisted isomerization, the interaction between the reactant ion and the polar neutral 

molecule causes intramolecular hydrogen migration. A very recent high-level ab initio 

calculation '̂ provides a rationalization for the experimental observations of this so-called 

"proton-transport catalysis"^®. With the assistance of the bonding between the water molecule 

and the hydrogen atom on the carbon site, the barrier for the methanol radical CHsOIT to 

methyleneoxonium CH2OH2'' by water-catalyzed transformation is significantly lowered by 

about 100 kJ/mol ( 4eV). The neutral target, Ar atom, in the current CID experiment is not 

a polar molecule which has a high proton affinity. However, the van der weal interaction 

between the colliding Ar and the hydrogen atom on either the carbon or the oxygen site might 

facilitate the rearrangement of the reactant ion into the necessary transition state and 

consequently reduce the activation energy. 

E. Dissociation mechanism for collision activated CjHsSET 

The observation that C2H5^ + SH [reaction (2)] is the dominant product channel over the 

full Ecjn. range of 1 - 37 eV is most interesting. Such an observation is contrary to the 

prediction of QET calculations. The two basic assimaptions of QET are that a critical 

configuration or transition state controls the reaction rate, and that the internal energy is 

randomly distributed in the molecule's active degrees of freedom. These assunqitions lead to 
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the conclusion that the most ^vorable product will be the most stable channel with the lowest 

heat of formation when the transition state are similar. According to the calculated heat of 

formation at 0 K of the following reaction; 

CHsCHzSlT + AT -)> CHjCHSIf + H + Ar AH°o = 1.47 eV I 

CHz SIT + CHs + Ar AH°o = 1.73 eV 6(a) 

-> CH3CH2" + SH + AT Alfo = 1.96 eV 2 

the formation of CHsCHSH^ + H is least endothermic and should be expected to show a 

greater abundance than the formation of CH2Sir + CH3 or CHsCHz^ + SH channels in the 

CED experiments. However, no trace of CH3CHSH* was observed and the formation of the 

higher energy products CH3CH2^ and CH2SH^ are domioant. This indicates that the resuft of 

the CID dissociation of CHsCHaSH^ is not con^atible with the energy randomization 

assumption of a statistical QET model. 

It is known that at collision energies in the Eon. range of this experiment is mostly 

efficient for translational-vibrational^ or translational-rotational energy transfer^". Electronic 

excitation is highly inefficient for the collision-induced dissociation in the low energy regime. 

The excitation energy is partitioned between the bent motion, the symmetric and 

antisymmetric stretches®, and only the latter will result in dissociation provided that the 

available energy exceeds the thermochemical requirement. As a consequence, we expect that 

the low frequency vibrational modes of the CH3CH2SH^ ions are preferentially excited in such 

a process. In the previous CDD experiment on the CH3Sir + Ar system, the observation that 
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the formation of CHs^ + SH dominates the more stable product chamiel CHaSIT + H is also 

contrary to the prediction of QET theory^. The four highest vibrational frequencies of 

CHjSH^ coirespond to the CHj and SH stretching modes, which ranges from « 2556-3035 

cm'S while the C-S stretching is the second lowest vibrational mode with a frequency of 687 

cm'. Thus, the internal vibrational energy resulting from collisional activation is 

predominantly deposited in the C-S stretch mode instead of the CHs stretching modes of 

CHsSHT. Owing to the large differences in vibrational frequencies between the C-S and CH3 

(S-H)stretching modes of CHsSlT, the C-S and C-H (or S-H) stretching modes are only 

weakly coupled, resulting in inefficient energy flow between the C-S and C-H (or S-H) 

vibrational modes of CHsSH^. As a consequence, the product CH3" ion, which results from 

the breakage of the C-S bond, is favored over the product ions formed by the cleavage of the 

C-H (or S-H) bonds of CHjSH^. 

The CID reaction of CHsCHaSH^, which contains a C-C bond as well as a C-S bond, can 

be considered a further test for the physical picture gained in the above CHjSH^ + Ar system. 

Based on the recent experimental^ and ab initio calculations, the stretching frequencies 

associated with the C-H, S-H, and C-S bonds are similar to those of CHsSH". The additional 

C-C stretching mode is «1200 cm"\ only slightly higher than the C-S stretching mode. So the 

excitation energy available for transfer will be favored to dump into the C-S and C-C bonds. 

In addition to the expected efficient excitation of the C-C and C-S stretching modes via 

collisional activation, the coupling between the C-C and C-S modes of CHsCHiSH^ should be 

better because they possess vibrational frequencies of simdlar magnitude. On the other hand, 

the great differences in the vibrational frequencies between the C-S(C-C) and C-H(S-H) 
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Stretching modes cause weak coupling between the C-S(C-C) and C-H(S-H) bonds, and the 

resulting inefficient energy flow will therefore confine the available excitation energy mostly in 

the C-S and C-C stretches on the time scale of unimolecular decomposition. Hence, product 

channels arising from the cleavage of the C-S and C-C bonds should dominate in the collision 

activated dissociation of CHsCHjSlT. This expectation is confirmed by the dominant 

abundance of the CHsCHi^ and CHaSlT ions. The failure to observe CHsCHSIT from H-

elimination, which is the most stable product channel, is attributed to the high vibrational 

frequency of the C-H mode and the inefficient energy flow between the C-H and C-S(C-C) 

stretching modes. These resufts show that the CCD reaction of CHsCHaSlT + Ar is not 

behaving statistically. 

The mass spectrum shown in Fig. 4 from photoionization of CHsCHzSlT, however, shows 

the existence of the formation of CHsCHSlT + H, which is the most stable product channel, 

at X,=950 k. This observation indicates the fair consistence of the photoionization experiment 

with the assimaption of energy randomization predicted by QET, Le, the internal energy of 

CHsCHaSlT by electronic excitation is somehow deposited into the C-H stretching and 

causes the antisymmetric stretching followed by dissociation to CHsCHSH^. The preparation 

of the precursor ion CHjCHaSH^ in photoionization experiment near the onset of CHsCHSH^ 

is in the first photoelectronic band of CHsCHaStf'. '̂* This excited state mainly invokes the 

ejection of a mostly nonbonding electron associated with the sulfur atom. According to a 

recent nonresonant two-photon pulsed field ionization photoelectron spectroscopic study, the 

main progression vibration peaks can be assigned to excitation of vibrational modes involving 

the low frequency C-S stretching as well as high frequency S-H torsional and S-H 
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bending.® The Franck-Condon factors for different vibrational excitation upon ionization 

fevor V4 mode, corresponding to the C-S stretching. The excitation of the C-S stretching 

mode will be more efficient compared to other higher vibrational modes. If several quanta of 

the C-S stretching modes are excited, the coupling between the C-S and C-H(S-H) stretching 

modes will improve and the energy randomization assumption should holds better compared 

to the poor coupling of the C-S and C-H(S-H) vibrational modes in the collisional activated 

dissociation of CHsCHaSlT. As a consequence, the product CHjCHSKT ion resulting from 

breakage of C-H bond of CHsCHzSlT should be more likely to be formed. 

Conclusion 

We have examined the CED reaction of CH3CH2Sir + Ar in the Ecm range of I -37 eV. 

The fragment ions observed are in general agreement with those observed in photoionization 

study. However, in the present CDD study, CzKs* + SH is found to be the dominant product 

channel, which is contrary to the QET prediction and the results of the photoionization 

measurements. Stemming from the fact that the dissociation energy for the CH3CH2^-SH 

bond is greater than that of the H-CH2CH2Sir bond, this observation suggests non-statistical 

behavior in the CID of CH3CH2SH^. In effect, this system is an example of bond selective 

dissociation via collisional activation. 

The dominant production of CHjCHi"*" + HS is attributed to the more efficient 

excitation of the C-S stretch con^ared to C-H stretches in the collisional activation of 

CH3CH2Sff'. The failure to observe product ions resulting from C-H bond cleavage is 
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rationalized by ineflBcient intramolecular energy flow due to weak couplings between the C-S 

and CH3 stretching modes of CH3CH2SEr(l^A"). 
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SUMMARY 

In the molecular beam photoionization mass spectrometric study of metal carbonyls 

M(C0)6, M= Cr, Mo, W, the PEE spectra have been measured over the photon energy range 

of 7.75 - 19.07 eV. The sequential bond energies Do for M(C0)6'' have been calculated using 

the experimental ionization energy (IE) of M(CO)6 and the appearance energy (AE) values for 

M(CO)n~, n=0-6 and M=Cr, Mo, and W. By conqjarison to the well known heat of formation 

of M^, CO and M(C0)6 (M=Cr, Mo, W), we note that the AE values for the M^ ion are upper 

limits and indicate that photoionization of M(CO)6 produces M^ ions in the excited state. The 

first bond energy (Do) values of M(C0)6 are found to be smaller compared to those of ions 

M(C0)6^, M=Cr, Mo, W, which strongly supports the importance of relativistic effects 

proposed by theorists. Those effects enhance 7c-back-donation (stabilization) by reducing the 

energy gap between the M(dK) and C0(7t*) orbitals for heavier transition metal elements. This 

observation also shows that 7C-back-donation plays a more important role than CO to M a-

donation in the first bond energy in metal carbonyl M(C0)6, M=Cr, Mo, W. 

The IE of SFe and the AE values for SFn"", n=l-6 were measured in the photon energy 

range of 8-17 eV. The related thermochenrical data, including heat of formation ( AfH°o) and 

bond energies (D°o), were derived. Conparison of the experimental thermochenrical data to 

the G2 calculation for those species allows us to recommend a set of self-consistent values 

and further confirms that the G2 method is a reliable procedure for obtaining thermochenrical 

data accurate to 4-5 kcal/mol for conplex sulfur-containing species. Alternating patterns were 

observed in the bond energies, ionization energies, and electron afBnities for the SF„, and 
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SF/ systems (ti=l-6), which can be well explained by transitions between the stable and 

unstable species in those hypervalent molecules. The VSEPR theory was used to rationalized 

the theoretical equilibrium structure for SFn, SFn'", and SFn ( n=l-6). 

With the tr^le-quadrupole double-octopole photoionization tandem mass 

spectrometer, the absolute total cross sections of collision-induced dissociation of C2HsSir + 

AT were measiired in the Ecm range of 1-37 eV. The observed thresholds for the formation of 

CiHs^ C2lU\ C2H3\ CH2SEr, CHaS^ and are consistent with the thermochemical 

threshold, while those for CHs^ and CHS^ are upper bound for the corresponding dissociation 

channels. The dominance of the CaHs^ and CHaSIf ion formed in the CID reaction shows 

that the dissociation of CHsCHaSlT strongly favors the C-S and C-C bond scission process, 

even though the formation of + SH and CHaSH^ + CH3 are not the most stable 

channels. The observation suggests that the collision-induced dissociation is contrary to the 

quasiequilibrium theory (QET). Similar observation were found in the collision-induced 

dissociation studies of CHsSlT and CHsSCHs"^ with Ar. The CHs"" and CHzSHT ions are the 

most abundant in the CID reaction of CHsSIf and CHsSCHs^, resulting from the cleavage of 

C-S bond, although they are not the most stable channels. This phenomenon can be attributed 

to the more efficient excitation of the C-S and C-C stretching mode con^ared to C-H 

stretches in the collisional activation of CHjSHT, CHsCHaSlT , and CHsSCHs"^ by Ar. By 

using a charge exchange probing technique, the CHaSlT isomer is found to be the structure 

for the m/e = 47 ion formed near the threshold region for the CID reaction of CHsSlT, 

CHsCHaSif', and CHjSCHs^ with Ar, and the CHsS"^ isomer is produced at higher Ecm in the 

CID reaction of CHsSCHs"^ + Ar. 
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