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and 
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1280 Main Street, Hamilton, Ontario, L8S 4M1, Canada 
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Using the technique of neutralization-reionization mass spectrometry (NRMS) it could be shown that 
the elusive phosphorotrithious acid (HS),P is a stable molecule in the rarefied gas phase. A triple 
propene elimination from the molecular ions of the dipropyl ester of propylphosphonotrithioic acid, 
PrP(S)(SPr),, (70 eV EI) yields d z  130 radical cations of composition “[H3PS3].+ ”. Analysis of their 
collisional activation (CA) mass spectrum using thermochemical data shows that these “[H,PS,]. + ” 

ions have the structure [(HS),P]’+ rather than that of the tautomer [(HS),P(=S)H]”. Subjected to a 
NRMS experiment, these ions retain their structure and are cleanly reduced to (HS),P. The results are 
entirely compatible with ab initio MO-calculations executed at the HF/3-21Gf and HF/6-31Gt* levels 
of theory (GAUSSIAN 92 system of programs). The calculations predict that [(HS),P]” and 
[(HS),P(=S)H]’ + and their respective neutral counterparts are local minima which are separated by 
high potential energy barriers. Neutral (HS),P is calculated to be lower in energy than its tautomer 
(HS),P(=S)H but upon ionization this order of stability is reversed. 

Key words: (HS),P/(HS),P(S)H, mass spectrometry, neutralization-reionization, ab inirio MO-calculations. 

INTRODUCTION 

Phosphonous acid, H3P03, is well-known but knowledge about its thioanalogue 
H3PS3 1 is almost exclusively limited to its instability in the condensed phase.’ 
However, various stable salts of composition MPS, exist (M is Ni, Mn or Fe).2 So 
far, attempts to synthesize the free thioacid e.g. by hydrolysis of the stable salt K; 
[PHS3] have failed, because even at low temperatures the acid decomposes by 
formation of HzS.3 According to a theoretical study dealing with a minima search 
in the conformational space of the thiophosphane “(HS)3P” the neutral molecule 
possesses five conformations: two of C3 symmetry, two of C, symmetry and one 
of C1 ~ymrnetry.~ Recently we successfully used the technique of neutralization- 
reionization mass spectrometry (NRMS)S to generate related “HPS” compounds, 
viz. “H3PS’16 and “H3PS2,”7 and the simple analogues “HPS” and “HSP”.8 This 
prompted us to investigate the use of the NRMS technique for the generation of 
the elusive H,PS3 neutral. Moreover it was of special interest to us to establish the 
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structure of 1 which may well exist in two tautomeric forms, viz. the phosphoro- 
trithious acid (la) and the phosphonotrithioic acid, (lb). 

(HS),P (HS)2P(S)H 
l a  lb  

We report on investigations on the structure of l'+ using collisional activation (CA) 
mass spe~trometry,~ and on the results of the reduction of l '+ in a NRMS exper- 
iment. The experimental findings are analysed using thermochemical data and the 
results of ab initio MO-calculations for both the radical cation l'+ and its neutral 
counterpart 1. The total energies and optimized geometries of calculated minima 
and transition states on the potential energy surfaces of 1'+ and 1 are also presented. 

RESULTS AND DISCUSSION 

Radical cations of composition [H,PS3]'+ (m/z 130), l '+,  are generated by con- 
secutive loss of three C,H, molecules after ionization (70 eV electron impact) of 
propylphosphonotrithioic acid dipropylester , PrP(S)(SPr),. 

For 1'+ two structures seem to be chemically significant: the radical cations of 
the phosphorotrithious acid la' + and that of its tautomer, phosphonotrithioic acid 
Ib.+:  

[(HS),PI'+ [(HS),P(S)HI'+ 
la' + lb'+ 

Mass selection of m/z 130 and subsequent collision-induced dissociation with 0, 
afforded the collisional activation (CA) mass spectrum of l '+ (Figure la). 

The spectrum shows a group of intense peaks at m/z 97 ([H,PS,]+), m/z 96 
((HPS,]") and m/z 95 (PS?), an abundant peak at m/z 63 (PS') and a less intense 
cluster of peaks at m/z 31 (P'), m/z 32 (S'+) and m/z 33 (SH+). The peak at m/z 
65 results from a charge stripping process according to: 

130'+ + O2 4 130++ + 0, + e- 

Thus [H,PS,]'+ decomposes by loss of an SH radical yielding m/z 97 ions, which 
in turn readily lose H2 or H2S to generate the ions at m/z 95 and m/z 63 respectively. 
In addition 1.+ decomposes by loss of H2S yielding m/z 96 radical cations which 
serve as a second precursor of the abundant PS ions at m/z 63. These observations 
are compatible with the exclusive generation of ions of structure l a '+ .  Had the 
tautomer Ib'+ been cogenerated, then loss of an H radical from cleavage of its 
P-H bond should have been observed. Also, a substantial loss of S, yielding ions 
of m/z 98 ([H,PS,]'+) should occur, which is clearly not the case; calculations with 
the semiempirical PM3 method support this conclusion. According to these cal- 
culations, see Table I, loss of SH' from Ib'+ is energetically favoured over loss of 
sulfur but the difference (34.7 kJ/mol) is so small that both fragmentations should 
be observed, if Ib'+ had been generated (Table I). 

The CA experiment and the calculations show that the radical cations [H,PS,]' + 

generated in this way exclusively have structure la. + , in accordance with earlier 
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PHOSPHOROTRITHIOUS ACID 191 

FIGURE 1 
mlz 130. 

a) Partial CA mass spectrum of [H,PS,].+ m/z 130. b) NR mass spectrum of [H,PS,] + 

TABLE I 
Minimum energy requirements for the structure diagnostic 

fragmentations of (H,PSJ+. Standard heats of formation AH" in 
kJ/mol, calculated with PM3. 

Structure 1 a" , [(HShP]'+ 

d Z  ion AW fraement LW z m  

la" + 97 [HS-P-SHJ' 825.6 +HS 159.9 985.5 
la'' + % @-IS-P-S]+ 882.6 +HzS -3.8 878.8 

lb+ -+ 98 [(HShPm' 764.4 + S  278 1042.4 
lb' IL 97 [HS-P(S)HJ+ 847.8 +HS' 159.9 1007.7 
lb+ + % [HS-P-S]' 882.6 +HzS -3.8 878.8 
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observations that ternary HPS radical cations favour structures with SH moieties 
over those with a PH m ~ i e t y . ~ * ' ~ - ' ~  

A neutralization-reionization experiment on 1' + was carried out using N ,N- 
dimethylaniline for neutralization of I . + ,  followed by reionization with O, after 1 
ps (see Figure lb). The NR spectrum shows an enhanced relative intensity of the 
m/z 96 peak in the mfz 95-97 cluster which indicates that the neutral molecules 
generated in the neutralization step partly dissociate by loss of H2S. Note also that 
the NR spectrum contains m/z 34 H,S+ ions. These experimental findings corre- 
spond excellently with an ab initio study at the HF/3-21G* and HF/6-31G** levels 
of theory, dealing with la,  lb, their radical cations la'+ and lb '+ ,  and the transition 
states TS and TS' + for the unimolecular rearrangements between these tautomeric 
structures. According to these calculations both species la' + and lb' + are minima 
on the potential hypersurface of [H,PS,]'+. lb'+ is found to be the more stable 
structure at both levels of theory and the tautomers are separated by such a high 
potential energy barrier, see Figure 2, that isomerization prior to collisional acti- 
vation is highly unlikely; Figure 3 displays the optimized geometries of l a '+ ,  lb'+ 
and the transition state TS'+ connecting the two ions as well as their total energies. 
A Mulliken population analysis of the observed radical cation la.+ indicates that 

A E (kJ/mol) 

-Niveau 
HF/6-3 1 GLf 

- - 

.+ 

192.4 
(207.1) 

TS 

FIGURE 2 Schematic energy profile in the systems [H,PSJ+ and H,PS, at the HF/6-31G** level (in 
brackets HF/3-21G* niveau). 
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PHOSPHOROTRITHIOUS ACID 193 

= -1534.6693546 Hartrees E(tot) 

- la" 
lb  '+  - 

= - 1534.7426537 Hartrees Egot)= -1534.7384088 Hartrees E(tot) 

FIGURE 3 Total energies and optimized geometries in the system [H,PS,].+ calculated at the HF/6- 
31G** level. Bond lengths are given in picometres and bond angles in degrees. 

the positive charge is mainly localized on the P atom (P, +0.40, S1, +0.22, S2, 
+0.19 and S3 +0.19, at the HF/6-31G** level of theory). Concerning the neutral 
counterparts l a  and lb,  we note that again both structures are minima on the 
hypersurface of 1. In contrast to the radical cations, the phosphorotrithious acid 
la is the energetically favoured tautomer, with a high barrier for interconversion. 
The total energies and optimized geometries are given in Figure 4. The prediction 
from theory that the neutral and the ionized tautomers both exhibit high isomer- 
ization barriers, explicitly confirms that it is feasible to generate the less stable, 
elusive phosphorotrithious acid (HS)3P by neutralization of the more stable radical 
cation [(HS),P]'+. In the same vein, it should be possible to generate the elusive 
phosphonotrithioic acid Ib by the same procedure provided a suitable precursor is 
available for the generation of the radical cation lb" 
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E(,,)= -1 534.9274443 Hartrees 

l b  - 

la  - 

= -1935.0326208 Hartrees E(totl= - 1935.0239165 Hartrees 
E(tot) 

FIGURE 4 Total energies and optimized geometries in the system H,PS, calculated at the HF/6- 
31G** level. Bond lengths are given in picometres and bond angles in degrees. 

EXPERIMENTAL 

The mass spectrometric experiments were carried out with the VG Analytical ZAB-R mass spectrom- 
eter, a three sector BE,E,-type instrument whose design is based on the standard, nonextended geometry 
of the ZAB-2f.’Oa The spectrometer is equipped with three collision gas chambers for NR experiments 
in the second field free region (Zffr) between B and El, and it has an additional collision gas chamber 
in front of Ez for double collision experiments (MSMSIMS) in the third ffr.lob The NR mass spectra 
were obtained using N,N-dimethylaniline for neutralization and oxygen for reionization. Oxygen was 
also used as the collision gas in the collisional activation (CA) experiments. The spectra were recorded 
with a small PC-based data system developed by Mommers Technologies Inc. (Ottawa). The compound 
PrP(S)(SPr), was synthesized by standard procedures.” The PM3I2 calculations were performed with 
the VAMP Erlangen Vectorized Molecular Orbital Package Version 4.40. The a6 initio MO-calculations 
reported in this work were performed using the Gaussian 9213 system of programs on a Convex C210 
supercomputer. To optimize the geometries of stationary points, the analytical gradient technique (Berny 
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PHOSPHOROTRITHIOUS ACID 1 95 

~ptimization)'~ was used for minima, and the eigenvector following (EF)15 technique was used for saddle 
points. The following levels of theory were used: 

(a) UHF/3-21G* and UHF/6-31G**, the unrestricted Hartree-Fock (UHF) formalism with two dif- 
ferent bases for the radical cations.16 

(b) RHF/3-21G' and RHF/6-31G** the restricted Hartree-Fock (RHF) formalism with the same 
bases for the ne~tra1s.l~ In order to characterize all stationary points considered as minimum or saddle 
point the harmonic vibrational frequencies were determined at the HF/3-21G* level. 
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