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The equilibrium geometries and harmonic force fields of  PH3 and PHs are 
calculated in an ab initio way including electron correlation. The results for 
PH3 are in very good agreement with experimental values, whereas those for 
PH5 have to be regarded as predictions. We find for PH5 in its equilibrium Don 
structure rax = 1.47 A, req = 1.42 A and the harmonic vibration frequencies 
in Table 7 given under the heading "CEPA" .  The barrier for Berry inversion is 
2 kcal/mol. The ab initio calculation of phosphoranes such as PH5 not only 
requires the inclusion of polarization functions (d on P and p on H) but is also 
very sensitive to the choice of  these polarization functions. This problem is 
taken care of by a detailed comparison of various basis sets. It  is confirmed that 
a (10/6) basis for P in "double  zeta contract ion" is better balanced than a 
(12/9) basis in "double  zeta contract ion" and that the total energy is not a good 
criterion for the quality of  a basis. 
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1. Introduction 

PH5 is the prototype of the phosphoranes. However, it has, in contrast to many 
substituted compounds such as PFs, PH2F3, P(C6Hs)5 or P(CHa)4OCHa, so far 
not been observed experimentally. Several theoretical investigations of  PH5 have 
been published [I-5], but this molecule served mainly as a model compound for the 
known substituted species and the prediction of the properties of  PHs have only 
played a minor role. 

* Dedicated to Professor Hermann Hartmann on the occasion of his 65th birthday. 
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Previous studies of PH5 have indicated [1-4] that the energy of the most stable 
structure of PH5 lies 40-50 kcal/mole above the sum of the energies of PH3 + H2. 
Since the decomposition of PH5 to PH3 + H2 is Woodward-Hoffmann allowed [2] 
(i.e. there is at least one symmetry allowed path for this decomposition) one might 
guess that the reaction PHs --~ PH3 + H2 requires only a very small barrier, if at 
all (see however Refs. [5] and [6]), and that the failure to produce PH5 experi- 
mentally might be due to the fact that it is not a stable molecule. The calculations 
on PH5 published so far have led to the prediction of an equilibrium structure with 
D3h symmetry [1-5]. However, this does not prove that this structure represents a 
local minimum of the potential hypersurface, since the energy has been minimized 
with certain symmetry restrictions. A definite statement about whether or not a 
molecular structure represents a local minimum of the potential hypersurface can 
only be made on the basis of the knowledge of the whole harmonic force field. 

We have calculated this force field with a twofold aim, namely to prove that PH5 
exists and to give a guide to experimentalists to identify PH5 via its vibrational 
spectrum. In order to give sufficiently reliable values for the harmonic force 
constants and vibration frequencies a good basis set including polarization functions 
had to be used and correlation effects had to be taken into account. We automatically 
got a refined geometry, since in previous studies (except Ref. [3]) not all geometrical 
parameters were optimized [1, 4] or the basis sets were too poor [5]. 

Complementary to the qualitative question whether or not PH5 represents a local 
minimum of the potential hypersurface is that concerning the depth of this minimum, 
or equivalently the lowest barrier for the disintegration of the molecule. We have 
studied this problem in detail and found that it is a very delicate one. The results 
will be published separately [6]. We found that the lowest barrier for the decom- 
position of PH5 into PHa + H2 is roughly 40 kcal/mol, i.e. that PHs has a rather 
comfortable valley and should hence be a good metastable molecule. Other dis- 
integration processes like PHa-+ PH4 + H (possibly followed by PH4 + H--~ 
PHa + H2) are hardly competitive, since PH4 is, if at all, only slightly bound with 
respect to PH3 + H [7]. One can guess that the binding energy of PH4 with respect 
to PHa + H is at most 10 kcal/mol if it is not even unbound. Howell and Olsen [7] 
found from 4-31G SCF calculations that PH4 is 13 kcal/mol higher in energy than 
PHa + H and they claim that this result is not significantly changed by inclusion 
of d-functions. We have in fact performed an SCF calculation of PH4 with polariza- 
tion functions at Howell's geometry and found its energy 11 kca]/mole above the 
sum of the energies of PHa and H. We did not attempt a geometry optimization. 
Electron correlation may stabilize PH4 somewhat with respect to PH3 + H since 
it stabilizes PH5 with respect to PHa + H2 by some 10 kcal/mol. From these data 
and those for PHa and PH5 we conclude that PH4 + H lies at least 50-60 kcal/mol 
above PHi. 

A two-step disintegration of PHa in which first an H- is abstracted, that removes an 
H + before it leaves the field of PHg seems, however, competitive [5] with the 
concerted H2 abstraction [6]. 

The calculation of the force field of PHa on the same level of approximation as that 
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of  PH5 served mainly as a check of  the accuracy of our approach, but it turned out 
that our calculations allow discrimination between two sets of harmonized 
vibration frequencies proposed in the literature. 

The harmonic force field of PH8 has been studied extensively. Based on the experi- 
mental vibrational spectrum of McConaghie and Nielsen [8] (see also Ref. [9]) 
several authors have attempted to extract the harmonic force field [10--15], which is 
a less trivial task than is usually believed. We shall comment on this in Sect. 4. 

We are finally interested in the force field of PH5 because it gives some additional 
insight into the chemical bond of this molecule and of phosphoranes in general, 
especially if one compares the force constants (and bond lengths) not only with 
those of PHa in its equilibrium configuration but also with planar PH3 and with 
PHi-, where different hybrids of P are supposed to participate in bonding. 

2. Methods of Calculation and Basis Sets Used 

The calculations reported are either of SCF type or with inclusion of the valence 
shell electron correlation in the IEPA-PNO, PNO-CI and CEPA-PNO schemes in a 
localized representation. These methods have been described elsewhere in detail 
[16-20]. All those PNO configurations were included that contributed more than 
10 -7 a.u. to the energy. 

Several basis sets of different quality have been used. They are all constructed from 
Gaussian lobes as indicated in Ref. [21]. 

Basis A can be regarded as the standard basis of the present work. It consists of a 
(lOs/6p) Huzinaga basis [22] for P in the double zeta quality contraction 
(4,6 x 1/3,3 x 1) augmented by a d-set with ~ = 0.57 and a 4s basis in the contrac- 
tion (3,1) plus a p-set with ~ = 0.65 for H. This basis was essentially taken over 
from Ref. [4], except that in Ref. [4] the d-exponents for equatorial and axial 
d-AO's in PH~ had been optimized independently which led to different values 
( ,  = 0.925 for equatorial, , = 0.5 for axial bonds). The ~d value 0.57 of basis A is 
optimum for PH3. 

Basis B is the same as basis A, but with ~a = 0.925, i.e. the larger of the two values 
optimized previously for PH5 [4]. 

Basis C is basis A plus an extra fiat s-AO on H with ~ = 0.03. 

Basis D is like basis A, but with two d-sets on P (~ = 0.30 and ~ = 0.85) and no 
p-set on H. 

Basis E was constructed according to the prescription of Shih et al. [23]. It is a 
(12/9) Veillard basis [24] for P in the contraction (6,2,1,1,I,1/4,2,1,2) plus two d-sets 
with ~ = 0.85 and -q = 0.30 and a 5s Huzinaga basis in the contraction (4,1) scaled 
with ~2 __ 2. Basis E has hence the same polarization functions as basis D. For the 
s and p part it is of double-zeta type contraction as e.g. basis D but constructed 
from a larger primitive basis. (In Ref. [23] a 5s basis of H different from that of 
Huzinaga was used.) 

Basis F is based on the Huzinaga (12/9) set for P, but in a triple-zeta quality con- 
traction (5,7 x 1/4,5 x 1), with a d-set (~ = 0.57) and a 4s-basis for H in the 
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contraction (2,1,1) with ap-se t  (7] = 0.65). The polarization functions are hence as 
in basis A. 

Basis G is like basis F b u t  with two d-sets on P (-q = 0.3 and 1.0) instead of  one and 
with an additional s-AO (~ = 0.03) on H, and of course a p  set on H (~ = 0.65). 

Geometry  optimization and determination of force constants were based on multi- 
dimensional fits to a sufficient number of  points, e.g. 15 points for the A1 vibrations 
of  PH3. Fits with different numbers of  points and different degrees of  the poly- 
nomial were compared in order to assess the convergence of the results. A full 
documentation is available on request. 

3. Total Energies for Different Basis Sets and Their Analysis 

When we realized that basis sets A and B (that differ only in the exponent of the 
d-AO on P) lead to significantly different equilibrium geometries for PH5 and that 
in a recent paper of  Shih et  al. [23] (in the title of  which the term "large AO 
basis" is explicitIy used) again different geometries are reported, we decided to 
study this unexpected basis set dependence of the equilibrium geometry in more 
detail. To judge the quality of the geometry predictions one needs a criterion to 
judge basis sets. 

The quality of  a basis is usually discussed in terms of total energies. Looking at the 
SCF energies of PH~ (Table 1) the "qual i ty"  of  the basis increases in the order 
D, A, B, C, E, F, G. However, although B is better than A on the SCF-leveI, their 
order is inverted if one considers the CI energies. One might think that one should 
use two rather than one d-AO on P. However, comparison of basis sets A and B 
with D reveals that one d-set on P and one p-set on H leads to a much lower energy 
than two d-sets on P. Comparison of bases F and G also confirms that the second 
d-set has less influence on the energy than one might have suspected. 

In order to compare basis sets with different s-p parts the total energy is no appro- 
priate criterion since the larger s-p parts (12/9 vs. 10/6) mainly serve to approximate 
the intra-atomic cusps and have little effect on molecular properties. A better 
criterion of the quality is the "Hart ree-Fock-binding energy", i.e. the difference 
of the Har t ree-Fock energy of the molecule and the sum of the corresponding 
energies of  the constituent atoms. 

One sees from Table 1 that  in this sense the " sma l l "  basis sets A, B, C are of com- 
parable quality as the " la rge"  basis sets F and G, that D is somewhat poorer and 
E much poorer (it has a defect of  ~0.03 a.u. ~ 20 kcal/mol in the binding energy). 
The reason for this poorness is twofold. On the one hand two d-sets on P are poorer 
than one P on d and one p on H. On the other hand the Veillard "contract ion 8"  
[24] for P is rather unfortunate (it is in disagreement with Dunning's rules [25]). 

A complementary criterion of the quality is the correlation energy (either on CI or 
CEPA level). Here we see that the basis sets A, C and F are quite comparable, that 
B is slightly poorer and that D and E are much poorer. With basis D or E one 
misses more than 0.04 a.u. ~ 25 kcal/mol of  the correlation energy as compared 
to the other sets. 
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basis A:  

basis F :  
basis G: 

We conclude tha t  basis A is a good  basis,  bu t  that  basis E is, in spite o f  the lower 
to ta l  energy, only  o f  med ium quality.  Our  cr i ter ia  o f  the  qual i ty  o f  a basis set are in 
a way a quant i f icat ion of  the p rope r ty  to be well-balanced.  

The compute r  t ime necessary for  calculat ions with the different basis sets are  also 
given in Table  1. 

The  energy o f  PHs  lies above  tha t  o fPH3  + H2. The  fol lowing values were ob ta ined  
for  this energy 's  difference (in kcal /mol)  

S C F  C E P A  

43 39 
46 43 
42 

The  C E P A  value with basis G was not  c o m p u t e d  but  it  can be es t imated  to be 
38 kcal /mol .  This should be close to the exact  value. 

4. Equilibrium Geometries and Inversion Barrier 

The geometr ical  pa ramete r s  for  the equi l ibr ium structures of  PHs and PH5 are  
col lected in Table  2. 

F o r  PHa we note  good  agreement  between the present  S C F  results and  those  of  a 
previous S C F  s tudy [26] with a comparab le  basis, while r ( P H )  f rom a C E P A  
calculat ion is much  closer to the exper imenta l  r (PH) .  However ,  the exper imenta l  
r ( P H )  is no t  known as accurate ly  as one might  think. Bartel l  and  Hirs t  [27] in an 

Table 2. Equilibrium geometry of PH3 and PHs a 

Basis SCF CI CEPA exptl, other theoretical 

PH3 r A 1.409 1.413 1.417 1.424 b 1.419 ~176 1.42 d 1.408 
a A 94.6 92.9 92.5 93.8 95.8 f 

PH5 rax A 1.471 1.468 1.471 1.485 ~ 1.48 ~ 1.551 
(Dab) B 1.457 1.450 1.452 1.47 j 1.48 k 1.491 

G 1.473 
req A 1.410 1.416 1.419 1.365 ~ 1.41 h 1.431 

B 1.401 1.405 1.409 1.4P 1.43 k 1.441 
G 1.409 

PH5 r ~  A 1.392 1.398 1.395 1.39 j 1.41 k 1.411 
(C4v) rbas A 1.445 1.451 1.447 1.44 ~ 1.46 k 1.471 

a Distances in/~, angles in degrees. 
b Ref. [33]. ~ Ref. [32]. a Ref. [8]. 
e Ref. [27], estimated r0, all other experimental values are rather averaged over the zero point 
vibration. 

Ref. [26], SCF. �9 Ref. [4], CEPA, not fully optimized, h Ref. [3], SCF. 
Ref. [7], SCF without polarization functions. J Ref. [23], SCF. 

k Ref. [23] "MRD-CI".  1 Ref. 123], "CI  full estimate". 
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electron diffraction study report a ro of 1.437 + 0.004 A and a root-mean square 
amplitude of the PH stretching vibration of + 0.085/k. This ro involves an averaging 
over the zero point vibration and the authors extrapolate an equilibrium distance 
re ~ 1.419/~ [27]. Microwave and IR results for r(PH) that represent rather r~ (in 
the Kuchitsu notation [28]) between 1.412 and 1.424 are quoted in Ref. [27], but 
the assumptions on which the extraction of rz from the moments of inertia is based, 
are criticized and according to Ref. [27] the true rz should rather be ,,~ 1.43 .~, i.e. 

0.01 A larger than re. If  we accept the re of Ref. [27] as the experimental value the 
agreement with the CEPA value is excellent and confirms our observation [29, 30] 
that re from CEPA with double-zeta-plus-polarization type basis sets are accurate 
to within 0.003 A (see also Ref. [31]). 

An experimental geometry of PH5 is not known. In order to give a reliable predic- 
tion, rather severe intrinsic criteria have to be applied, especially since there is 
(unlike for PHa) no good agreement between different theoretical results. The bond 
lengths reported by Howell [7] are much off all other values (r,x is too large by 
0.08 A) and this is obviously due to the absence of polarization functions in 
Howell's calculations. The too small req of Ref. [4] is due to the fact that it was 
assumed to be equal to the bond length in planar PHa. This assumption, based on 
the idea that in both cases sp  2 hybridization is realized, turned out to be invalid. The 
too large r~x of Ref. [4] is probably a consequence of the unrealistic req. 

It is somewhat intriguing that bases A and B, which differ only in ~7(dp), lead to 
rather different geometries. Although the considerations of Sect. 2 give more weight 
to basis A, we decided to do an additional geometry optimization with the very 
large basis G. The SCF geometry of basis A is confirmed, we are hence confident 
that the CEPA geometry of basis A is also reliable and the parameters for the 
equilibrium structure of PH5 are: 

r~x = 1 . 4 7 / ~ ,  req = 1 . 4 2 / ~ .  

The effect of electron correlation on the bond lengths is as expected for the 
"ordinary"  bonds such as r(PH) in PHa and req in PHs, namely to lengthen the 
bond by ~0.01 A. The bond lengthening by correlation is related to the incorrect 
dissociation behaviour of covalent bonds in the SCF approximation. The axial 
bonds are to a large extent ionic and hence suffer less from defects of the SCF 
approach, and are consequently less affected by correlation. 

(The very large correlation effect on the bond lengths in Ref. [23] is not confirmed 
by us.) 

We have also optimized the geometry of PH~ and found the following equilibrium 
distance: re = 1.39/~. 

For the geometry optimization of the C4v structure of PHi, only basis A was used. 
The angle ~ was kept fixed at 100 ~ since pilot calculations and results from the 
literature confirm that the energy is very insensitive to small variations of ~ near 
100 ~ 
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Table 3. Berry inversion barrier for PH5 (in kcal/mol) 

Basis SCF CI CEPA 

A ~ 2.79 2.13 1.94 
B b 3.09 2.67 2.50 

(Ref. [23]) 2.45 1.17 0.87 

Optimized geometries (see Table 2). 
b Referring to a compromise geometry (r~p = 1.403 A, 
rb~s = 1.436/~), for the C4~ structure and a compromise 
g e o m e t r y  (tea = 1.403/~, rax = 1.455 .~), for the Dan 
structure. 

W. Kutzelnigg et aL 

The values of the Berry inversion barrier of PH5 are given in Table 3. The rather 
large differences between the different approaches reported in Ref. [4] could not be 
reproduced. They were probably due to incomplete geometry optimizations. 
Electron correlation does lower the barrier, but we cannot confirm the reduction 
of  the barrier to ~ 1 kcal/mol found by Shih et aL [23]. 

5. The Force Field of PH3 

In Table 4 the computed force constants of PH3 (basis A) are compared with experi- 
ment. We have used the convention that a force constant is equal to 1/2 times the 
(mixed) second derivative of the energy with respect to inner coordinates, with 
lengths measured in A and angles in rad. However, we have tabulated rather the 
force constants with respect to symmetry coordinates, because those are obtained 
directly. 

It is hard to make a meaningful statement concerning the agreement of theory and 
experiment since the "experimental"  harmonic force constants scatter so much. 
While the CEPA values are close to their experimental counterparts for Fll,  F22, 
Faa and F44 (and better so than the SCF results), F12 and F34 seem to be completely 
arbitrary. In fact they have almost no influence on the frequencies and one can vary 
them considerably [11] and still reproduce the spectrum. On these grounds the 
theoretical values should be given more credit. 

I f  one wants to compare theory and experiment one should rather do this on the 
level of the harmonized vibration frequencies. 

This is done in Table 5. The only uncertainty of the experimental values lies in the 
harmonization procedure. The different sets of  harmonized frequencies differ 
mainly in v3. Our computed values are strongly in favour of  the harmonization of 
Gamo [10], on which also the analysis of Duncan and Mills [13] is based, rather 
than that of De Alti et al. [14]. 
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Table 5a. Harmonic vibration frequencies of PHz 

W. Kutzelnigg et al. 

This paper Other Exptl. harmonized Observed 
SCF CEPA theoret.a b c d o 

Aivi 2547 2482 2462 2452 2448 2456 2322.9 
v2 1136 1081 1114 1041 1045 1044 992.0 

Eva 2501 2487 2560 2457 2390 2402 2327.7 
v4 1241 1170 1256 1154 1153 1150 1122.4 

a Ref. [26]. b Ref. [10]. c Ref. [11]. a Ref. [14]. e Ref. [8]. 

Table 5b. Harmonic vibration frequencies of PD3 

This paper Other Exptl. harmonized Observed 
SCF CEPA theoret, b t ~ h 

Alvl 1823 1778 - -  1761 1754 1760 1694 
v2 829 788 - -  756 763 759 730 

E v2 1798 1788 - -  1766 1730 (1720) (1698) b 
v4 885 834 - -  822 819 822 806 

b Ref. [10]. t Ref. [15]. g Ref. [12]. h Ref. [9]. 

We regard  the really good  agreement  between our  compu ted  ha rmonic  frequencies 
bo th  for  PHa and PDa (on C E P A  level the largest  deviat ion is 40 c m -  1; the S C F  
values differ by 100 cm -1 and more  f rom exper iment)  with those extracted f rom 
exper iment  as a posit ive test o f  the me thod  and the basis set used and a guarantee  

tha t  the predic t ions  for  PH5 are  ra ther  reliable. 

6. The Force Field of PH5 

The force constants  o f  PH5 are collected in Table  6. Those for the A~ vibra t ions  
were ob ta ined  together  with the geomet ry  opt imiza t ion  under  D3h constraint .  In  
o rder  to save compute r  t ime the symmetry- lower ing  deformat ions  on bo th  the SCF  
and  C E P A  level were pe r fo rmed  star t ing f rom an average geometry  between the 
S C F  and CEPA equi l ibr ium structure (basis B) (req = 1.404/~, tax = 1.455 •). The 
defini t ion convent ion o f  the force constants  is the same as for PH~ (see Sect. 5). The 
angles ~ (between two equator ia l  bonds)  and/3 (between an axial  and  an equator ia l  
bond)  are  as in Levin 's  s tudy [35] o f  the force field o f  PFs ,  where also the symmet ry  

coord ina tes  are given explicitly. 

F o r  the potent ia l  hypersurface  o f  PHs,  basis B was used because it yielded lower 
S C F  energies than basis A. When  we became aware  o f  the sensitivity o f  the geomet ry  
to var ia t ions  o f  the basis, we recalculated the At  force constants  and  v ibra t ion  
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Table 6. Harmonic force constants of PH5 ~ 
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SCF CEPA Other authors d 

At Fll  = fa + f~a ,a 2.757 (2.441) 2.359 (2.477) 
[2.551] 

F22 = fe + 2f~, ,a 3.667 (3.458) 3.502 (3.407) 
[3.514] 

F12 = a/6f~e ~ 0.508 (0.424) 0.256 (0.347) 
[0.499] 

A~ Fas = f~ - faa "a 2.719 2.678 
F~  = 2f~ + 4/~. ~ 0.961 0.897 
F84 = 2v'3f,~r b -0.303 -0.219 

E '  F55 = f~ - f~,~ 3.667 3.623 3.59 
F66 = ~-f~~ 0.177 0.185 0.20 
F77 = ~(f~ + f~r176 1.470 1.401 1.36 
F~6 = ~f~b 0.080 0.088 0.08 
F57 = ~_f~b -0.304 -0.272 0.29 
F87 = ~f~~ 0.203 0.167 -0.18 

E "  Fa8  = �89  - 3 fe~ ,  - -  4fB~-) ~ 0.866 0.811 

a mdyn/A, b mdyn/rad, c mdyn/~ rad-L a Ref. [3]. 
o Calculations with basis B, results with basis A are given in parentheses, those with basis G in 
square brackets. 

frequencies with bo th  basis A and G. I f  we regard  the basis G results as most  reliable,  
we have to conclude that  on the S C F  level basis B overest imates  the diagonal  force 
constants  by 4--8~, whereas basis A underes t imates  them by 2 - 4 ~ .  The C E P A  force 
constants  ob ta ined  with basis A and B differ much less and  for the v ibra t ion  fre- 
quencies the difference is so small  tha t  we did not  regard  it as worthwhile  to  repeat  
the calculat ions for  the symmet ry  species o ther  than  A[ with the somewhat  bet ter  
basis A (basis G would  have been prohibi t ive  anyway).  A good  cross-check is the 
ra ther  good  agreement  o f  our  E '  frequencies with those of  Ref. [3]. 

One sees f rom Table  6 that  e lectron corre la t ion does affect certain force constants .  
I t  main ly  reduces the d iagonal  force constants ,  but  the overall  effect is no t  very 
large. Similar  observat ions  have been made  for o ther  systems with single bonds.  
F o r  double  and t r iple  bonds  corre la t ion  effects are  very impor t an t  [29, 30]. 

In  Table  7 the ha rmonic  frequencies of  PH5 and PDs  are tabula ted.  We hope  tha t  
they give some indica t ion  where the (anharmonic)  frequencies o f  PH5 should be 
observed.  

The  lowest  E '  v ibra t ion  v 7 = 648 cm -1 deserves interest  because it initiates the 
Berry pseudora t ion .  The zero-poin t  energy o f  this v ibra t ion  is ~0.0014 a.u. 
0.9 kca l /mol  and  hence comparab le  with the barr ier  height  (see Table  2) of  
2 kcalfmol .  One expects  this v ibra t ion  to be ra ther  anharmonic .  
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Table 7. Harmonic vibration frequencies of PH5 and PD5 b 

PH5 PD5 
SCF CEPA a SCF CEPA 

A' vl 2561 (2466) 2337 (2436) 2423 1812 (1744) 1731 (1723) 
[25051 

v2 2064 (1963) 1970 (1995) 2019 1460 (1388) 1394 (1411) 
[19851 

A~ v3 2261 2227 1671 1640 
v4 1284 1260 929 914 

E'  v5 2571 2554 2519 1873 1860 
v6 1365 1328 1362 975 951 
v7 612 648 651 444 470 

E" v~ 1585 1534 1333 1121 1085 

a Ref. [31. 
b Calculations with basis B, results from basis A are given in parentheses, from basis G in 
square brackets. 

7. Conclusions Concerning the PH-Bonds in PH5 

In a previous paper an analysis of  the chemical bond in PH5 and other phos- 
phoranes was given [4] in terms of energetics, d-AO contributions and population 
analysis. The present results concerning bond lengths and vibration frequencies 
give additional information. 

We see that the length of the equatorial bond in PH5 (1.42 A) is close to r (PH)  in 
PHa (1.42 A) where a "pure  p - A O "  of P is said to be involved in bonding. PHi  ~, 
with supposedly an sp3-hybrid on P, has a shorter r (PH) of  1.39 A, and in planar 
PH3 with an sp 2 hybrid on P, r (PH) is still shorter (1.37 A). The presence of the 
axial bonds in PH5 obviously weakens the equatorial bonds referred to those in 
planar PHa. The axial bond itself with r (PH) = 1.47/1~ is finally the weakest of  all 
PH-bonds. 

The force constants (for symmetric stretch) confirm the same trends, PH8 (planar): 
4.61 mdyn//~ [4], PHi-:  4.29, PH5 (equatorial): 3.40, PH3 (equilibrium): 3.55, 
PH5 (axial): 2.48 mdyn/A. 

It is somewhat unexpected that the equatorial bonds in PH5 have nearly the same 
distance and force constant as the PH-bonds in PHa (equilibrium) and not as in 
PH3 (planar). 

There is a rather large coupling between the axial and equatorial bonds as seen from 
the off-diagonal force constant F12 in Table 6 which confirms that either bond 
would be different without the presence of the other. 
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