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Kinetic and Mechanistic Aspects of,the Redox Dissociation of Tetraphosphorus 
Decasulphide in Solution * 
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The kinetics of the redox dissociation of P4S1, dissolved in 1 -chloronaphthalene has been studied at 
11 0-1 50 "C. Phosphorus-containing reaction products are P4S, and smaller amounts of phosphorus 
polysulphides. The reaction is conveniently monitored by means of a simple hydrolysis test. The 
initial kinetics are quasi-first order, the rate being almost unaffected by dilution. The reaction is 
insensitive to the presence of oxygen or to the addition of sulphur, but catalysis by iodine and 
bromine compounds has been observed. A mechanism is proposed which involves, as a first step, 
the rate-determining fission of P,S,, into two molecules of metastable P,S,. 

Tetraphosphorus decasulphide P4S1 dissociates almost 
instantly upon melting (561 K) with loss of sulphur and 
production of P4S9 (ca. 35-40%, P basis), P4S7 (d 373, and up 
to ca. 2&22% of polysulphides P,S, O//m > 2.5).'-, The whole 
process may be written according to equation (l), where m, x, 

p P,S,, * q P4S9 + Y P4S7 + C(S S,) + c ( t  P,S,) (1) 

and y are variable and Y is usually very small. Nothing is known 
of the kinetic order and mechanism of this reaction. An 
associative process (kinetic order 3 2) is suggested by the work 
of Forthmann and Schneider4 who demonstrated, on the basis 
of observed deviations from the Trouton and Eotvos rules, that 
molten P4Slo was an associated liquid, with, in the range 575-- 
750 K, a mean molecular weight (m.m.w.) of about 3.9 times that 
of the vapour. The old statement that the vapour of P4Sio is 
fully dissociated to P,S, (m.w. 222), is no longer 
but nevertheless recent determinations have confirmed the 
above order of magnitude of the m.m.w. of this vapour (255 for 
the saturated vapour at 699 K). Accordingly, the m.m.w. of 
liquid P4S10 should be about twice that of P4Sio. The associ- 
ated state of molten P4S1, was attributed by Forthmann and 
Schneider to the existence of P=S 9 S=P interactions between 
P4Slo molecules. The P=S - S=P short contacts, arranged in 
chains of eight sulphur atoms, actually occur in the crystal of 
the same sulphide (Figure 1).8 Similar interactions in the liquid, 
if any, could be regarded as preliminary steps to bi- (or pluri-) 
molecular sulphur transfer reactions, such as equation (2). 

2 >P=S - >P=S - S=P< - 
>P: + >P=S=S,etc. (2) 

However, since no examples are known of the hypothetical 
structure > P=S=S,t the ability of P4Sl0, as such, to co-ordinate 
additional sulphur atoms remains questionable; no ion P4S1 
or heavier ones, were actually observed in the mass spectra of 
dissociated melts of P4S10, even at low potential 'O," or using 
the field desorption technique.12 In order to test the above 
possibility, an attempt was made to determine the kinetic order 
at the onset of the redox dissociation of P4S, in solution. 

Experimental section. When monitoring the reaction by 31P 
n.m.r. spectroscopy, the sole species detected were P4SI0, P4S9, 
and small signals (apparent overall content <lo% of that of 
P&) at 6 23.35, 55.62, 56.05, 56.67, and 56.9 p.p.m. assigned to 
phosphorus poly~ulphides.~ The latter could not always be 
distinguished easily from the neighbouring signals of P4S10 
(very strong singlet) or P4S9 (second-order system, with 14 
lines) or from the background noise, especially at short reaction 
times; for a heating time of 18 min at 140°C (Figure 2), the 
polysulphide at 6 56.67 p.p.m. was the only distinct one. 
Therefore, a precise integration of the n.m.r. spectra proved 
difficult and burdensome. 

For the routine work it was found to be more expedient to 
use a method based on the observation that P4S1, is 
considerably more resistant to hydrolysis than each of the 
products of its redox dissociation (see Experimental section). 
The results obtained at 140°C are presented in Figure 2 and 
Table 1. Despite the uncertainty (rt ca. 15 s) of the zero time (the 
sample of crystalline P4S1 does not dissolve instantly), it is 
clear that the initial rate is little affected by dilution. This speaks 
strongly against a bi- (or pluri-)molecular mechanism such as 
equation (2 )  and suggests that the redox dissociation of P4Slo is 
proceeding by a unimolecular process. 

Data obtained at 110,120,130, and 150 "C are also detailed in 
Table 1, along with the least-squares estimation of the activ- 
ation parameters. Above 150 "C the reaction rate was too fast to 
measure with accuracy and the inertness of 1 -chloronaphthalene 
less certain; below 110 "C, P4S1o was insufficiently soluble. 
Kinetic data at 22 *C could be obtained however, using CS, as a 
solvent (Table 1); the rate of dissociation (ca. 0.12% d-l) is of the 
same order as the extrapolated value of the rate in t-chloro- 
naphthalene (0.105%). 

The initial rate of 140 "C in 1-chloronaphthalene is unaffected 
by the presence of oxygen or by the addition of sulphur. On the 
other hand, a slight catalysis by iodine was noticed (Table 1). 
Likewise, the substitution of a mixture of 1,4-dibromobenzene 
and 1,2-dichloronaphthalene, although not affecting the initial 
rate substantially, resulted in subsequent noticeable, however 
irregular, rate increases. These observations point to the 
possibility of a catalysis by iodine or bromine radicals. Note 
that, like P4S10, but unlike PSCl,, PSBr,, and, even more 
markedly, PSI, lose sulphur quite readily, affording PBr,' (see 

Results 
The solvent chosen was 1-chloronaphthalene, which proved to 
be inert under the experimental conditions (1 10-150 "C), see 

* Non-S.I. unit employed: eV z 1.60 x lo-'' J. 
t By contrast, thiosulphinylanilines R-N=S=S, afforded by the reaction 
of P,S,, with R-N=O, are established products.' 
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data therein). Figure 1. Details of the P=S - - S=P short contacts in the triclinic crystal of P4S,, (quoted from ref. 8 or calculated from thl e 
Distances (A): P(4)-S(10) 1.910, P(3)-S(8) 1.916, P(l)-S(l) 1.890, P(2)-S(5) 1.907, S(10) S(8) 3.413, S(8) S(l) 3.578, S(l) - S ( 5 )  
3.643, and S(5) - - S(5' )  3.471. Angles (0): P(4)S(lO)S(8) 163.0, P(3)S(8)S(lO) 100.0, P(3)S(8)S(l) 100.0, P(l)S(l)S(8) 147.3, P(l)S(l)S(5) 
107.1, P(2)S(5)S(1) 129.0, P(2)S(5)S(5') 163.0, S(lO)S(8)S(l) 134.5, S(8)S(l)S(5) 70.7, and S(l)S(5)S(5') 67.7. Dihedral angles (0): P(4)S(10)- 
S(8)P(3) 126.2, P(3)S(8)S(l)P(l) 114.3, P(l)S(l)S(5)P(2) 98.2, S(lO)S(8)S(l)S(5) 91.3, and S(8)S(l)S(5)S(5') 67.4. The middle of S(5 )  . S(5 ' )  is a 
centre of symmetry 

Table 1. Kinetics of the redox dissociation of P4S10 in solution 

Initial 

Solvent "C %? WIW 

Temperature/ concentration/ 

1 -Chloronaphthalene 140 1 
140 0.4 

110 
120 
130 
150 
140 
140 

p-C,H,Br, : o-C,H,Cl, 140 
(4: 1) 140 

Carbon disulphide 22 

0.4 
0.4 
0.4 
0.4 
0.4 
1 
0.222 
1 
0.4 

lo4 k , /  

1.90 & 0.12 
1.77 f 0.12 

0.26 0.03 
0.535 _+ 0.06 
1.075 5 0.10 
3.025 f 0.25 
2.52 0.12 
see Figure 2 

1.86 k 0.2 
1.62 k 0.2 

s- 

ca. 1.4 x 10-4* 

Activation 
parameters 

E, = 82.3 f 2.6 

A H S  = 79.8 & 2.6 

A S f  = -125.8 f 6.5 

kJ mol-I 

kJ mol-' 

J K-' mol-' 

* Experiment lasting 64 d and affording 7.9% of dissociated products, as determined by selective hydrolysis. The formation of P,S9 (ca. 4%) was 
confirmed by 31P n.m.r. spectroscopy. 

Experimental section) or PI,14 respectively.? It also appears 
from Figure 2 that the extent of dissociation of P4S10 at 
equilibrium grows with dilution. This implies that the latter 
process results in a decrease of the mean molecular weight, i.e. in 
equation (1): q + r + Xs + Zt > p .  No simple kinetic law was 
found to fit the curves in Figure 2. 

Discussion 
The above results indicate that the redox dissociation of P4Sio 

7 The sequence of thermodynamic thiophilicity PCl, > PBr, > 
P,S, > PI, has been confirmed by sulphur-exchange experiments 
[PZ,/PSZ', mixtures (Z = halogen) allowed to stand for several weeks 
at room temperature, either neat or in CS,], monitored by 31P n.m.r. 
spectroscopy. 

in solution involves a unimolecular (dissociative) mechanism. 
Due to the high dissociation energy D(P=S) in P4S10 (285 or 308 
kJ mol-' 15), it seems unlikely that this sulphide could be 
directly converted into P4S, by a one-step elimination of atomic 
sulphur. A multistep mechanism, rate-controlled by an initial 
dissociation-step, is more plausible; specifically, the formation of 
P2S5, as a metastable reactive intermediate, by collapse of the 
cage structure of P,S o, deserves consideration, especially since 
P2S5' appears as a strong peak in the mass spectrum of pure 
P4S1011'16 (Table 2). 

Nascent P,S5 in reaction (3) is depicted as a bis(dithiox0- 
phosphorane) (S=),P-S-P(=S), (la). The viability of com- 
pounds RP(=S)2 has been demonstrated at least in one case 
(R = ~ , ~ , ~ - B u ' , C , H ~ ) . ' ~  Nonetheless, tautomers such as (lb) 
to (Id) are conceivable too; the alternative (le) would probably 
involve too high an angular strain. Structure (2), similar to (lc), 

http://dx.doi.org/10.1039/DT9900000035


J. CHEM. SOC. DALTON TRANS. 1990 37 

-0. 

0 
\ 

u 

0 
0-l-0.; - 

- 0.: 

10 20 30 40 
f I min 

-0 0 

- 50 
V 

I I I 1 I I I 

1 2 3 4 5 6 7 
t l h  

Figure 2. Kinetics of the redox dissociation at 140 "C of P4SlO dissolved in 1-chloronaphthalene at two initial concentrations, co = 1 (0) and 0.4 (0) % 
w/w. The concentration (c) of P4S10 has been determined by selective hydrolysis (see text), with the exception of two points obtained by 31P n.m.r. 
spectroscopy. An expanded view of the initial part of the curvesis shown in the top right window. Points (a) and (b) correspond to experiments with added 
sulphur (S: P4Sio wt. ratio = 2.64: 1) or iodine (I: P4S10 = 0.045: 1) respectively 

Table 2. Compared ion abundances (partial data) in the mass spectra of 
P4S10 (pure or dissociated) and P4S9" 

Ionic Pure Dissociated 
mlz species P4Sjo p4s10b p4s9 

63 PS + 100 100 100 

222 
254 
286 
318 
3 50 
382 
414 
446 

21.3 
0.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

26.4 
6.1 
1 .o 
1.1 
0.1 
0.0 
0.0 
0.0 

12.9 
0.4 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

316 P4S6 + 0.2 0.3 0.7 
348 p4s7 + 1.5 1.7 3.8 
380 p4s8+ 1.5 1.4 1.4 
412 p4s9 + 3.1 4.2 7.8 
444 P4S10+ 2.7 2.1 0.3 

' 70 eV, direct introduction, source temperature 200 "C, isotopic 
satellites omitted. Molten P4S10, quenched, in a nitrogen atmosphere, 
on a cold stainless-steel surface (film thickness ca. 0.8 mm). A peak at 
m/z 256 (ion abundance 1.7) is chiefly due to the satellite P2(32S)5(34S)+, 
and, to a slight extent, to s8+. After deduction of the calculated ion 
abundances of the satellites P4(32S),-,(34S)+ (n = 6-10). 

kl 

k-1 

4 
c-- 

s' s\\,ss s+ 

i 
S J=s s=p* S 

\ + / 
\ 

S 

7 - i  
P S=P-s- P=S 

>p\s/ \s* \S/ S 

has been suggested by Penney and Sheldrick l 6  for the radical 
cation P2S5 +. 

It is further postulated that the initial, rate-determining step 
(3) is followed by a series of sulphur-transfer reactions, such as 
(4a), (4b),. . . ,etc.,betweenP,S,,,averyreactivesulphur-donor," 

(44  
k ,  fast 

p4s10 + p2s5 'p4s9 + p2s6 

P4SlO + P2s6 - P4S9 + P2S,. . ., etc. (4b) 

and P2S5, a metastable species, with production of polysulphides 
P2S5 +". A concomitant exchange of sulphur between primary 
polysulphides, e.g. as in equation (9, is also likely to take place, 

(3) 
* In CS2 at 25 "C, PPh, desulphurises P4Slo to P4S9 in a matter of 
seconds, affording PSPh, quantitatively; hours or days are required 
with S, in apolar ~olvents. '~ 
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2P,S,j - [P4S12 ?] + 

p2s7 + p2s5 (B3p4s10) (5) 

via perhaps condensed molecules (P2S5 +J i  (i 3 2). Ultimately, 
S-rich polysulphides could expel elemental sulphur [equation 
(611. 

p2s5 + n  -: sx + p2s5 (+ 3 p4s10) (6) 

In line with the assumed formation of P2S5+,, as primary 
polysulphides, peaks corresponding to P2S6+, P2S7 +, P,S8 +, 
and P2S9+ (the last one less significant) have been observed in 
the mass spectra (ionizing voltage 70 or 20 eV) of dissociated 
melts of P4S10; these peaks are absent or much weaker in the 
spectra of pure P4S10 or P4S910,11,16 (Table 2). Ions of 
polysulphides P,S,, with m > 2, were not observed (see above). 

The presence of low-molecular-weight polysulphides in the 
dissociation products of P4S10 is also implied by the effect of 
dilution on the redox equilibrium, as evidenced by Figure 2, 
where lowering the concentration by a factor of 2.5 results in a 
5.9% increase of the extent of dissociation at equilibrium; the 
calculated theoretical shift would be <2.7% if only P4S9, S8, 
and polysulphides P,S, with m 3 4 were produced [equation 
(l)]. Finally, the dramatic rise of the vapour pressure (5.7 to 
415 Pa) that accompanies the redox dissociation of neat P4S10, 
when the latter is melted,' as well as the low values of m.m.w. of 
the vapour in equilibrium with this liquid ~ulphide ,~  are con- 
sistent with the assumed formation of diphosphorus poly- 
sulphides, although, in this domain of temperature (> 561 K), 
the content of P2S5 is perhaps less negligible. 

If only the onset of the process is considered, reactions (4b), 
(4c), . . ., etc., as well as (5) and (6), and the reverse reaction of 
(4a) may be neglected. The concentration of P2S5, the reactive 
intermediate, should remain very small, so that the system is 
amenable to a steady-state treatment, according to equation (7). 

If k-l[P,S5]2 is small enough, we obtain [P2S,] M 2kl/k2. 
Then, in accord with the above experimental results, the initial 
kinetics will be first order [equation (8)]. 

Structures suggested for diphosphorus polysulphides are 
shown in (3) and (4);* (3) is obviously more appropriate to low n 
values. By contrast, triphosphorus polysulphides are hardly 

rSk> 
L, J 

s=P-s[-P=s 

(3) (4) 

conceivable geometrically, but tetra (and higher) phosphorus 
polysulphides [cJ: equation (5) or similar ones] can readily be 
imagined. Of course, the absence of parent peaks corresponding 
to such species in the mass spectra of dissociated P4S10 (Table 
2) is not sufficient evidence against their presence. 

The above kinetic results do not necessarily imply that the 

* Compounds R(S)P(-SS-)(-S,-)P(S)R (R = Me, But, Br, or S-; n = 1 
or 2)20-23 and R(S)P-S, (R = Me or But; n = 5-7),24 with cycles as 
in (3) or (4), are established products. 

n 

redox dissociation of neat molten P4Slo obeys the same 
unimolecular model as in solution. The strongly negative 
activation entropy (-125.8 J K-' mol-I) found for the 
dissociation in chloronaphthalene in fact suggests that the 
activated complex is stabilised by association with the solvent. 
Since, in the case of neat molten P4S10 the solvent is P4S10 itself, 
a similar solvation would amount to an increase in the kinetic 
order. The slight growth of k l  in Table 1, when the initial 
concentration changes from 0.4 to 1%, might, if significant, 
reflect this effect. 

Experimental 
P4S10 was purified by vigorously stirring a solution of com- 
mercial 'phosphorus pentasulphide' (5 g) in CS, (900 cm3) with 
water (100 cm3) at ca. 30 "C for 50 min, in order to hydrolyse all 
of the redox impurities. The organic layer was decanted off and 
washed six times with water. The solution was dried with 
powdered CaCl,, then filtered and allowed to crystallise at 
- 21 "C. The collected crystals were dried at room temperature 
under reduced pressure. Yield: 1.3 g (Found: P, 27.80. P4S10 
requires P, 27.85%). 31P N.m.r. (CS,): 6 56.3 (s) p.p.m. Impurity: 
trace of P4S9, estimated at ca. 0.25% from the results of the 
hydrolysis test, extrapolated to zero time (see below). 

The compound P4S9 was conveniently obtained by stirring 
powdered commercial phosphorus pentasulphide (10 g) with 
dry carbon disulphide (100 cm3) for 10-15 min at room 
temperature; the suspension was rapidly filtered, giving a solu- 
tion (supersaturated in P4Sg), which, upon standing overnight 
at the same temperature, afforded crystals of P4Sg form I 
(monoclinic). Yield ca. 0.4 g (Found: P, 29.95. P4S9 requires P, 
30.05%). 31P N.m.r. (CS,): A3B spectrum (14 lines), 6, 63.1, 6, 
57.3 p.p.m., J A B  96 Hz. Impurity: P4Slo (0.7%). Crystallographic 
parameters (to date unreported): monoclinic, a = 26.96, b = 
24.28, c = 8.60 A, p = 111.69", 2 = 16. In accord with a 

previous report,25 the determination of the structure was found 
impracticable, due to crystal disorders (cJ: Acknowledgements). 
The 31P n.m.r. spectra were obtained at 80.76 or 121.5 MHz. 

Redox Dissolution of P,Slo in Solution (Example).-Pure 
P4S10 (60 mg) was rapidly dissolved (30-60 s) in dry 1- 
chloronaphthalene (6 g) under nitrogen, in a tube which was 
shaken in a thermostat bath at 140 "C. At the end of the heating 
period, the solution, sometimes opalescent, was rapidly chilled 
under tap-water, then diluted or redissolved in enough CS, (25 
cm3) and analysed by means of the following hydrolysis test or 
by 31P n.m.r. spectroscopy. Evidence for the inertness of 1- 
chloronaphthalene towards P4S10 under the experimental con- 
ditions (1 10-150 "C) followed from the observation that the 
latter n.m.r. spectra were devoid of the characteristic 31P n.m.r. 
signals of a control solution heated for 1 h at 250 "C (complex 
spectrum, with strongest lines at 6 66.9 and 70.6 p.p.m.). 

Test of Hydrolysis.-The solution of dissociated P4S 0 was 
magnetically stirred with twice distilled water (100 cm3) for 15 
min at 25OC. The aqueous phase was decanted off, then 
concentrated to ca. 10 cm3. After dilution with MeOH (50 cm3), 
the solution was titrated with KOH to the first pH inflection. 
The extent of hydrolysis was calculated on the basis of I 
equivalent of 'hydrolysed phosphorus' per equivalent of strong 
acidity. No additionaI acidity was extracted by repeated wash- 
ings with water of the organic solution. The Iatter solution was 
found by 31P n.m.r. spectroscopy to contain only P4S10, which 
has withstood hydrolysis. Blank tests revealed that, under 
similar conditions, the extent of hydrolysis amounted to 99.5% 
for P4S9. It was only 0.5 and 1.0% for P4S10 after 15 and 45 min 
respectively; these data, extrapolated to 0 min, allowed us to 
estimate the P4S9 content of the specimen of P4S10 to ca. 
0.25%. 
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Redox Dissociation of Thiophosphoryl Trihalidm-Pure 
PSBr, was heated in a sealed tube at 140 "C for 43 min. The 
n.m.r. spectrum revealed the formation of PBr, (4.3%, P basis). 
Pure PSCl, was similarly heated at 150 "C for 64 h: PCl, found 
by n.m.r. spectroscopy, 0.6%. 
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