
Published: March 16, 2011

r 2011 American Chemical Society 3752 dx.doi.org/10.1021/ic2001078 | Inorg. Chem. 2011, 50, 3752–3756

ARTICLE

pubs.acs.org/IC

Why Are [P(C6H5)4]
þN3

� and [As(C6H5)4]
þN3

� Ionic Salts and
Sb(C6H5)4N3 and Bi(C6H5)4N3 Covalent Solids? A Theoretical Study
Provides an Unexpected Answer†

Karl O. Christe,*,‡ Ralf Haiges,‡ Jerry A. Boatz,§ H. Donald Brooke Jenkins,^ Edward B. Garner,z and
David A. Dixon*,z

‡Loker Hydrocarbon Research Institute andDepartment of Chemistry, University of Southern California, Los Angeles, California 90089,
United States
§Space and Missile Propulsion Division, Air Force Research Laboratory (AFRL/RZS), Edwards Air Force Base, California 93524,
United States

^Department of Chemistry, University of Warwick, Coventry CV4 7AL, West Midlands, U.K.
zDepartment of Chemistry, University of Alabama, Tuscaloosa, Alabama 35487-0336, United States

bS Supporting Information

’ INTRODUCTION

Numerous examples are known where molecules are covalent
in the gas phase, while in the solid state, they have ionic
structures.1�3 Typical examples are PCl5, N2O5, Cl2O6, or FNO.
The energy difference,ΔE, between the ionic solid and the covalent
gas can be determined by a simple Born�Fajans�Haber cycle, as
shown for FNO in Scheme 1. This energy difference is given by
the sum of the bond dissociation energy [BDE(ON�F)] of the
covalent gas when it separates into two free-radical fragments, the
electron affinity [EA(F)] of the more electronegative fragment,
the first ionization potential [1.IP(NO)] of the more electro-
positive fragment, and the lattice enthalpy term, �ΔHL, ob-
tained by the appropriate correction of the lattice energy, �UL,
released when the resulting anion and cation form the ionic solid;
so, ΔE = BDE(ON�F) � EA(F) þ 1.IP(NO) � ΔHL.

The cases where closely related molecules can exhibit in their
solid state either ionic or covalent structures are much less
common and are not as well understood. It is commonly assumed
that the governing factors in such cases are the maximum
coordination numbers of the central atoms and the lattice and
sublimation energies. To test the validity of these assumptions in a
quantitative manner, we have selected the M(C6H5)4N3 series,
where M = P, As, Sb, and Bi. A recent crystallographic and
vibrational spectroscopic study4 has shown that, in the solid state,

the phosphorus and arsenic compounds are ionic [M(C6H5)4]
þN3

�

salts, whereas the antimony compound is a pentacoordinated covalent
solid. Therefore, this series offered an excellent opportunity for
analysis using a Born�Fajans�Haber cycle similar to the one shown
in Scheme1but adapted to this special case by adding the sublimation
enthalpy, ΔHsub, of the covalent solid to the covalent gas-phase
molecule (Scheme 2).

The calculations of the sublimation energies of the covalent
solid to the covalent gas, the total energies of the covalent gas and
the free gaseous ions, and the lattice energies allow the prediction
of the energy differences, ΔE, between the covalent and ionic
solids. Thermodynamically, ΔE is the important magnitude in
the covalent�ionic isomerism reaction in Scheme 2 because the
entropy change,ΔS, can be anticipated to be extremely small; the
corresponding enthalpy change, ΔH (ΔH = ΔEþ PΔV) will be
approximately equal in magnitude to that of ΔE, which will also
mirror the overall value of the Gibbs energy change, ΔG, for the
target reaction above. For the phosphorus and arsenic com-
pounds, the crystal structure data show that ΔE should be
negative and, for the antimony compound, positive. Further-
more, this analysis provides insight into which intrinsic
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ABSTRACT:A recent crystallographic study has shown that, in
the solid state, P(C6H5)4N3 and As(C6H5)4N3 have ionic
[M(C6H5)4]

þN3
�-type structures, whereas Sb(C6H5)4N3 ex-

ists as a pentacoordinated covalent solid. Using the results from
density functional theory, lattice energy (VBT) calculations,
sublimation energy estimates, and Born�Fajans�Haber cycles,
it is shown that the maximum coordination numbers of the central atom M, the lattice energies of the ionic solids, and the
sublimation energies of the covalent solids have no or little influence on the nature of the solids. Unexpectedly, the main factor
determining whether the covalent or ionic structures are energetically favored is the first ionization potential of [M(C6H5)4]. The
calculations show that at ambient temperature the ionic structure is favored for P(C6H5)4N3 and the covalent structures are favored
for Sb(C6H5)4N3 and Bi(C6H5)4N3, while As(C6H5)4N3 presents a borderline case.
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properties of these molecules are responsible for the change from
ionic to covalent structures.

’THEORETICAL METHODS

Density Functional Theory (DFT) Calculations. The initial
structures and harmonic vibrational frequencies of covalent
M(C6H5)4N3, where M = P, As, Sb, and Bi, of the corresponding
cations [M(C6H5)4]

þ, and of the azide anion [N3]
� were

optimized using the B3LYP5 hybrid functional and the
Stevens�Basch�Krauss�Jasien�Cundari effective core potential
and valence-only basis set,6 augmented with a spherical harmonic
d-polarization function7 and a diffuse sþp shell8 on each heavy
atom. A polar-coordinate grid with 96 radial, 36 θ, and 72 j grid
points was used with theGAMESS quantum chemistry package.9

These geometries were reoptimized with the B3LYP functional
and the following basis sets: C, H, and N, DZVP2;10 P, aug-cc-
pVDZ;11 As, Sb, and Bi, aug-cc-pVDZ-PP.12 We abbreviate this
basis set combination as DZVP2 þ aVDZ-PP. The heavy
element calculations were done with small-core effective core
potentials and correlation-consistent basis sets developed by the
Peterson and Stuttgart groups. These calculations were done
with the Gaussian03 program system.13

Lattice Energy Calculations. Lattice energies, �UL, were
estimated using the VBT approach,14 which related the lattice
energy, UL, to the ionic strength, I, of the lattice and the inverse
cube root of the formula unit volume, Vm. This, in turn, is related
to Vcell/Zwhere Vcell is the volume of the crystal unit cell and Z is
the number of molecules per unit cell. The expression for the
lattice energy is

UL ¼ 2IðRVm
�1=3 þ βÞ ð1Þ

whereR = 28.0 kcal 3 nm/mol and β = 12.4 kcal/mol. The data to
calculateVm for our target salts can be taken fromTable 1 of ref 4,
noting that for the [As(C6H5)4]N3 monohydrate it was neces-
sary to subtract the volume of the hydrated water molecule prior
to calculating the lattice energy of the anhydrous parent salt.

We also calculated the volumes of the anion N3
� and the cations

at the B3LYP/DZVP2 þ aVDZþPP level using the 0.001 au
contour.
Sublimation Energy Calculations. The B3LYP/DZVP2 þ

aVDZ-PP optimized geometries were subsequently used in
single-point calculations to predict the boiling points using the
COSMO-RS formalism,15 as implemented in the ADF
program.16,17 The DFT densities in ADF for the COSMO-RS
calculations of the boiling points were generated at the BP/
QZ4P level.18,19 The rule of Pictet and Trouton20 with ΔHvap =
TBPΔS (ΔG of a phase change = 0), where TBP is the calculated
boiling point andΔS = 25 cal/mol 3K was used to predictΔHvap.
The value of 25 cal/mol 3Kwas taken from our comparison of the
boiling points of a range of substituted compounds.21 The radii
used for P, As, Sb, and Bi are 2.12, 2.16, 2.43, and 2.44 Å,
respectively. The heat of melting of a wide range of compounds is
3( 2 kcal/mol, so we estimated ΔHsub by adding 3 kcal/mol to
the calculated ΔHvap.

22

’RESULTS AND DISCUSSION

DFT Calculations. Because of the relatively large size of the
molecules of this study, DFT was used for these calculations. As
expected from the established maximum coordination numbers
of 6 for PV and AsV1�3 and of 7 for SbV,23 the P, As, and Sb central
atoms should have no problems in accommodating four phenyl
and one azido ligands in covalent, pentacoordinated, pseudo-
trigonal-bipyramidal structures. In accordance with simple
VSEPR arguments,24 the more electronegative azido ligand
should occupy one of the axial positions. These predictions were
confirmed for the pentacoordinated covalent structures by our
theoretical calculations, which showed vibrationally stable mini-
mum-energy structures (see Table S1-1�4 of the Supporting
Information).
For P(C6H5)4N3, a C1 symmetry structure was predicted with

a P�N bond length of 2.185 Å. Although this bond length is
considerably longer than that of 1.79 Å, predicted for the P�N
bond in [NP(N3)2]3

25 and the sum of the covalent radii of P and
N of 1.80 Å,26 it is much shorter than the sum of the van der
Waals radii of about 3.35 Å,27 suggesting the presence of a
covalent azido ligand with strong ionic contributions increasing
the P�N bond length. The presence of strong ionic contribu-
tions is also reflected by the decreased difference of 0.05 Å
between the NR�Nβ and Nβ�Nγ bonds of the azido ligand. To
investigate whether this lengthening of the P�N bond can be
attributed to the influence of the four phenyl ligands, we have also
calculated for comparison the structure of P(CH3)4N3. For this
molecule, three minimum-energy structures were predicted that
differ only by less than 1.5 kcal/mol. The lowest-energy structure
has Cs symmetry with a P�N bond length of 2.264 Å, somewhat
longer than that of 2.185 Å, predicted for P(C6H5)4N3. Thus, the
long P�N bond in P(C6H5)4N3 cannot be attributed to the
steric influence of the phenyl groups. The other two minimum-
energy structures of P(CH3)4N3 were predicted to have P�N
bond lengths of 3.13 and 3.31 Å, respectively, approaching the
value of 3.35 Å for the sum of the van der Waals radii,27 and,
therefore, represent ion pairs.
For covalent As(C6H5)4N3 and Sb(C6H5)4N3, minimum-

energy structures with M�N bond lengths of 2.308 and 2.266
Å, respectively, were predicted, 0.08�0.12 Å longer than those in
P(C6H5)4N3. The main features of the predicted geometry of
Sb(C6H5)4N3 agree well with those found in the crystal structure.

4

Scheme 1

Scheme 2
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As expected, DFT slightly overestimates most of the bond lengths,
except for the Sb�Nbond, where the predicted value of 2.266 Å is
significantly shorter than the experimental value of 2.373 Å. This
implies that in the experimental structure the N3 ligand is some-
what more ionic than predicted. Further support for the increased
ionicity of the azido group in the experimental structure comes
from the fact that the observed difference of 0.048 Å between the
NR�Nβ and the Nβ�Nγ bond lengths4 is shorter than the
predicted value of 0.062 Å. For covalent P(CH3)4N3 and As-
(CH3)4N3, a comparison of the predicted and experimental geo-
metries is not possible because of the lack of experimental covalent
structures.
The geometries predicted for the free M(C6H5)4

þ (M = As,
P) and N3

� ions are in good agreement with the experimental
results,28 with the predicted bond lengths being about 0.02 Å
longer than the experimental ones, as expected for DFT. Our
results clearly demonstrate that in the covalent M(CH3)4N3

molecules the maximum coordination numbers of the central
atoms are not reached or exceeded and, thus, do not play a role in
determining whether the preferred structures are ionic or
covalent.
Of the required thermodynamic values, only the electron

affinity of N3 is known from the experiment,29 2.68 ( 0.03 eV
(�61.8 kcal/mol), and this is the value used in our thermo-
dynamic cycle calculations. For comparison, our calculated value
for EA(N3) at the B3LYP/DZVP2 level is 59.5 kcal/mol. From
the differences between the calculated total energies of the free
gaseous [M(C6H5)4]

þ and N3
� ions and the free gaseous

covalent M(CH3)4N3 molecules and a knowledge of the sub-
limation energies and the electron affinity of N3, the sum of the
M�N BDE and 1.IP of M(C6H5)4 can be obtained. In order to
be able to split this sum into its two components, the covalent
M(C6H5)4�N3 BDE and 1.IP of M(C6H5)4 were calculated at
the B3LYP/DZVP1 þ aVDZ-PP level and are given in Table 1.
Lattice Energy Calculations. On the basis of the structure

refinement data reported inTable 1 of ref 4, the formula unit volumes,
Vm (calculated from Vcell/Z), are Vm[P(C6H5)4N3] = 0.9876/2 =
0.4938 nm3 andVm[As(C6H5)4N3 3H2O] = 2.2221/4 = 0.5555 nm

3

and using the thermodynamic difference rule14cVm[As(C6H5)4N3] =
Vm[As(C6H5)4N3.H2O] � Vm(H2O)

6 = 0.5555 � 0.0245 =
0.531 nm3 and Vm[Sb(C6H5)4N3] = 2.0415/4 = 0.5104 nm3.
The calculated volumes are 0.4793 (P), 0.4851 (As), 0.4756 (Sb),
and 0.5033 (Bi) nm3 using a value of 0.0575 nm3 for V(N3

�)
(Table SI-3 in the Supporting Information). The calcu-
lated volumes are in reasonable agreement with the experimental
values. Taking the lattice ionic strength, I, to be 1, the lattice
energies can be calculated. These can be corrected to lattice
enthalpies, ΔHL, using the correction procedure described
previously14e (ΔHL = UL þ 2RT), where 2RT = 1.2 kcal/mol
at 298 K.
Sublimation Energy Calculations. The calculated boiling

points for M(C6H5)4N3 are 643 K (P), 675 K (As), 620 K (Sb),
and 693 K (Bi). The boiling points lead to predicted ΔHvap

values of 16.1 (P), 16.9 (As), 15.5 (Sb), and 17.3 (Bi) kcal/mol,
which lead to the estimated ΔHsub values in Table 1. The small
variation in the calculated sublimation enthalpies on going from
P(C6H5)4N3 to Bi(C6H5)4N3 is supported by the very small
variations experimentally found for the closely related series SF6
(5.54( 0.003 kcal/mol), SeF6 (5.96( 0.01 kcal/mol), and TeF6
(6.12 kcal/mol).30

Born�Fajans�Haber Cycles. The results from the Born�
Fajans�Haber cycles for Scheme 2 are summarized in Table 1.
The sublimation energies, the lattice enthalpies, and EA(N3) are
approximately constant. For P, As, and Sb, the M�N3 BDEs
are also approximately constant, so it is the value of 1.IP of
M(C6H5)4 that determines whether these M(CH3)4N3 com-
pounds are ionic or covalent. The constant values for the M�N3

BDEs for P, As, and Sb suggest that there is some steric ligand
effect compensating for the expected decrease in the BDE with
an increase in the atomic number, as shown by the fact that in
P(CH3)4N3 the BDE is not coupled with the long P�N bond.
For these molecules, the 1.IP of M(C6H5)4 increases with an

increase in the atomic number of the central atom. P(C6H5)4 has
the lowest ionization potential (IP) because it most readily gives
up its electron to form the corresponding cation, leading to an
ionic solid. As(C6H5)4N3 is right at the border between covalent
and ionic behavior, with 1.IP of As(C6H5)4 being about 5 kcal/
mol higher than that of P(C6H5)4. The value of 1.IP substantially
increases by 14 kcal/mol from As(C6H5)4 to Sb(C6H5)4, so
Sb(C6H5)4N3 is a covalent solid. Although there is a substantial
decrease in the M�N3 BDE for Bi, it is compensated for by a
substantial increase in 1.IP of Bi(C6H5)4, so Bi(C6H5)4N3 is
predicted to be also an ionic solid with an ionic�covalent energy
difference similar to that of Sb(C6H5)4N3. Thus, the results from
our Born�Fajans�Haber cycles confirm that P(C6H5)4N3

should be ionic and Sb(C6H5)4N3 and Bi(C6H5)4N3 should be
covalent by relatively large margins of ΔE, while As(C6H5)4N3

represents a borderline case.
It should be noted that 1.IPs of the M(C6H5)4 radicals do not

follow the periodic trend of the central atoms (Table 2), which is

Table 1. Components of the Born�Fajans�Haber Cycles of
Scheme 2 and Energy Differences, ΔE, between the Covalent
and Ionic Solids for M(C6H5)4N3 (M = P, As, Sb, Bi) in kcal/
mol

P(C6H5)4N3 As(C6H5)4N3 Sb(C6H5)4N3 Bi(C6H5)4N3

ΔHsub 19.1 19.9 18.5 20.3

BDE(M�N) 47.3 47.6 49.3 33.6

1. IP[M(C6H5)4] 86.4 91.2 105.0 119.2

�ΔHL �97.6 �97.5 �97.3 �96.2

�EA(N3) �61.8 �61.8 �61.8 �61.8

ΔE �6.6 �0.6 13.7 15.1

Table 2. Nonperiodic Behavior of Molecular IPs in eV

M atom expt32 MF3 expt MF3 calc MCl3 expt MCl3 calc

N 14.53414 12.94 ( 0.0132 12.60 10.1 ( 0.133c 9.77

P 10.48669 11.38 ( 0.1032 11.87 9.90 ( 0.0132 10.03

As 9.8152 12.84 ( 0.0533b 12.3 ( 0.0533a 12.53 10.55 ( 0.02531,33d 10.41

Sb 8.64 12.131 12.16 10.1 ( 0.131 10.41

Bi 7.2855 12.37 10.431 10.63
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decreasing with an increase in the atomic number, and, in fact,
exhibit the opposite trend. This arises because of the different
stabilities in the neutral radical and in the cation. Nonperiodic
behavior is shown in the calculated and experimental IPs of the
MF3 compounds, as shown in Table 2

31�33 In addition, the IPs of
theMCl3 compounds exhibit a trend similar to that ofM(C6H5)4
of increasing IP with an increase in the atomic number. Thus,
atomic correlations can be very different from molecular correla-
tions. The calculations in Table 2 were done at the same level as
those for the M(C6H5)4 compounds.

’CONCLUSION

Our study surprisingly shows that, contrary to intuition, the
value of 1.IP ofM(C6H5)4 determines whether theseM(CH3)4N3

compounds are ionic or covalent. In agreement with the known
crystal structures, P(C6H5)4N3 is found to be ionic and Sb-
(C6H5)4N3 is predicted to be covalent, while As(C6H5)4N3

represents a borderline case.
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