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Semi-empirical calculations of the energy due to intermolecular interactions have been made for crystals 
• :C6H12, M= P, As, and Sb. This energy has been calculated as a pairwise sum over non- of (C6Hs)sM 1 

bonded atoms; energy minimizations have been performed with respect to the unit-cell parameters and 
molecular positions and orientations. Two sets of potential functions including repulsive and van der 
Waals terms have been employed; one of the sets also contains r-1 (Coulombic) contributions to the 
energy. The experimentally determined structures of the arsenic and antimony compounds have been 
well reproduced, as has the disorder observed for the solvent molecule in the former; it is suggested that 
this disorder is also present in the latter crystal. A comparison of the energies calculated for these solvates 
with those computed previously for unsolvated species predicts the stability of (C6Hs)sP.½C6H12, for 
which no crystallographic data have been previously reported. Crystals of this compound have now been 
identified. These comparisons also show the relative lattice energies of the three possible crystal structures 
seen in this system (Cc, P1, and the P]- cyclohexane solvate considered here) to be the same for all three 
molecules, suggesting that the molecular packing is not greatly affected by a change in the central group 
V atom. 

Introduction 

The study of molecular packing in crystals is impor- 
tant if the influence of intermolecular nonbonded in- 
teractions on molecular geometry or conformation is 
to be understood. We have attacked this problem by 
considering the pentaphenyl compounds of phos- 
phorus, arsenic, and antimony. Three different struc- 
tures have been reported for these molecules (see 
Table 1). In one of these, that of the unsolvated penta- 
phenylantimony crystal, the molecule adopts anoma- 
lous square-pyramidal geometry; in the others, the ex- 
pected trigonal-bipyramidal conformation is observed. 
In previous work (Brock & Ibers, 1976; Brock, 1977) 
we modeled the unsolvated P1 and Cc structures with 
a semi-empirical force field describing intermolecular 
nonbonded interactions; those cell constants and mo- 
lecular positions and orientations which had been 
found experimentally were well reproduced after 
energy minimization. Correlations were drawn be- 
tween the relative magnitudes of the calculated energies 

and the observed crystal form for the three compounds, 
and the observation of square-pyramidal geometry for 
unsolvated pentaphenylantimony was explained as a 
packing effect. 

Table 1. Crystal structures reported for (C6Hs)sM 
compounds, M = P, As, and Sb 

Cc: (C6Hs)sP" (C6HstsAs b 
PI: (C6Hsj.sSb ¢ 

2 a (C6H5)sSb.~6H 12" P l  (solvate): (C6Hs)sAs.½C~H 1 . 

References: (a) Wheatley (1964). (b) Wheatley & Wittig (1962) (unit- 
cell data only). (c) Beauchamp, Bennett & Cotton (1968). (d) Brock & 
Webster (19761. (e) Brabant, Blanck & Beauchamp (1974). 

In this work we have attempted to describe the 
cyclohexane solvated structure of these compounds in 
a similar fashion. In the pentaphenylarsenic solvate 
the cyclohexane molecule is disordered; in a successful 
model the two orientations of this species must have 
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comparable energies. Calculations should indicate to 
what degree the solvate structure is stabilized relative 
to the other arrangements, and it should be possible 
to predict whether or not the pentaphenylphosphorus 
solvate can be formed. Comparisons between lattice 
energies calculated for the three compounds should 
also give information about the extent to which ho- 
mologous molecules within a family of the periodic 
table can be expected to form isostructural crystals. 

Description of the calculations 

Lattice energy minimizations for the cyclohexane sol- 
vates of the pentaphenyl compounds of antimony, 
arsenic, and phosphorus were carried out in a manner 
described in detail previously (Brock, 1977). As before, 
two sets of functions were used to describe the inter- 
molecular nonbonded interactions (Williams, 1967; 
Williams, 1974). The first set, of the Buckingham form, 

Table 2. Results of the energy minimizations of the (C6Hs)sSb.~6H12 s t r u c t u r e  

Observed* A(Calc - Obs) /J(Calc - Obst 

C o u l o m b i c  
interactions ? no yes 

Cell: 

a (~,) 10"579 (5) 0"035, 0"038+ -0"019, -0 -006 t  
b 10"569 (4) -0"166, -0"170 -0"283, -0-287 
c 15" 117 (8) 0-095, 0-051 0"087, 0"037 
ct (~') 120'55 (4) 0'11, 0-06 0"13, 0-08 
fl 106.93 (4) 0"95, 0"79 0"79, 0-56 
7 92-08 (3) -0 .67,  - 1"42 -0"76, - 1"38 
V (~3) 1357"2 - 16-2, - 12"9 -36"7, -32"8 

( - 1'2%, - 1"0%) ( - 2'7%, - 2"4%) 

(C6H 5)5Sb molecule: 
x$ 0.1206 (1) -0.0018,  0.0029 -0-0028, 0-0012 
y 0"0343 (2) 0"0007, -0"0028 0"0039, 0"0009 
z 0-2825 (1) 0.0003, -0 .0030 0"0036, 0-0015 
,5 ('-)§ -37"20 0"12, 2.00 - 1-65, 0"06 
r, - 107.86 -0"69,  -0 .35  -0 .27,  0"05 
r/ 153'04 0-16, 1"70 - 1"14, 0"36 

* Brabant, Blanck & Beauchamp (1974). Numbers in parentheses are s tandard deviations. 
t The two values are for structures which differ only in the o r i e n t a t i o n  o f  the disordered cyclohexane molecule. 
++ Fractional  coordinates of central Sb a t o m .  
§ The angles ,5 e,, and q are t h o s e  w h i c h  bring a b o u t  alignment, except for translation, of an internal Cartesian coordinate system with in  

the m o l e c u l e  wi th  a fixed external Cartesian coordinate system based on the crystal axes (La Placa & Ibers, 1965). 

Table 3. Results of the energy minimizations of the (C6Hs)5As.~6Ht2 structure 

Observed* d(Calc - Obs) d(Calc - Obs) 

C o u l o m b i c  
interactions? no yes 

Cell: 

a (A) 10.448 (19) 0"051, 0-092t 0.002, 0.048"1" 
b 10-566 (21) -0"118, -0"134 -0"291, -0-305 
c ! 4.903 (25) 0'050, - 0-001 0"018, - 0-050 
:t (~) 121.09 (5) 0'11, 0"10 -0-10,  -0 .19  
fl 106"38 (4) 0"48, 0"32 0"33, 0"01 
7 92-44 (51 -0"03, -0"86 - 0 " i 5 ,  -0-87  
V (A 31 1315"8 - 10.7, - 4 . 7  -35"3,  -28"1 

( o /  o /  - 0"8 .... - 0"4%) ( - 2"7, o, - 2" 1%) 

(C6H 5)sAs molecule: 

x~ 0.1224 (3) -0.0020,  0-0023 -0.0031,  0.0010 
y 0"0386 (3) 0"0015, -0"0024 0"0048, 0"0013 
z 0"2853 (2) -0"0007, -0"0037 0"0036, 0"0020 
6 ( )§  -33"54 -0"28,  1"12 -2"21, -0"98 
~: - 110-06 0"31, 0"59 0"66, 0"97 
q 158"51 0"!9, 1"32 - 1"40, -0 ' 35  

* Brock & Webster (1976). Numbers  in parentheses are s tandard deviations. 
+ The two values are for structures which differ only in the o r i e n t a t i o n  of  the disordered cyclohexane molecule. 
$ Fractional coordinates of central As a t o m .  
§ Angles are those described in Table 2. 
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contains exponential and r -6 terms; in the second, 
Coulombic (r-1) contributions are included as well. 
With one exception the parameters for these functions 
were those used in the earlier work (Brock, 1977); 
however, application of Williams's (1974) charge sep- 
aration parameter of 0.358e- for hydrocarbons to 
cyclohexane results in the localization of charges of 
-0"238 and 0.119e- respectively on the carbon and 
hydrogen atoms of this molecule rather than the 
_0"179e- calculated for the atoms of phenyl rings. 

Like the pentaphenyl molecules, the cyclohexanes 
were treated as rigid bodies in the calculations. They 

Table 4. Unit-cell data calculated for the 
(C6Hs)sP. ~ 6 H  12 structure 

C o u l o m b i c  
i n t e r a c t i o n s  ? no  yes  

a (A) 10.408, 10.458" 10-364, 10.412" 
b 10"418, 10.395 10"230, 10"216 
c 14"837, 14.778 14.792, 14"723 
oc (°) 121.68, 121"68 121.44, 121"40 
fl 106-62, 106"31 106.49, 106"05 
"~ 92"46, 91"69 92"34, 91"66 
V (/~3) 1274"5, 1281"0 1248"4, 1255"7 

* T h e  two  va lues  a r e  for  s t r u c t u r e s  w h i c h  differ  o n l y  in the  o r i en -  
t a t i o n  o f  the  d i s o r d e r e d  c y c l o h e x a n e  molecu le .  

were idealized in the chair conformation with geo- 
metric parameters: rc_c = 1"54 A, rc-H = 1"04 A, 0ccc = 
111 °, and 0HCH = 108 °. Except for the C-H distance, 
these values are those used by Wiberg & Boyd (1972) 
in a conformational study; the C-H distance, however, 
was shortened to satisfy the requirements of Williams's 
(1967, 1974) potential functions. The starting points 
for the minimizations of the As and Sb compounds 
were the known unit cells, known (C6 H 5)5M molecular 
positions, orientations, and geometries, and the two 
orientations of the cyclohexane molecule refined in 
the (C6Hs)sAs.~6H12 crystal structure determina- 
tion. The coordinates of the center of the C6H 12 ring 
are fixed in all cases by symmetry and were not varied 
during the minimizations. Pentaphenylantimony and 
-arsenic were idealized as before from the conforma- 
tions found experimentally. Since the conformation of 
pentaphenylphosphorus in the cyclohexane solvate is 
not known, this molecule was derived by shortening 
the axial and equatorial bond lengths of 
(C6Hs)sAs.~6H12 by 0-114 and 0-110 A respectively. 
All minimization data for the three compounds are 
given with respect to unit cells similar to that defined 
in the structure determination of (C6Hs)sAs.~6H12; 
the transformation between this cell and that originally 

Table 5. Observed and calculated orientation angles (°)for the disordered solvent molecule in 
(C6Hs)sM.,~6H12 , M = S b  and As 

M = S b  M = A s  

O b s e r v e &  C a l c u l a t e d  O b s e r v e d  b C a l c u l a t e d  

C o u l o m b i c  
i n t e r a c t i o n s ?  

O r i e n t a t i o n  A : 
fi* 

£ 

r/ 

O r i e n t a t i o n  B: 

6 
F, 

no yes  no  yes  

t - 1 6 " 0  - 1 9 " 2  - 1 7 " 7  - 1 9 " 2  - 2 1 " 2  
5- - 14"1 - 14"3 - 10"8 - 14"5 - 15"9 
t - 1 1 4 " 0  - 1 1 6 " 8  - 1 1 1 " 6  - 1 1 4 - 8  - 1 1 6 " 9  

- 4 8 " 3  - 4 8 " 4  - 4 5 " 3  - 4 9 . 4  - 4 7 - 6  - 4 5 " 7  
5"3 - 0 " 9  - 2 " 1  2.8 - 1 . 2  - 2 . 9  

- 1 1 0 " 9  - 1 0 9 " 8  - 1 0 6 " 8  - ! 1 3 . 9  - 1 0 8 " 8  - 1 0 7 " 8  

Refe rences :  (a) B r a b a n t ,  B l anck  & B e a u c h a m p  (1974). (b) B r o c k  & W e b s t e r  (1976). 

* Ang le s  a r e  t h o s e  d e s c r i b e d  in T a b l e  2. 
t D i s o r d e r  of  the  c y c l o h e x a n e  m o l e c u l e  was  n o t  i n c l u d e d  in the  c r y s t a l l o g r a p h i c  m o d e l .  

Table 6. Calculated lattice energies (in kJ/mol) of(C6Hs)sM crystals, M = P, As, and Sb 
Set II  

Set I ( C o u l o m b i c )  
p o t e n t i a l s  p o t e n t i a l s  

S p a c e  g r o u p  P As Sb P As Sb 

Cc* - 138"5 - 139-3 - 140"6 - 147"1 - 148.5 - 150"4 

P i *  - 141"7 - 142"7 - 145"2 - 160"2 - 161-9 - 165"5 

P I  ( C 6 H I 2  s o l v a t e ) t  - 163"7 - 165"1 - 170"7 - 190"6 - 192"1 - 195-7 
- 162.3 - 163.7 - 170-0 - 188.8 - 190.1 - 194-6 

* B r o c k  (1977). 
-t T h e  t w o  va lues  a re  for s t r u c t u r e s  wh ich  differ  on ly  in the  o r i e n t a t i o n  o f  the  d i s o r d e r e d  c y c l o h e x a n e  molecu le .  



CAROLYN PRATT BROCK 901 

chosen for the antimony solvate has been reported 
previously (Brock & Webster, 1976). 

The results of the energy minimizations for the 
pentaphenylantimony and -arsenic solvates are com- 
pared with the experimental data in Tables 2 and 3 
respectively, while unit-cell data calculated for the 
phosphorus structure are given in Table 4. In each 
case results are given for the two different orientations 
of the cyclohexane ring and for the two sets of potential 
functions. Orientation angles for the cyclohexane mol- 
ecules in (C6Hs)sSb.½C6H12 and (C6Hs)sAs.½C6H12 
after minimization are collected in Table 5. The cor- 
responding experimental values are not very accurate 
since the cyclohexane ring was not particularly well 
described in either determination. Table 6 contains 
the calculated energy values for all three compounds 
in the three crystal structures which are known for 
this system. 

Discussion 

The experimentally determined cell constants of the 
pentaphenylantimony and -arsenic solvates are re- 
produced to better than 1% except for the length of 
the b axis, which is calculated to be considerably 
shorter than is observed. It is not clear why the agree- 
ment is worse in this direction. Inadequacies in the 
model may be especially important along [010], or 
perhaps thermal expansion of the crystal is particularly 
large in this direction. In determining the parameters 
of his most recent potential functions, Williams (1974) 
fit crystallographic data for 18 hydrocarbons. Seven 
of these structures were determined at low tempera- 
ture; the average temperature for the 18 experimental 
determinations was ca 240 K. Similarly, the average 
temperature of the seven structures fit by the other 
set of potentials (Williams, 1967) is ca 190 K. Since 
vibrational effects are ignored in the calculations re- 
ported herein, the unit cells measured at room tem- 
perature should contract during energy minimization. 
Another measure of the agreement between observed 
and calculated structures is based on an examination 
of the second derivatives of the energy evaluated at 
the point on the energy surface corresponding to the 
experimentally determined crystal structure. If the fit 
is good, all the eigenvalues of the matrix of the second 
derivatives will be positive; that is, the experimental 
structure will be within the range of curvature of the 
calculated minimum. Such was the case for all the mini- 
mizations reported in this work. In previous calcula- 
tions of the unsolvated crystals in this system (Brock, 
1977) it was argued that the interatomic potentials 
including Coulombic terms provided a substantially 
better model for the system than did the other set of 
potential functions. There is, however, no evidence in 
this study to differentiate between the two sets. 

The disorder of the solvent molecule observed in 
(C6Hs)sAs.½C6H12 is quite well described in these 
calculations. In the arsenic structure the ratio of the 
occupancy factors of the two sites was unity to within 

experimental error; minimum-energy structures cal- 
culated in this work for the two orientations of the 
cyclohexane ring differ by at most 2 kJ/mol over the 
three compounds. This agreement is remarkable con- 
sidering that this readily deformable molecule was 
assumed to have a strict chair conformation. Further- 
more the shapes of the two minima are not exactly 
the same so that entropy considerations may be im- 
portant. The two calculated orientations of the cyclo- 
hexane molecule are well defined and vary little be- 
tween the three compounds. The major difference be- 
tween the two is the position of one carbon atom and 
its symmetry-related partner. This model is in good 
agreement with that refined from crystallographic data 
for ( C 6 H s ) 5 A s . ~ [ ~ 6 H 1 2  , and may fit the data for the 
antimony solvate better than the ordered model re- 
ported for that structure. The cyclohexane molecule 
refined in the latter determination has rather short 
C-C bonds [ 1.43 to 1-46 (5) A] and large C - C - C  angles 
I115 to 117 (3)°], and may well represent a 'flattened' 
average of two disordered positions. 

For all three compounds the C6H12 solvate is cal- 
culated to be considerably lower in energy than the 
unsolvated structures whether or not Coulombic 
terms are included in the potential functions. The 
energy differences between the solvated structure and 
observed unsolvated form are 25-30 kJ/mol without, 
and 30-45 kJ/mol with the inclusion of Coulombic 
terms. Any entropy contributions would not be of this 
magnitude, so that these calculations predict that the 
solvated form should precipitate from cyclohexane 
solutions in all three cases. No such solvate of penta- 
phenylphosphorus has been reported previously. We 
have found, however, that (C6Hs)sP crystals grown 
from cyclohexane belong to space group P]- and have 
a cell volume of 1286 (5) h a. This volume is in line with 
the values for the arsenic and antimony solvates, and 
is 76 A 3 per molecule larger than that of the unsolvated 
Cc cell. Measurements of rotation and zero-level 
Weissenberg pictures give values for a*, b*, 7*, and c 
which agree well with unit-cell data for the other two 
solvated crystals. The axial lengths of the 
(C6H5)sM.½C6H12 crystals change by about l~o as 
Sb is changed to As, and As to P; the angle 7" is the 
same between the three cells to within 0-3 ° . 

A consideration of the energy values given in Table 
6 indicates that the energy differences between the 
three compounds for a single structure type are quite 
small relative to the energy differences between packing 
arrangements. The relative ordering of energies (P1 
solvate <P-f<Cc)  is the same in all cases. Addi- 
tionally, an examination of interatomic distances shows 
the same short contacts to be present in the three 
compounds. In the cyclohexane solvates, for example, 
the l0 to 15 shortest intermolecular contacts are very 
similar between the pentaphenylantimony, -arsenic, 
and -phosphorus crystals. These similarities do not 
imply, however, that the overall packing is the same 
in the three cases; changes in packing with change 
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in molecular size are by no means isotropic in this 
triclinic cell. Consequently, while many of the inter- 
molecular contacts in the (C6Hs)sM.~6H12  struc- 
ture shorten as M =  Sb is changed to As and then to 
P, other such distances are increased. For instance the 
very important intermolecular contact along [011] 
between two axial ring hydrogen atoms lengthens from 
ca 2"2 A in the antimony structure to ca 2"3 A in 
(C6Hs)sP.½C6H12. Even though this particular con- 
tact is one of the two shortest in all the structures 
considered, the energy involved is less than 1.5 kJ/mol. 
In structures of this complexity it is probably not 
realistic to look at a few short contacts and consider 
them as structure determining. Rather, the relative 
stabilities of molecular crystals are determined by 
hundreds of intermolecular interactions, the most im- 
portant of which may have an energy of less than 
several k J/tool. 

It is now possible to present a unified view of the 
crystal structures of the pentaphenyl compounds of 
phosphorus, arsenic, and antimony. For all three mol- 
ecules the equilibrium geometry in solution is trigonal- 
bipyramidal; this geometry is observed if crystals 
grown from cyclohexane (from our experience the most 
convenient solvent for this system) are studied. If crys- 
tals are grown from a solvent which does not enter 
the lattice, two structures of comparable energies are 
possible. The P1 structure is slightly more stable than 
the Cc arrangement in terms of lattice energy, but 
requires the pentaphenyl molecules to assume a higher 
energy square-pyramidal geometry. The energy of this 
conformational change decreases down the family; 
only in (C6Hs)sSb is it small enough that the P]- struc- 
ture is formed. The initial observation of the 'anomal- 
ous' square-pyramidal geometry for pentaphenylanti- 
mony then was a result of efforts to crystallize the 
compound in an unsolvated form. Such attempts are 

quite standard since solvates are often unstable in air, 
and the solvent molecules often complicate least- 
squares refinements. This system serves as a reminder, 
however, that in flexible molecules the observed 
geometry or conformation may depend on the crystal 
form studied, and that a comparison of alternate crys- 
talline forms or of a series of closely related molecules 
must be made before a seemingly anomalous effect is 
considered to be established. 
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