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A computational study is made of the effect of basis set upon the energy, properties and inversion 
barrier of the phosphine molecule. The calculations are performed at both the SCF and CI level. 
The flexibility of the double zeta basis is discussed in the light of the results. 
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I. Introduction 

A great deal o f  effort has, over the past few decades, gone into theoretical 
studies of  the bonding and properties of  phosphorus containing compounds.  
Phosphine, as the prototype of many organo-phosphines has been a special subject 
of  study [1]. 

Although the latest calculations [2, 3] on PH 3 have given SCF energies said 
to be within 0.04 a.u. o f  the Hartree Fock limit, comparat ively little attention has 
been paid to basis set effects on the energy, properties and inversion barrier. In 
this study, an at tempt  has been made to compare  in these respects, the various 
basis sets available in the literature, The calculations were performed both at the 
SCF level and with limited CI. Since calculations with restricted basis sets only 
will be possible on the more complicated organic congeners or PH3, the present 
study will have value in attempting to assess the validity of  such calculations. 

2. Description of the Basic Set 

The available basis sets can be divided into three subgroups, viz. : 

2.1. Fitted Minimal STO + d-Functions 

The minimal Gaussian fitted STO basis set (FSTO) has the great advantage 
of having the fewest virtual MOs and this enables construction of  a small CI 
expansion which may  be easily analysed. This feature is particularly important  
in situations where the large number  of  electrons prevents construction of  a full 
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CI expansion. The major disadvantage of the basis set is the poor  SCF energy it 
yields and the undue importance it may well accord to the d-functions in the bond- 
ing scheme. The basis set used in the calculations reported here was constructed 
from a linear combination of three GTOs [4] per STO exponent [5]. The d 
functions whose exponents [6] were taken as 1.22 were also fitted [7] by three 
GTOs. 

2.2. Atomic Energy Optimised [4s, 3p] 

This type of  basis set gives the best atomic energy [8], Also, the number of  
MOs is reasonably small and the CI expansion may be made fairly concise without 
imposing too many restrictions. The major disadvantage of this type of basis set 
is the lack of  valence orbital flexibility. Two basis sets of this type [8a] were 
constructed. The basis AEO1 has a [Is] contraction on the hydrogen atoms [9] 
and the basis AEO2, a [2s] contraction. The scale factor for the hydrogen atom 
exponent was 1.275. 

2.3. Molecular Double Zeta Accuracy [6s, 4p] 

This is the most flexible basis set type and reasonably good SCF energies are 
expected. However, even for PH 3 this basis set gives many MO's and it is difficult 
to obtain a short CI expansion without making quite severe restrictions on the 
electron excitation pattern. Three examples of this type of basis set were studied. 
The DZO1 basis was abstracted from the literature [10]; a [Is] contraction (from 
five primitive GTOs) was used for the hydrogen atoms [9]. DZO2 was a recon- 
traction of  the DZO1 basis [11]; again a [ ls]  hydrogen atom contraction was 
used. DZO3 consisted of fewer primitive GTOs but the same number of  CGTO 
[12]. The hydrogen contraction in this case was a [2s] expansion [12hi. 

The equilibrium (C3v) molecular geometry of PH 3 has been taken from 
Ref. [11] and the bond length in the planar (D3h) geometry has also been taken 
as the equilibrium bond length (2.680 a.u.). 

3. Calculations 

3.1. Energy of the Equilibrium Configuration 

The Rootham-Hall  SCF results were evaluated using a double precision version 
of  Polyatom II [13] and are shown in Table 1. The effects of a polarizing set of  
GTO d-functions were also calculated (except on the FSTO + d basis). The d- 
orbital exponent was taken to be 0.6, this value having been found (from an 
optimisation study [14]) to be most suitable for all the basis sets studied. 

Table 1 shows the total energies obtained. The difference between the minimal 
STO basis and the extended bases can be seen to be considerable. The difference 
between DZO1 and DZO2 has already been discussed [11] with reference to 
HC2 and will not be elaborated here. The basis AEO2 gives an energy 0.012 a.u. 
above the best literature result [11]. 
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Tab le  1. SCF  energies  

Basis  To ta l  N u m b e r  Esc v A Esc ~ 
Set o f  F u n c t i o n s  (a.u.) ( sp -~pd)  

F S T O  + d 18 - 338.7985 
AEO1 22 - 342.4419 0.0563 
A E O 2  25 - 342.4484 0.0512 
D Z O I  27 - 342.2275 0.0537 
D Z O 2  27 - 342.4360 0.0524 
D Z O 3  30 - 342.3568 0.0492 
Ref. [ 1 1 ]  39 - 342.4603 - 

The method of performing the CI calculations has been described fully else- 
where [14, 15] and it may be summarised as follows: 

(1) The AO integrals are transformed [16] to their MO counterparts. 
(2) The Bonded Function [17] (BF) expansion consisting of single and double 

excitations was constructed. Only five types of excitations were permitted 1. 
These may be symbolised as: 

A (single excitations) 
B (identical pair replacements) 
C (non-identical replacements) 

~ }  (interpair replacements) 

a 2 ~ a r  

(12 ~ ?,2 

(12 ~ Fs 

ar bs 
(12b2 

"~-~ as br 

(3) The upper triangle of the CI Hamiltonian matrix was constructed by the Direct 
method [14, 15]. 

(4) The CI energy and coefficients were evaluated by the Nesbet method [18]. 
(5) A set of approximate natural orbitals are formed from the one-particle spinless 

density matrix constructed using the CI vector coefficients. 

The ground state symmetry adopted MO sequence in PH3 i s  2 

lal, 2al, lex, ley, 3al, 4al, 2ex, 2ey, 5a t. 

The full BF expansion for the AEO2 spd basis consists of nearly 17,300 BF 
(including those disappearing due to symmetry constraints). However, the lowest 
lying 5 MOs are almost completely localised in phosphorus [19] and are treated 
as an invariant core in the CI calculation. A series of calculations were performed 
using the AEO2 spd basis set. The various expansion lengths were obtained by 
imposing restrictions on the number of virtual MO's participating in the excitation 
process. Table 2 gives the expansion lengths and energies for these calculations. 
It can be seen that the calculation CI3 yielded an energy below the best literature 
result [20], but the electronic correlation energy recovered is probably only a 
small percentage of the total. 

The orbi ta ts  a, b are  occupied  and  r, s vir tual ,  in the mo lecu l a r  SCF  g r o u n d  state. 
2 A c c o r d i n g  to the C3v po in t  group.  The sequence is o rde red  by inc reas ing  M O  energy. 
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Table 2. CI Calculations using the AEO2 spd basis set 

Calculation Expansion Ecl Ecl- Escv" E c i -  EHF b 
Length (a.u.) (a.u.) (a.u.) 

CII 179 - 342.5037 -0.0552 -0.0037 
CI2 250 -342.5086 -0.0602 -0.0086 
CI3 304 - 342.5116 -0.0631 -0.0116 

a EscF = _ 342.4484 a.u. 
b EnF= -- 342.45 a.u. (estimated by Ref. [20]). The entries in this column are the 

amounts of valence electron correlation energy recovered. 

3.2. Dipole Moment 

The dipole m o m e n t  of PH3 was evaluated using the basis sets presented in 
Section 2. In  order to make  a compara t ive  study of the basis sets, the proper ty  
was evaluated at the SCF and  CI level us ing  both  the sp and  spd basis sets. The  
results are shown in Table  3. The CI calculat ions were per formed using the single 
and  identical  pair  replacement  BF (types A and B). Approx imate  N a t u r a l  Orbi ta ls  
were used to calculate the CI dipole moments .  The effects of CI on  dipole m o m e n t s  
have been studied by Green  [22] and  Mul l iken  [23] and  their conclusions  are 
bo rne  out  by these results. The results show that  CI reduces the dipole m o m e n t  
result  by a small  a m o u n t  (0.02 to 0.05D) for the sp bases. However,  in the spdbases, 
the reverse t rend is observed. The sp bases show #ci lower than  #scr,  CI  is causing 
a flow of  electron density into the P - H  b o n d  region, compensa t ing  for the ra ther  
poo r  hydrogen  a tom description.  Similarly, the d funct ions  decrease the charge 
densi ty  close to Phosphorus ;  the CI effect is therefore to reverse this t rend  a nd  

Table 3. Dipole moments" 

Basis #c~ d #SCF Difference 
Set (Debye) (Debye) (CI-SCF) 

FSTO + d 0.219 
AEO1 spd b 1.577 1.551 0.026 

sp (2.160) c (2.200) - 0.040 
AEO2 1.250 1.247 0.003 

(1.678) (1.724) -0.046 
DZO1 0.438 0.389 0.049 

(0.937) (0.903) 0.034 
DZO2 1.565 1.529 0.036 

(2.120) (2.139) -0.020 
DZO3 0.767 0.759 0.008 

(1.160) (1.183) -0.023 
Ref. [19] - 1.172 
Ref. [11] - 0.838 -- 
Ref. [20] 1.247 1.276 -0.030 

(1.716) 

" Experimental result is 0.578D from Ref. [21]. 
b The d function exponent was 0.60 in each case. 
o The sp basis result is shown in parentheses. 
a A positive result signifies polarisation P- H +. 



A Configuration Interaction Study of Phosphine 145 

res tore  balance.  T h a t  the  d ipole  m o m e n t  resul t  is very sensit ive to basis  set is 
evident  f rom the large  sp read  of  resul ts  in Tab le  3. I t  has  a lso  been found  tha t  the 
d ipo le  m o m e n t  resul t  is sensit ive to the na ture  o f  the CI  expans ion .  Us ing  the basis 
set A E O 2 ,  the CI  ca lcu la t ion  using the B F  types  A, B and  C was pe r fo rmed .  The  
resul t ing a p p r o x i m a t e  N O s  gave a d ipo le  m o m e n t  o f  1.690D, cons ide rab ly  closer  
to the  S C F  resul t  t han  the expans ion  using the single a n d  ident ica l  pa i r  replace-  
ments  a lone.  These  resul ts  can  be expla ined  qua l i ta t ive ly  in te rms o f  the  con t r ibu-  
t ion m a d e  to  the C1 wave func t ion  by  each B F  type. (An e x p l o r a t o r y  s tudy o f  H F  
f rom this  v i ewpo in t  is in p r e p a r a t i o n  for  publ ica t ion . )  

3.3. Inversion Barrier 

The  invers ion  ba r r i e r  o f  N H  3 has  received very close a t t en t ion  [20, 24] ; P H  3 
however ,  has  no t  h a d  s imi la r  t rea tment .  In this s tudy,  no  a t t e m p t  has  been made  
to op t imise  the g e o m e t r y  o f  ei ther  the  p y r a m i d a l  or  p l a n a r  confo rmers  o f  PH3. 

The  S C F  energ ies  for  bo th  s t ructures  were eva lua ted  us ing the basis sets de- 
scr ibed in Sect ion 2. A smal l  CI ca lcu la t ion  using the full set o f  single exci ta t ions  
(A type  B F  in Sect ion 3.1) and ident ica l  pa i r  r ep lacements  (B type  BF)  was per-  
fo rmed  using the M O s  f r o m  the S C F  ca lcu la t ions  as an ini t ia l  guess to  the approx i -  
mate  NOs .  The  invers ion  bar r i e r  (Evl . . . .  -Epyramid) was then  eva lua ted  at  the  S C F  
and  CI  level o f  accuracy .  Tables  4 and  5 show the S C F  and  CI  resul ts  respectively.  

F r o m  the  S C F  ca lcu la t ions  on each o f  the basis sets, it can  be seen tha t  add i t i on  
o f  a set o f  d funct ions  on to  the centra l  a t o m  increases the ba r r i e r  height  by  approx i -  
ma te ly  0.5 eV. This  b e h a v i o u r  can be di rect ly  a t t r i bu ted  to  the na tu re  o f  the  d 
funct ions.  In  the p y r a m i d a l  s t ructure ,  the dxz and  dyz orb i ta l s  con t r ibu te  to bond ing  
M O s ;  in the  p l a n a r  confo rmer ,  these orbi ta ls  are  pe rpend icu la r  to  the mo lecu la r  
p lane  and  p lay  no  pa r t  in the bond ing  scheme. The  d funct ions  therefore  have an 
adverse  effect on  the  invers ion  bar r i e r  because  o f  the u n b a l a n c e d  pa r t i c ipa t ion  

Table 4. SCF barrier heights 

B a s i s  a Epyramld b Eplanar ¢ B a r r i e r  d 

Set (a.u.) (a.u.) (eV) 

FSTO+d -338.7986 -338.7178 2.19 
AEO1 sp - 342.3856 - 342.3482 1.01 

spd - 342.4419 - 342.3929 1.60 
AEO2 sp - 342.3972 - 342.3486 1.32 

spd - 342.4484 - 342.3830 1.78 
DZO 1 sp - 342.1738 - 342.0638 2.98 

spd - 342.2275 - 342.0978 3.52 
DZO2 sp - 342.3871 - 342.3507 0.99 

~ipd - 342.4395 - 342.3846 1.49 
DZO3 sp - 342.3076 - 342.2558 1.41 

spd - 342.3568 - 342.2880 1.87 

a The d function exponent was 0.6 in each CGTO basis set. 
b Nuclear repulsion energy = 17.5603 a.u. 
c Nuclear repulsion energy = 17.4373 a.u. 
a Experimental value of inversion barrier is between 1.2 and 1.4 eV. 
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T a b l e  5.  C I  b a r r i e r  h e i g h t s  

B a s i s  Epyrami d Eplanar B a r r i e r  

S e t  ( a . u . )  ( a . u . )  ( e V )  

F S T O  + d - 3 3 8 . 8 3 2 8  - 3 3 8 . 7 6 3 0  1 . 8 9  

A E O 1  sp - 3 4 2 . 4 3 4 3  - 3 4 2 . 3 9 3 4  1 . 1 1  

spd 3 4 2 . 4 9 6 4  - 3 4 2 . 4 3 9 0  1 . 5 6  

A E O 2  sp - 3 4 2 . 4 4 5 1  - 3 4 2 . 3 9 3 3  1 . 4 0  

spd - 3 4 2 . 5 0 2 0  - 3 4 2 . 4 3 7 8  1 . 7 4  

D Z O  1 sp - 3 4 2 . 2 2 7 8  - 3 4 2 . 1 1 8 4  2 . 9 7  

spd - 3 4 2 . 2 8 6 9  - 3 4 2 . 1 6 7 3  3 . 2 4  

D Z O 2  sp - 3 4 2 . 4 2 7 3  - 3 4 2 . 3 9 1 2  0 . 9 8  

spd - 3 4 2 . 4 8 0 5  - 3 4 2 . 4 3 2 2  1 . 3 1  

D Z O 3  sp - 3 4 2 . 3 5 7 2  - 3 4 2 . 3 0 4 6  1 . 4 3  

spd 3 4 2 . 4 1 4 0  - 3 4 2 . 3 4 0 0  1 . 7 6  

in the conformers. This effect has been noticed previously [3] in PH 3 and also in 
N H  3, by Kari  [25]. 

Comparison of the AEO1 and AEO2 bases shows the effect of  variation of  the 
s function expansion on the hydrogen atoms (since both basis sets have the same 
phosphorus atom description). AEO2 basis gives a barrier height 0.3 eV greater 
than AEO1. This result may be rationalised, qualitatively, in terms of the overlap 
between the phosphorus p orbitals and the hydrogen s functions. The p-s bonding 
may be thought of  as three components:  px-s, pTs and pz-s. Since the AEO2 basis 
has a larger s expansion than AEO1, it may be assumed that the pz-S bonding is 
stronger in the former basis. Consequently, in the planar structure, the loss of  this 
bonding gives a higher molecular energy and thus an increased barrier height. 
Thus, as the number of  hydrogen functions is increased the barrier increases. This 
effect is probably the cause of the difference in the results for DZO2 and DZO3 
(since the number of functions on phosphorus is the same; however, the number 
of functions on the hydrogen atoms is greater in the latter basis set). 

The large barrier predicted by the FSTO + d basis can be rationalised simply by 
examining the importance of the d functions. Since the sp basis is minimal, the d 
functions behave as valence p functions and therefore the loss of  the dx~ and dy z 
orbitals has a marked effect on the energy of the planar structure. 

It  can be seen from Table 5 that the CI result for the barrier height using the 
spd basis is always lower than the corresponding SCF result. In the sp basis sets, 
the reverse trend is noticed (the DZO1 and DZO2 show a small decrease in barrier 
height however). 

In the spd bases, the lower barrier height is due to the involvement of the d~z 
and dy~ orbitals in the bonding in both the planar and pyramidal structure. There- 
fore, the destabilising effect of addition of  a set of d functions is reduced. The sp 
results can be rationalised using an argument based on the electron distribution 
variation caused by the effects of CI. The pyramidal P - H  bond density is being 
enhanced by the CI effects. However, in the planar structure, a lower charge is 
observed. Thus, the barrier is increased. 

The AEO1 and DZO3 sp bases give a result closest to experiment. However, it 
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is useful to consider  the accuracy of these results compared  to that  obta ined simply 
by var ia t ion  of the central  a tom d func t ion  exponents .  

Calcula t ions  with the AEO2 basis show that  a m a x i m u m  barrier height is 
ob ta ined  (1.84 eV) coinciding with the value of the exponen t  which gives the 
o p t i m u m  energy of the pyramida l  structure.  

4. Summary and Conclusions 

The CI  results have shown that  despite examin ing  a cross section of the avail- 
able basis sets, the total  energy is very poor.  On  average, only 0.05 a.u. has been 
recovered by a BF  expans ion  of between 80 a nd  200 terms. Despite also giving 

the lowest CI energy for PH3, an expans ion  of  300 BF gave a result only 0.065 a.u. 
below the SCF result. Therefore the inadequacy  of these bases is apparent .  In  the 
dipole m o m e n t  s tudy and  invers ion barr ier  calculat ions,  the susceptibility of the 
result  to var ia t ion  in basis set is also evident.  It is therefore concluded that  before 
any  quant i ta t ive  invest igat ions of the behav iour  of these second row hydrides 
may  be at tempted,  it will be necessary to derive basis sets of  considerably greater 
flexibility than  double  zeta accuracy. 
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