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With the orthogonality conditions discussed by 
Crowther (1972) this reduces to 

R(tc, ~, rt + ~p) 
2 ( 2  a,m,b/,, , ,)Z / / ,.eq i(m'-m,~ = * dqm(fl)dqm,(fl)e e . 

/ram' n q 

Now substituting the equivalent polar angles for the 
Eulerian angles 

R(K, ~t, ¢p)= Z (~  al*,,,,,b/,,,,,,) 
/trim' n 

X E / l iKq i (m'-m)~p(_ ) (m'-m)  dqm(~)dq,,,(~b)e e 1 . (1) 
q 

This result should be compared with that of Crowther's 
which corresponds to the special case where the 
Patterson function Pl(X) remains stationary. In that 
case 

R(~,fl, y) Z (Z * / ,,,,r ,m~ = a/mnb/m,n)dm,m(fl)e e . (2) 
/?tim' rt 

The small modification which will be necessary to alter 
the Crowther fast-rotation function program to use 

spherical coordinates can be seen by comparing ex- 
pressions (1) and (2). 

The procedure has been satisfactorily tested by 
comparing the results of a 'slow' rotation function with 
a modified 'fast' rotation function program. 

I am grateful to Michael G. Rossmann for suggesting 
the problem, to him and W. Donald L. Musick for 
help in writing the paper, and also to Tallulah Peterson 
and Sharon Wilder for the preparation of the manu- 
script. The work was supported by the National Science 
Foundation (grant No. BMS74-23537) and the Na- 
tional Institutes of Health (grant No. GM 10704). 
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The observation of anomalous square-pyramidal geometry for pentaphenylantimony, (C6Hs)sSb, has 
long been rationalized as a packing effect. The analogous P and As molecules are trigonal-bipyramidal 
in the solid state as expected. In this work calculations have been made of the energies resulting from 
intra- and intermolecular nonbonded interactions in both observed and hypothetical crystal structures 
of square-pyramidal and trigonal-bipyramidal pentaphenylantimony, pentaphenylarsenic, and penta- 
phenylphosphorus in order to determine if the solid state does indeed stabilize a non-equilibrium 
molecular geometry of (C6Hs)sSb, and if so, how much energy is involved. The energies have been taken 
as pairwise sums over nonbonded atoms; the atom-atom potential functions used include repulsive, 
van der Waals, and Coulombic terms. Results of these calculations have been compared with work in 
which the potential functions did not include such 1/r terms. Both observed and hypothetical structures 
of all three molecules lie in true minima of the energy surface with respect to variations in cell constants 
and molecular position and orientation whether or not electrostatic terms are included. However, only 
the potential functions with Coulombic terms predict the crystallization of pentaphenylantimony as a 
square pyramid. The lattice-energy stabilization is then calculated to be about 15 kJ mol-L 

Introduction 

Considerable attention has been focused on penta- 
phenylantimony, (C6Hs)sSb , since its observed geom- 
etries, square-pyramidal in one crystal form and 
trigonal-bipyramidal in another (a cyclohexane solvate) 
are thought to be strongly influenced by crystal packing 
forces. A comparison of the five known X-ray struc- 
tures of penta-aryl Group V molecules (Brock & 
Webster, 1976) shows that (C6Hs)sSb is alone in ex- 

hibiting a square-pyramidal form. It is, in fact, unique 
among all five-coordinate molecules having identical 
ligands and a spherical shell of d-electrons in displaying 
a non-trigonal-bipyramidal geometry. 

Since the results of solid-state structure determina- 
tions are often used to interpret molecular behavior 
in the gaseous and liquid states, it is important to 
understand the extent to which crystal packing forces 
may influence molecular geometry. In this and previous 
work (Brock & Ibers, 1976) an attempt has been made 
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194 THE ANOMALOUS STRUCTURE OF PENTAPHENYLANTIMONY 

to assess the magnitudes of any lattice effects involved 
in the (C6Hs)sSb problem. In the earlier paper, calcu- 
lations of intramolecular strain energies and of lattice 
energies were reported for square-pyramidal penta- 
phenylantimony as observed in the crystal, and for a 
trigonal-bipyramidal molecule and hypothetical un- 
solvated crystal structure derived from data on 
(C6Hs)sP and (C6Hs)sAs. These calculations were 
based on potential functions which included terms for 
repulsive and van der Waals interactions between non- 
bonded atoms. Comparisons showed that while the 
square-pyramidal structure is computed to have a 
more favorable lattice energy than the trigonal-bipyra- 
midal one, the difference (4.6 kJ mo1-1) is not large 
enough to offset the more dominant intramolecular 
interactions (30.5 kJ mo1-1) favoring trigonal-bipy- 
ramidal geometry. At that time we suggested that the 
failure to predict the observed structure might be a 
result of neglecting Coulombic interactions. 

Recently, Williams (1974) has published a new set of 
nonbonded potential functions for C and H atoms 
which includes Coulombic terms, and has shown (Hall 
& Williams, 1975) that these functions reproduce the 
pressure-induced phase transition in benzene while the 
set without Coulombic terms (Williams, 1967) does not. 
Therefore, the calculations of the intra- and inter- 
molecular nonbonded energies of (C6Hs)sSb have been 
repeated using Williams's newest set of potential func- 
tions in order to determine whether the observed PT 
structure having square-pyramidal molecular geometry 
is then predicted to be the more stable one. In addition, 
both sets of potential functions have been employed in 
similar calculations for pentaphenylphosphorus and 
pentaphenylarsenic. The former substance is known 
(Wheatley, 1964) to crystallize as a trigonal bipyramid 
in space group Cc while the latter has a very similar 
unit cell and is presumed to have the same structure 
(Wheatley & Wittig, 1962). A comparison of the results 
of all of these calculations should indicate whether or 
not the addition of Coulombic terms to the atom-atom 
potentials significantly improves the predictive power 
of the functions in problems of this type. An analysis 
of the results should also lead to an estimate of the 
magnitude of the lattice-energy stabilization of the 
square-pyramidal form of pentaphenylantimony. 

D e s c r i p t i o n  o f  the  c a l c u l a t i o n s  

Calculations of the molecular and lattice energies were 
made using Busing's (1972) program W M I N .  In this 
program the energy is taken as the sum of pairwise 
interactions between nonbonded atoms, and is com- 
puted using a form of the Buckingham potential 
(Gilbert, 1968) which incorporates the geometric-mean 
combining law: 

E~j = (B~ + Bj) exp [(A~ + Aj  - r~j)/(B~ + Bj)] 
- (  CiCj)/r6j + (qiqj)/rij . 

Truncation errors in the van der Waals and Coulombic 

contributions are virtually eliminated by use of the 
Ewald-Bertaut-Williams technique for accelerated 
convergence (Bertaut, 1952; Williams, 1971); limits 
were set to ensure convergence to 0.1 kJ mol-1. This 
program also allows for minimization of the energy 
with respect to the structural parameters, that is the cell 
constants and rigid-body positions and orientations, 
by Newton's method. 

Two sets of potential functionparameters were used. 
The first set was derived (Williams, 1967) assuming the 
atoms to be electrically neutral, while the second 
(Williams, 1974) includes Coulombic interactions. The 
repulsive and van der Waals parameters for the As and 
Sb atoms were taken respectively from Kr and Xe 
potentials (Mason & Rice, 1954), while the parameters 
for the P atom were adapted from an Ar potential 
(Mason & Kreevoy, 1955). When these latter poten- 
tials were used in conjunction with the C and H func- 
tions including Coulombic terms, the charge on the 
Group V atom was adjusted to give molecular elec- 
troneutrality. Parameters for the two sets of functions 
are given in Table 1. 

Set I 
H" 
Ca 
pb 
AS c 
Sb c 

Set II 
H a 
C a 
P 
As 
Sb 

Table I. Nonbonded potential  parameters  

Units are kJ mol-1, .~,, and electrons. 

A B C q 
1.42 0.134 10.7 0. 
1.95 0.139 48.7 0- 
2.07 0.138 77.3 0. 
2.25 0.165 107.0 0. 
2.49 0.171 166.5 0- 

1 "43 0" 134 13"0 0" 179 
1 "93 0" 139 43"2 - 0-179 

0"895* 
(As above) 0.895* 

0.895* 

References: (a) Williams (1967). (b) Mason & Kreevoy (1955). 
(c) Mason & Rice (1954). (d) Williams (1974). 

* Adjusted to give electroneutrality for (C6Hs)sM species. 

Lattice-energy calculations were made in a manner 
described previously (Brock & Ibers, 1976) for both 
the observed and hypothetical P ]  and Cc structures of 
the three pentaphenyl molecules. Intermolecular non- 
bonded energy minimizations were performed with 
respect to the cell constants and molecular rigid-body 
translations and rotations. To save computer space the 
Cc cell was transformed as described before to a 
primitive cell in which a = b  and ~=fl. In Cc only 
translations along the y axis affect the energy; conse- 
quently, there are only eight independent variables for 
minimizations in this space group. Upon transforma- 
tion, however, the x and y directions are mixed. The 
resulting redundancy leads to a zero eigenvalue in the 
Newton-Raphson iteration; this redundancy is re- 
moved by omitting the corresponding eigenvector when 
the parameter shifts are calculated. 
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Of the six structures for which calculations were 
made, only two are known experimentally in full detail. 
The initial cell constants and molecular  positions and 
orientat ions for all the PT structures were those found 
for (C6Hs)sSb while the same parameters for the Cc 
structures were taken from the data for (C6Hs)sP. The 
molecular  conformat ions  for the hypothet ical  crystals 
were also taken from these two basic structures. Tri- 
gonal-bipyramidal  (C6Hs)sAs and (C6Hs)5Sb molecules 
having the same phenyl ring orientat ions as penta- 
phenylphosphorus  were formed by lengthening the 
P-C bonds in the Cc structure. The average axial and 
equatorial  bond lengths chosen, 2-106 and 1"966 A in 
the As and 2-256 and 2-150 A. in the Sb molecule, 
reproduce experimental  results for related structures, 
e.g. the cyclohexane solvates (Brock & Webster, 1976). 
Similarly, hypothet ical  square-pyramidal (C6Hs)sP and 
(C6Hs)sAs molecules were derived from the known 
pen taphenylan t imony  geometry by shortening the 
Sb-C bonds in the P I crystal. The decrements used 
were 0.18 and 0.14 A for the axial and basal bonds of  
pentaphenylarsenic,  and 0.29 and 0.24 A for the cor- 
responding bonds of  pentaphenylphosphorus .  These 
numbers  reflect changes in radii between the three 
atoms (Pauling, 1960) and were also chosen so that  the 
axial-to-basal bond length ratios in the P and As square 
pyramids would approximate  the corresponding equa- 
torial-to-axial  ratios in the trigonal bipyramids as is 
the case for pentaphenylant imony.  

The energy differences between the two molecular  
geometries resulting from differences in intramolecular  
nonbonded  interactions were also computed.  The 

Table 2. Results of the energy minimizations of the PT 
pentaphenylantimony structure 

Observed a 

Set II 
(Coulombic) Set I 

potentials potentials 
A(calc.-obs.) A(calc.-obs.) b 

Cell 
a (,~) 10.286 -0.109 -0"093 
b 10"600 - 0.046 - 0.004 
c 13.594 -0-074 0.011 
ct (°) 79"20 0"49 O" 10 
fl 79"47 -- 0"85 - 0"07 
y 119"52 -0.60 - 1.08 
V (A a) 1200 - 19 ( -  l'6%) 5 (0"4%) 

Molecule 
x* 0.1631 0.0012 -0.0016 
y 0'0394 0"0037 0"0037 
z 0"2522 0"0003 0"0005 
6 (°)t -32"4 --0"1 -0-5 
e - 149.3 0.3 -0.6 
r/ -46"5 -0'1 -0.8 

References: (a) Beauchamp, Bennett & Cotton (1968). (b) 
Brock & Ibers (1976). 

* Fractional coordinates of central Sb atom. 
? The angles d, e, and r/are those which bring about align- 

ment, except for translation, of an internal Cartesian coordinate 
system within the molecule with a fixed external Cartesian 
coordinate system based on the crystal axes (La Placa & Ibers, 
1965). 

molecular  geometries described above were used for 
these calculations, and it should be noted that  they do 
not  necessarily correspond to s tat ionary points on t h e  

energy surface. 

R e s u l t s  

The experimentally determined parameters of  the PT 
crystal structure of  pen taphenylan t imony and the 
parameter  shifts after energy minimizat ion using the 
potential  functions of  set II are given in Table 2. For  
comparison,  the shifts reported previously (Brock & 
Ibers, 1976) for calculations without  Coulombic  con- 
t r ibutions are shown as well. Similar data for the ob- 
served Cc structures of  the analogous As and P mole- 
cules are displayed in Tables 3 and 4 respectively. The 
calculated molecular  posit ion and or ientat ion for 
(C6Hs)sAs are not  given since these numbers are not  
known from experiment. The cell constants  for the 
three hypothet ical  structures after energy minimiza- 
tions using the two potential  function sets are found in 

Table 3. Results of the energy minimizations of the Cc 
pentaphenylarsenic structure 

Set II 
(Coulombic) Set I 

potentials potentials 
Observed* A(calc.-obs.) A(calc.-obs.) 

Cell? 
a (,~) 10.058 - 0.034 0.004 
e 14.227 0.037 0" 199 

(o) 79"21 0"08 - 0"20 
y 119"89 -0"51 -0"48 
V (/~a) 1157 4 (0"3 %) 21 (1'8 %) 

* Wheatley & Wittig (1962). 
? Cell constants refer to the primitive cell defined in Brock 

& Ibers (1976). 

Cell? 
a (A) 
¢ 

(o) 

y 
v (A 3) 

Molecule 
x~ 
Y 
6 (°)§ 
8 

* Wheatley 

Table 4. Results of the energy minimizations of the Cc 
pentaphenylphosphorus structure 

Set II 
(Coulombic) Set I 

potentials potentials 
Observed* A(calc.-obs.) A(calc.-obs.) 

9.962 - 0.026 0.009 
14.170 -0.014 0.152 
79.11 0.21 - 0.07 

119.55 -0.01 -0.02 
1134 - 3  (0.3%) 13 (1.1%) 

0"1139 0.0000 -0"0001 
- 0" 1114 0.0001 0"0024 
76-7 -3.1 -1 .9  

101-2 -0"3 -0 .2  
-136-5 2"7 1"7 

(1964). 
? Cell constants refer to the primitive cell defined in Brock 

& Ibers (1976). 
$ Fractional coordinates of the P atom; in this space group 

the energy is independent of the z coordinate. 
§ Angles are those described in Table 2. 
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196 THE ANOMALOUS STRUCTURE OF PENTAPHENYLANTIMONY 

Table 5. Tests on the second derivatives of  the energies 
with respect to the structural parameters  show that in 
all cases the converged structures lie in true minima 
of  the energy surface when either potential set ! or II is 
employed. 

The lattice energies of  the P ]  and Cc structures of  all 
three compounds  are given in Fig. 1 for both parameter  
sets. The intramolecular  energy differences between the 
square-pyramidal  and tr igonal-bipyramidal  molecular 
geometries due to nonbonded interactions are shown 
as well. These numbers indicate that when the Cou- 
lombic potentials are used the intramolecular  energy 
difference favoring the tr igonal-bipyramidal  geometry 
decreases and the lattice-energy difference favoring the 
P ]  structure increases. Overall, the PT, square- 
pyramidal ,  structure becomes more energetically 
favorable in the Sb case, though clearly not in the P 
one. The As compound  is calculated to lie very close 
to the crossover point between the two space groups. 
Inspection of  the various contributions to the energies 
shows that  al though the repulsive and van der Waals  
parameters ,  and hence the corresponding energies, are 
somewhat  different for the two parameter  sets, it is the 
Coulombic terms which account for the square- 
pyramidal  geometry of  pentaphenylant imony be- 
coming more favorable.  The contributions of  the Cou- 
lombic terms to the lattice energies are quite constant  
at 18 (1) and 12 (1)% respectively for the P]" and Cc 
structures of  the three compounds.  

Discussion 

A consideration of  the lattice energies listed in Fig. 1 
shows that  they are not very sensitive to the exact 
molecular  model used; the difference between the 
energies calculated for the P and Sb compounds  does 
not exceed about  5kJ tool-1 in any of  the sets of  calcu- 
lations. In all cases the lattice energy of  the PT struc- 
ture is lower than that of  the corresponding Cc struc- 
ture. The degree of  relative stabilization of  the PT 
structure rises from (C6Hs)sP to (C6Hs)sSb and is in- 
creased when the set II (Coulombic) potentials are 
used. 

The difference in molecular energies between the 
two (C6Hs)sM geometries is much more dependent on 
the exact molecular model used. Changes of 0.01 A in 
the M - C  bond lengths may affect the intramolecular  
energy difference by 5kJ tool-  1 or more. This sensitivity 
to bond length means that rather  large uncertainties 
must be associated with the calculated intramolecular  
energy differences. The consequences of such uncer- 
tainties are most severe in the case of  pentaphenyl-  
arsenic since in this case a difference of  a few kJ tool -1 
may affect the prediction of  the more  favorable crystal 
structure when the Coulombic potentials are used. 
Fortunately,  the numbers for the ant imony molecule 
are more reliable, Sb-C bond lengths for both square- 
pyramidal  and tr igonal-bipyramidal  geometries being 
known from experiment. For  pentaphenylphosphorus  

Table 5. Cell constants after energy minimizations of  hypothetical structures 

P]" (C6Hs)sAs structure P ]  (C6Hs)sP structure 
Coulombic interactions? Yes No* Yes No Yes No 

a (A,) 10.189 10.229 10.048 10.062 9.957 9-967 
b t t 10.347 10.400 10.203 10.264 
c 14-410 14" 564 13"405 13.510 13.328 13.448 

(o) 79.19 78.94 79.59 79"07 79"46 78.87 
fl "t" "[" 79.23 79.74 79.73 79-99 
7 119"22 119"28 118"66 118"12 118"49 117"88 
V (A)) 1213 1230 1141 1164 1113 1137 

Cc (C6Hs)sSb structure 

* Brock & Ibers (1976). 
I" In the primitive cell a=b and ~=fl as a result of the monoclinic symmetry (Brock & Ibers, 1976). 

Square-pyramidal molecule 

P -160.2 | (-.141.7) 
As - 161.9 ~ ( -  142.7) 
Sb - 165.5 ( -  145.2) 

Square-pyramidal 
crystal structure (P1-) 

P - 25.0 ( -  56.9) 
As - 14.9 (-42.8) 
Sb - 8.1 ( -  30.5) 

P 11.9 (53.7) 
As 1.5 (39.4) 
Sb - 7.0 (25.9) 

Trigonal-bipyramidal molecule 

P I -147"1 / (-138.5) 
As - 148-5 ~ ( -  139.3) 
Sb - 150.4 ( -  140.6) 

Trigonal-bipyramidal 
crystal structure (Co) 

Fig. 1. Energy contributions (in kJ mo1-1) from nonbonded interactions for (C6Hs)sM species, M = P, As, and Sb. Numbers in 
parentheses refer to calculations made using potential set I which does not include Coulombic terms; the other set of energies 
was computed using potential set II. 

t 
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the signs and magnitudes of the energies clearly identify 
the Cc structure as the stable form. 

Both the potential function sets calculate true minima 
for the known crystal structures with acceptably small 
changes in the cell constants and molecular transla- 
tions and rotations. Only the set II potentials, how- 
ever, predict the crystallization ofpentaphenylantimony 
as a square pyramid. A consideration of the cell volumes 
calculated for the known structures also favors the 
Coulombic potentials. In all three compounds the cell 
calculated with the set II functions is smaller than that 
calculated with the first set; for the P and Sb cases the 
calculated cell is smaller than the observed one. Since 
these energy minimizations ignore vibrational effects, 
they correspond to a temperature of absolute zero 
(zero-point vibrational energy being neglected). Con- 
sequently, the cell should contract from the volume 
observed at room temperature. 

A third argument favoring the set II potentials is 
based on the size of the intramolecular energy differ- 
ence between the square-pyramidal and trigonal- 
bipyramidal geometries. If this difference is as large as 
30 kJ tool-1, as is calculated for pentaphenylantimony 
using the parameters of set I, it seems likely that the 
interchange of axial and equatorial phenyl rings 
through a square-pyramidal intermediate would be 
strongly hindered. The energy difference for penta- 
phenylarsenic is even larger, by a factor of about 1"5. 
However, the a3C NMR solution spectra of both 
(C6Hs)sSb and (C6Hs)sAs show all rings to be magneti- 
cally equivalent to 173 K (S. L. Smith & C. P. Brock, 
unpublished work).* Therefore, the energy difference 
of 8 kJ mo1-1 calculated with the set II functions 
appears to be more reasonable. 

Inspection of the energy curves drawn for atom- 
atom interactions shows the two sets of potential 
functions to differ dramatically. The large Coulombic 
terms of the set II potentials are dominant in the 
regions in which nonbonded contacts most often occur. 
It would not be possible to reproduce the set II curves 
with any reasonable nonbonded potential which did 
not include interactions of a Coulombic type. The 1/r 
terms cause the potentials to act over distances nearly 
an order of magnitude larger than those important for 
electrically neutral species. Although the partial 
charges of + 0.18 e-  on the C and H atoms and those 
of nearly 0.90 e- on P, As, and Sb seem quite large 
considering the relative electronegativities of the dif- 
ferent atoms, it must be remembered that the criterion 
for a potential function is its success in reproducing 
known structures. The set II potentials with Coulombic 
terms meet this requirement more fully than do the set 
I functions. 

It should be noted that the assignment of Coulombic- 
type parameters to the atoms for the purpose of semi- 

* Observation of this pseudorotational motion might be 
expected for pentaphenylphosphorus, but we were unable to 
obtain 13C spectra of this compound which could be readily 
interpreted. 

empirical calculations of intra- and intermolecular 
nonbonded interactions need not imply actual locali- 
zation of charges in these amounts on individual 
atoms. Rather, the success of such potentials indicates 
that there is some deficiency in the non-Coulombic 
functions which is at least partially remedied by in- 
clusion of an inverse distance term. That the derived 
parameters for this term are found to be of a sign and 
magnitude consistent with their interpretation as partial 
charges is then evidence that the deficiency in the earlier 
functions may indeed be the neglect of Coulombic 
interactions. 

If the Coulombic potentials are accepted as more 
successful for this problem, the lattice-energy stabiliza- 
tion due to intermolecular nonbonded interactions of 
the P I structure over the Cc one is calculated to be 
13-15 kJ mol -~. If less than this amount of energy 
separates the square-pyramidal and trigonal-bipyra- 
midal geometries of (C6Hs)sM, as is apparently the 
case for M = Sb, and if entropy effects are not impor- 
tant, then a seemingly anomalous crystal structure 
results. Since R T  at 300 K is 2.5 kJ mol -~, only a very 
small percentage of the (C6Hs)sSb molecules in solu- 
tion would be expected to possess the square-pyramidal 
geometry found in the solid state. Thus these calcula- 
tions indicate that the crystallization process can be 
responsible for isolating a molecular conformation in 
the solid state which may not even be readily observable 
in solution. 
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