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Phosphoranyl (PH,) and Diphosphine ( P2Hs+) Radicals 
By Thomas A. Claxton, Brian W. Fullam, Eric Platt, and Martyn C. R. Symons," Department of Chemistry, 

Theoretical computations for the 31P and l H  isotropic coupling constants for PH, and [P,H6]+ radicals suggest 
that a species recently identified as PH, is more probably [P2Hs]+. Comparisons with the data for structurally 
similar species strongly support this suggestion. In particular. the radical anions formed from Me,(S) P-P(S) Me, 
and Et,(S)P-P(S)Et, have e.s.r. spectra remarkably similar to that now assigned to [P,H6]+. E.s.r. results for 
acidic aqueous solutions containing both PH3 and [PH4]+ after exposure to 6oCo y rays at 77 K give evidence for 
the formation of [P,H6] + radicals during the annealing process. 

The University, Leicester LEI 7RH 

IN a recent paper, McDowell et aZ.1 described an e.s.r. 
spectrum obtained from phosphine in krypton at ca. 10 K 
by U.V. photolysis, which comprised a central doublet 
assigned to PH, radicals, a normal hydrogen-atom doub- 
let, and a 974 G doublet assigned to l?H4 radicals. These 
outer lines appeared as poorly resolved quintets with a 
proton coupling of 21-0 G. Although the assignment of 
these lines to  PH, radicals is, at first sight, compelling, 
nevertheless there are several factors which make the 
data appear highly anomalous. (i) The isotropic hyper- 
fine coupling to 31P was far larger than expected in the 
light of results for similar species. A wide range of 
radicals in this class show that Ai,(31P) decreases as 
the ligand electronegativity decreases. In particular, 
P(OR),, R,P(OR),, and R,P(OR) radicals in the liquid 
phase have A(31P) x 920, 710, and 630 G,? respective- 
ly 2 9 3  (R = alkyl or H). It seems reasonable to extrapo- 
late to PR, and suggest a 31P coupling in the 500-600 G 
region. This should also be approximately correct for 
PH,. (ii) The (average) proton hyperfine coupling of 
21 G was surprisingly low. Again, using the results of 
Krusic et aL2 one can predict that for the static radical 
two protons show a coupling of ca. 140 G and the other 
two ca. - 10 G. In the fast-exchangelimit this would give 
ca. 65 G each. (iii) The centre of the phosphorus doublet 
assigned to PH, [cf. Figure l ( a ) J  was very close to that of 
the hydrogen-atom doublet. This is most unexpected 
for such a large hyperfine splitting and is not in accord 
with the results for a large range of radicals of this 
c l a s ~ . ~ . ~  Using the data given in Figure 1 (internally 
calibrated by the H-atom doublet), and the Breit-Rabi 
equation, we estimate g NN 1.988 for the 974 G doublet. 
We have found, for a t  least 12 radicals in this class, that 
g1l e 2.002 and gL > 2.0023, and conclude that, if this 
species is indeed PH,, it has most unexpected magnetic 
properties.$ 

We have recently encountered similar problems in our 
studies of radiation damage in alkylph~sphines.~ We 
detected parallel and perpendicular features separated by 
ca. 1000 G which seemed to be incompatible with the 
species to be expected. It seemed that dimeric radicals 
were involved, but it was impossible to confirm this 

t 1 G = lO-dT, 1 bohr s 5.29 x 10-11 m, 1 rad = J kg-1. 
$ Note added in proof: Since this paper was submitted, a report 

on authentic PH, radicals has appeared (A. J. Colussi, J. R. 
Morton, and K. F. Preston, J .  Chem. Phys., 1976, 62, 2004). 
These radicals have Aiso(31P) = 519.3 G, Ai,JIH) (two) = 
198.7 G, and AiE0(lH) (two) = 6.0 G, in good agreement with 
expectation. 

concept by detecting the M I  = 0 components because of 
the invariable presence of strong features in the central 
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FIGURE 1 (a) First-derivative X-band e.s.r. spectrum originally 
assigned to  PH, (outer features) and PH, radicals (central 
doublet), together with traces of H and I? atoms (see ref. 1). 
Using the hydrogen-atom doublet for calibration, this spectrum 
is reassigned to the radical cation [P,H,]+, the arrows showing 
the predicted transitions based on the parameters given in the 
text. (b)  Spectrum for y-irradiated Et2(S)P-P(S)Etz on 
approximately the same scale, showing features assigned to  the 
anion [Et,(S)P-P(S)Et,]-. [Other features (a) are not discussed 
herein] 

region of the spectra. However, when similar arsenic 
compounds were studied, clear seven-line spectra were 
obtained, thus confirming the formation of dimeric 
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radicals. We concluded that the species responsible 
were of the general type [R3P-PR3]+ and [R3As-AsR3]+,4 
having the outer electron in a P-P or As-As Q* orbital. 
When the parent compounds (R,P and R,As) were pro- 
gressively diluted with inert solvents these dimer features 
diminished in intensity and were ultimately lost; how- 
ever, in the 5 : l mol ratio, which was most significantly 
found to be necessary by McDowell et aZ.,l dimer cations 
were still readily detected. 

One possible alternative to the PH, formulation is, 
therefore, the 8-radical [H,P-PH,] +*. This would then 
require the presence of a central doublet (because of 
second-order splitting) , each line being split further by 
the six equivalent protons, together with outer septets, 
the 31P coupling constant now being in the region of 
487 G. This tentative alternative certainly accommo- 
dates many of the factors that are anomalous on the PH, 
theory: (i) it explains the need to use high concentrations 
of PH,; (ii) the g value is now close to the free-spin 
value, as found for the [R,P-PR,]+ dimers; (iii) the ,lP 
hyperfine coupling of ca. 0.5 x 974 = 487 G is very close 
to that found for [R3P-PR3]+ radicals (ca. 460 G); and 
(iv) the lH hyperfine coupling is reasonable for the radical 
[H,P-PH,] +.5 [The outermost lines of the expected 
septet would be lost in noise in the spectrum reported 
[Figure l(a).] 

to rotating PH,. 
This radical, previously detected by Gordy and his co- 

(81.79 7, G, AjN('H) = 
18 (17 ') G, and gav = 2.0087 ti (2.0050 7) .  If the central 
doublet in Figure l(a) is assigned to PH,, we find (using 
the phosphorus- and hydrogen-atom lines for calibration) 
Aiso(31P) = 78 G (82.3 G reported l), Aiso (lH) E 20 G 
(18.O), and g,, = 2.022 (2.0090). Thus there seems to be 
a major discrepancy in the g values if these lines are really 
due to PH, radicals. Our alternative, [P2H6]+, theory 
requires the presence of central features from the 
' M I  = 0 ' transition which are split by the Breit-Rabi 
shifts. To second order, the splitting between these 
features (1,O) and (0,O) is given by Ai,02(31P)fH0, which 
gives 70 G for a hyperfine coupling of 974/2 = 487 G. 
Furthermore, the high-field component should be close to 
the free-spin g value as found. It is noteworthy that the 
poorly resolved proton structure on the wing lines was 
reproduced on the central lines. We conclude that the 
central lines are far better accommodated as the M I  = 0 
features for [P,H6]' than as the k f ~  = &3 lines for PH,. 

In an attempt to verify these prognostications, we have 
calculated the isotropic coupling constants for both 1'H, 
and [P,H,] + in the expected geometries. Furthermore, 
we have devised conditions for the preparation of 
',P,H,]+ radicals under entirely different conditions and, 
in order to study the central features experimentally for 
compounds of this type, we have prepared [R,(S)P- 
P(S)R,]* radicals from R,(S)P-P(S)R, molecules for 

The central doublet was assigned 

has Ai,,(,lP) = 80 

5 J. H. Sharp and M. C. R. Symons, J .  Chem. Soc. ( A ) ,  1970, 

6 R. L. Morehouse, T. T. Christiansen, and W. Gordy, T .  Chem. 
3084. 

- "  . -  
Phys., 1966, 45, 1747. 

G. S. Jackel and W. Gordy, Phys. Rev., 1968, 176, 443. 

which the presence of two phosphorus nuclei strongly 
coupled to the unpaired electron is unambiguous. 

CALCULATIONS 

The ab initio UHF method in the LCAO-MO approxim- 
ation with spin annihilation, as described previously,* was 
used. A minimal basis set of Slater-type orbitals, repre- 
sented on phosphorus by four s-type and four p-type and on 
hydrogen by six s-type completely contracted gaussian- 
function expansions,e was used in the calculations on [P2H6]+. 
The calculations on PH, were made using, in addition to the 
above minimal basis set, a Slater-type d orbital on phos- 
phorus represented by a 2d-type completely contracted 
function expansion. The choice of Slater-type orbitals as 
basis orbitals was made in order that d-type orbitals could 
easily be introduced in the calculation of PH,. Bond angles 
for PH, radicals were chosen as those of a perfect trigonal 
bipyramid, while tetrahedral angles about each phosphorus 
atom of [P,H,]+ were used. The P-H bond length in all 
calculations was chosen as 2-7 bohr (i.e. close to the experi- 
mental P-H bond length in PH,). The P-P bond length 
was chosen to be 4-72 bohr, some 0.3 bohr longer than that 
expected for a P-P single bond. The H exponent was 
chosen to be 1.2, while the P exponents (1s 14.56, 2s 4.91, 
3s 1.77, 2p 5.48, 31) 1.7, and 3d 0.48) were obtained from a 
paper by Marsmann et aZ.10 For each radical, the results 
were obtained from 4, the wave function which minimises 
the UHFenergy, and from A8+1 # (UHFAA), whereA,+l is 
the annihilator which removes the spin component (s + 1) 
from #.ll For these radicals s =I 0-5. 

EXPERIMENTAL 

Preparation of Diphosphine Radical Cations. Exposure of 
pure phosphine to 60Co y rays a t  77 K yielded no detectable 
radicals having large 31P hyperfine coupling constants. In 
dilute neutral solutions only PH, radicals were detected, and 
in dilute solution in 1 0 0 ~ o  sulphuric acid only [pH,]+ 
radicals were detected. We concluded that conditions in 
which [PH3]+ radicals could co-exist in the presence of PH3 
molecules were required, and this was achieved using a range 
of aqueous H,SO, glasses in which [PH,]* and PH, were 
originally present. (These were cooled to 77K immediately 
after preparation in order to avoid oxidation of the phos- 
phine.) Irradiation gave e.s.r, spectra characteristic of 
[PH,] radicals, but after slight annealing shoulders ap- 
peared in exactly the regions predicted for the MI = 1 lines 
for [P2H6]+ radicals [Figure l(b)]. We suggest that reaction 
(1) occurs under these conditions. Unfortunately the rela- 

[PH31+ 3- PH3 ---t [P,I-I,!+ (1) 

tive concentration of these new radicals remained low com- 
pared with those of species absorbing in the central spectral 
region and completely concealed any n/rl = 0 lines. 

However, after exposing the two diphosphorus species 
Me,(S)P-P(S)Me, and Et,(S)P-P(S)Et, to 6oCo y rays a t  
77 K, spectra containing all the expected features for the 
radical anions were obtained (Figure 2).  These anions are 

8 T. A. Claxton and D. MacWilliams, Trans. Furudary Soc., 
1970, 66, 613. 

10 €3. Marsmann, J .  C. Von Wazer, and J. B. Robert, J. Chem. 

11 A. T. Amos and G. G.  Ilall, Pvoc. Roy. SOL, 1961, A263, 483. 

R. F. Stewart, J. Chem. Phys., 1970,52,431. 

Soc. ( A ) ,  1970, 1666. 
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Calculated energies and hyperfine parameters for PH, and [P,H6]+ radicals 
Radical Method aieo(P)/G abo(Hs)/G m d - w G  Energy! hartree <s2> 

UHF 124.58 310.73 16.31 - 341.223083 0.7667832 
UHFAA 194.76 260.64 23.36 - 341.226656 0.7499574 Equatorial 

0.762 13 1 9 UHF 179.71 104.42 149.66 E2al UHFAA 238.89 87-58 117.88 - 341.206780 0.7499384 
UHF 467.22 - 28.32 - 681.281 160 0*7582504 
UHFAA 414.33 - 5.03 - 681.282330 0.7800631 

PH, 

- 341.204786 

CP2H61+ 

Axial 
Equatorial 

isostructural with [P,H,]+, and the e.s.r. spectra were 
remarkably similar to those assigned to [P&&]', apart from 

based on the second-order equations 811 = A L ~ / N ,  and 81. 
= (AL2 + A$)/2H0 are included in Figure l ( b } .  

J 
1 1 3  275 G 

FIGURE 2 First-derivative X-band e.s.r. spectrum for a solution 
of PH, in a D,SO,-D,O glass at 77 K after exposure to 6oCo y 
rays for ca. 2 h a t  a dose rate of ca. 4 Mrad h-l, showing features 
assigned to [PHJ+ and [P2Hs]+ radicals. The central features 
are assigned to various solvent radicals and possibly to PD, 

the clear anisotropy in the 3lP hyperfine interaction in these 
cases. Clear features for the (1,O) and (0,O) central com- 
ponents appeared in these spectra, and our theoretical values 

DISCUSSION 

Calculation of hyperfine coupling constants (Table) 
using the ab initio UHF method has proved to be most 
successful, especially for protons, and is generally 
superior to semi-empirical methods. Both theory and 
experiment show that the species whose e.s.r. spectra are 
illustrated in Figure l ( a )  could well be [P&&]+. Further- 
more, the theoretical calculations strongly support our 
comparative conclusions that the data to be expected for 
PH, radicals are very different from those derivable 
from Figure 1 (a) and hence we would like to conclude that 
the species is not PH, but [P2H6]'. We have reserva- 
tions which are particularly based on the claim that new 
data rule out the [P2H6]+ hypothesis.l% If this is the case, 
then the problem remains : either, the species is PH,, in 
which case its properties are anomalous, or it is not PH, 
in which case what is it? One possibility is P,H, 
(H2P-l?H3). This species might still have the extra 
electron in the Q* orbital and hence might qualitatively 
resemble [P2H6]+. However, it  would be most surprising 
if this species had two equivalent phosphorus atoms, as 
seems to be required if the central doublet in Figure l ( a )  
is correctly linked with the outer lines. Also the form of 
the proton hyperfine lines, although poorly defined, 
seems to be wrong for such a species. 
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