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Abstract: The molecular and electronic structures of AsP3 and P4 have been investigated. Gas-phase
electron diffraction studies of AsP3 have provided rg bond lengths of 2.3041(12) and 2.1949(28) Å for the
As-P interatomic distances and the P-P interatomic distances, respectively. The gas-phase electron
diffraction structure of P4 has been redetermined and provides an updated value of 2.1994(3) Å for the
P-P interatomic distances, reconciling conflicting literature values. Gas-phase photoelectron spectroscopy
provides experimental values for the energies of ionizations from the valence molecular orbitals of AsP3

and P4 and shows that electronically AsP3 and P4 are quite similar. Solid-state 75As and 31P NMR
spectroscopy demonstrate the plastic nature of AsP3 and P4 as solids, and an extreme upfield 75As chemical
shift has been confirmed for the As atom in AsP3. Finally, quantum chemical gauge-including magnetically
induced current calculations show that AsP3 and P4 can accurately be described as strongly aromatic.
Together these data provide a cohesive description of the molecular and electronic properties of these two
tetraatomic molecules.

Introduction

Recently a directed metal-organic synthetic pathway for the
synthesis of the binary interpnictogen compound AsP3 has been
developed.1 AsP3 has been found to be thermally stable over a
wide temperature range, and the compound can be isolated in
pure form.1,2 AsP3 has been studied in detail with respect to its
electronic properties and its reactivity.2 However, since no
suitable single crystals for X-ray diffraction have yet been
obtained, experimental structural data are only available for
the coordination complexes (AsP3)Mo(CO)3(PiPr3)2 and
[(AsP3)FeCp*(dppe)][BPh4].

1,2 Due to its structural simplicity,
thermal stability, heavy-atom composition, and volatility, AsP3

is an ideal candidate for investigation by gas-phase electron
diffraction(GED)andbygas-phasephotoelectronspectroscopy.3-5

Herein we report the determination of the structure of free
molecules of AsP3 in the gas phase, unbiased by solid-state

intermolecular interactions. As well, for comparison, a reinves-
tigation of the gas-phase structure of elemental white phospho-
rus, i.e. P4 molecules, is presented.6 The electronic structures
of neutral AsP3 and P4, and the energies associated with
geometric distortion upon ionization of each substance have been
probed by photoelectron spectroscopy. Solid-state nuclear
magnetic resonance (NMR) investigations are provided to
complement the gas-phase measurements by direct interrogation
of the electronic environments of the arsenic atom (75As NMR)
and the phosphorus atoms (31P NMR) in the solid state. Finally,
quantum chemical methods are used to provide a more complete
understanding of the electronic structure of AsP3 through
spherical aromaticity assessment via gauge-including magneti-
cally induced current (GIMIC) calculations.7,8

Results and Discussion

Gas-Phase Electron Diffraction. Electron diffraction data were
acquired for AsP3 at a compound temperature of 110 °C and
nozzle temperature of 115 °C. Figure 1b gives the reduced
molecular scattering intensities and the radial distribution curve.
C3V symmetry was assumed for the structural refinement; hence,
the geometry can be expressed in terms of two independent
coordinates, which were chosen to be the P-P and the As-P
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distances. The two structural parameters were refined together
and independently (as an average value and a difference), while
the two interatomic vibrational amplitudes were restrained to a
fixed ratio relative to the values predicted by ab initio calcula-
tions (see Experimental Section for further details). The P-P
and the As-P distances were determined to be 2.1949(28) and
2.3041(12) Å (rg structure type, all experimental distances from
this study are given with uncertainties of 1σ).

Examination of the P-P and P-As interatomic distances in
the previously obtained single-crystal X-ray diffraction structures
of transition metal-AsP3 adducts give As-P bond lengths
ranging from 2.306(6) to 2.336(2) Å (distances to the nonmetal-
bound P atom) and P-P bonds ranging from 2.165(8) to
2.231(3) Å (distances to the non metal-bound P atom).1,2 Our
values obtained from the gas-phase structure are in good
agreement with these solid-state data. For comparison, single
bond distances calculated using covalent radii are 2.32 Å for
As-P and 2.22 Å for P-P.2,9 The P-As-P and the P-P-As
angles, which are dependent parameters, were determined to
be 56.89(11)° and 61.56(5)°. Calculations predict that both
interatomic vibrational amplitudes (P-P and As-P) are equal
within reasonable accuracy, and they were refined to a value of
0.06(2) Å.

For comparison with the structure of AsP3 it was desirable
to have access to a precise gas-phase structure of free P4

molecules. However, despite its structural simplicity, various
and partly contradicting results about the molecular structure
of free P4 have been published, the most recent one as late as
1999.10 There is only one GED investigation of P4 to be found
in the literature which stems from 1935.6 In this study no
rotating sector11 was used. We recently demonstrated that such
investigations, despite all merits regarding the relative accuracy
bearing in mind the archaic simplicity of employed techniques,
yield in cases only very limited absolute accuracies.12 For these

reasons we undertook, parallel to the study of AsP3, also a
reinvestigation of the gas-phase structure of P4 by means of
electron diffraction. Molecular scattering intensities and the
radial distribution curve is given in Figure 1a. At a nozzle
temperature of 100 °C, we acquired diffraction data which
resulted, by using a Td-symmetric one-parameter model, in an
rg distance of 2.1994(3) Å between the P atoms and an
interatomic vibrational amplitude of 0.0560(5) Å. It is also
worthy to compare this new value to those obtained from
structures of P4 in other phases. For example, values extracted
from X-ray diffraction experiments of P4 in the liquid phase at
321 and 499 K provided a P-P bond length of rav ) 2.25 Å.13,14

In the solid state, single-crystal X-ray diffraction of the �-P4

phase, crystallized from CS2 solution, gives an average value
of 2.182(5) Å (range 2.175(5) to 2.192(5) Å) as determined
from 18 P-P bond lengths of three crystallographically
independent molecules, which was further corrected for libration
to a value of 2.204 Å (range 2.199 to 2.212 Å).15

In 1997 Persson et al. estimated the basis set limit at the
nonrelativistic CCSD(T) level of theory for the equilibrium P-P
distance re to 2.186(1) Å, while they achieved a value of 2.188
Å using an ANO type basis set of the contraction form
[6s11p4d3f1g].16 Now we could verify this estimation of the
basis set limit at the explicitly correlated CCSD(T)-F12/aug-
cc-pCVQZ level of theory17 including all electrons into the
correlation space, in yielding an re value of 2.1860 Å for P-P
in P4. Remarkably, core electron correlation affects the calcu-
lated P-P distance significantly by shortening it by ap-
proximately 1 pm compared to the result from taking only
valence electrons into the correlation space (2.194 Å).

The experimental structures give rg P-P bond lengths for
AsP3 and P4 that are equal within three standard deviations:
AsP3 [2.192-2.198 Å], P4 [2.198-2.200 Å]. The best theoreti-
cally obtained values for P-P interatomic distances are 2.186
Å for P4

16 and 2.212 Å for AsP3,
2 while a value of 2.328 Å has

been predicted for the As-P interatomic distance. In order to
allow a comparison of these equilibrium distances (re) with our
experimental (rg) values, one would have to estimate a distance
correction for ro-vibrational effects at the experimental tem-
perature. In principle this can be attempted using calculated
anharmonic force fields, leading in our case to corrections of
the magnitude 0.003 Å (to be subtracted from the rg values).
However, great care is suggested using such corrections, as the
literature discussing the earlier gas-phase structure determination
of P4 by means of high-resolution IR spectroscopy10 in
comparison with the calculated re values mentions problems with
highly excited rotational states and difficulties in estimating
reliable distance corrections. As this problem has not been
resolved thus far, we abstain from such a direct comparison
using corrections of unknown reliability in these particular cases.

Photoelectron Spectroscopy and Electronic Structure. Gas-
phase photoelectron spectroscopy directly probes the electronic
structure of molecules.5,18 In order to understand the photo-
electron spectrum and the electronic structure of AsP3, it is
useful to start with a summary of P4, previously reported by
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Figure 1. Molecular scattering intensities and radial distribution curves
for P4 and AsP3.
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Wang et al.19,20 The valence photoelectron spectra of AsP3 and
P4 are compared in Figure 2. The highest occupied orbitals of
P4 are ...(2a1)2(2t2)6(e)4. When an electron is ionized from the
HOMO e orbital, an 2E state is formed which couples with the
V2(e) vibration causing a Jahn-Teller distortion in the cation.
The 2E state can also be split by spin-orbit coupling. The first
two ionization peaks of P4, labeled A(1) and A(2) in the
photoelectron spectrum shown at the bottom of Figure 2, are
the result of ionization from this e symmetry orbital, and they
have an observed splitting energy of 0.38 eV. This splitting is
primarily the result of the Jahn-Teller reduction in symmetry
since the spin-orbit coupling of the valence ionizations of the
P atom is on the order of only 0.04 eV.21 The next band in the
spectrum, labeled B in the figure, contains three components
that begin as the 2t2 set in the neutral molecule. Upon ionization,
the two different effects again combine to remove the triple
degeneracy of the 2T2 state. The Jahn-Teller distortion, due to
mostly the V3(t2) vibration, splits the 2t2 orbitals into three
components in the cation. Since the splitting energies are larger
than 0.04 eV, Jahn-Teller effects are again the dominant reason
for the splitting. The last peak at 11.9 eV (labeled C) is the 2A1

cationic state and shows vibrational fine structure due to the
V1(a) symmetric vibration with a frequency spacing of 554(11)
cm-1.

The photoelectron spectrum of AsP3 is shown at the top of
Figure 2. It contains features similar to those of the spectrum
for P4, though most of the peaks are shifted to lower ionization
energies, as seen in Table 1, and there is a greater spread of
ionizations in band B. With the replacement of one P atom with
a less electronegative As atom, the molecular orbitals should
be easier to ionize. The vibrational structure is not as resolved

as in the P4 spectrum except for peak C. This is largely due to
lower-frequency vibrations that result in smaller vibrational
spacings that are comparable to the instrument resolution. The
Td symmetry is lowered to C3V, and the symmetries of the highest
occupied molecular orbitals of the neutral molecule change to
...(3a1)2(4a1)2(2e)4(3e)4. The doublet in the A ionization band
arises again from the Jahn-Teller distortion with the same
splitting energy as that in the P4 spectrum.

The major difference in appearance between the spectra of
AsP3 and P4 occurs in band B. In the AsP3 spectrum, the highest
energy component in band B is a distinct peak instead of a
shoulder as observed for P4. A lowering of molecular symmetry
to C3V splits the 2t2 triple degeneracy that occurs in P4 into the
4a1 and 2e orbitals in the neutral molecule of AsP3. This removal
of degeneracy in the neutral molecule and before ionization is
in contrast to that of P4 where the lifting of the degeneracy
occurs in the cation. The peaks labeled B(1) and B(2) are a
result of a Jahn-Teller distortion and spin-orbit coupling, but
the spin-orbit coupling is slightly larger in this system. The
spin-orbit coupling constant of the As neutral atom and
monopositive ion is 0.20 eV.22 This increase from about 0.04
eV for the P atom results in a spin-orbit coupling constant of
about 0.08 eV on average for the molecule, assuming completely
delocalized orbitals for AsP3, and is reflected in the increase of
the splitting between the two lower energy components from
0.19 to 0.22 eV.

Clear vibrational structure outlines the peak at 11.75 eV and
is analyzed with a Poisson distribution in Figure 3. The spacing
of the vibrational progression indicates a vibrational frequency
of 523(9) cm-1, corresponding to a symmetric stretch of the
atoms. This frequency is smaller than 554(11) cm-1, that of P4,
as expected from the greater mass of As, but the Huang-Rhys
distortion factor of 1.15(2) is the same. The similarity in this
vibrational structure between the two molecules further il-
lustrates similarities in electronic structure.

Our recently published DFT calculations agree well with the
photoelectron spectra of P4 and AsP3.

2 A comparison of the
separation of Kohn-Sham orbitals with the separation of the
peaks in the photoelectron spectra shows that the DFT calcula-
tions accurately model the electronic structure of the molecules.
For peaks affected by the cationic Jahn-Teller distortion and
spin-orbit coupling, an average peak position is used for
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Figure 2. He I photoelectron spectra of AsP3 (top) and P4 (bottom).

Table 1. Vertical Ionization Energies of P4 and AsP3

peak position (eV)

peak P4 AsP3

A(1) 9.52 9.30
A(2) 9.90 9.66
B(1) 10.35 10.13
B(2) 10.54 10.35
B(3) 10.86 10.68
C 11.89 11.67

Figure 3. The vibrational progression of the symmetric stretch in the He
I photoelectron spectrum of AsP3. The leading green band corresponds to
a hot band transition. The purple band is the reference peak; the progression
in yellow was generated by a Poisson distribution with a frequency of 523(9)
cm-1 and a Huang-Rhys factor of 1.15(2).
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comparison to the calculated values. Figure 4 compares the
experimental and calculated orbital separations in an energy level
diagram.

Insight into the atomic character of the molecular orbitals is
routinely obtained by observing changes in the relative intensi-
ties of the ionization bands with the change from He I (21.22
eV) to He II (40.81 eV) source photon energies.5 In this case
the cross-section for ionization of As 4p electrons decreases by
a factor of 5 more than the cross section for ionization of P 3p
electrons from He I to He II excitation. Hence, in comparing
the relative He I to He II ionization intensity changes for AsP3

and P4, ionizations that have greater As 4p character should

decrease substantially in relative intensity compared to ioniza-
tions that have greater P 3p character. Figure 5 illustrates the
change in He I and He II ionization intensities for AsP3 and P4,
and Table 2 lists the ratios of the He II to He I integrated peak
areas for each ionization band of both molecules with the area
of band A being the reference. For the comparison in Table 2
the ionizations between 10 to 11 eV are grouped into a single
region B because for P4 the vibrational manifolds of the
ionizations in this region are overlapped into a single band. This
overlap of the ionizations is conducive to vibronic and spin-orbit
mixing of the electronic states, and the individual ionization
intensities cannot be independently determined. The lack of
visible change in the overall contour of this band from He I to
He II excitation is suggestive of the mixing of these states in
the ionization process. In contrast, as mentioned previously, the
energy spread of these states is greater for AsP3, such that
separate ion states are observed with relative intensity changes
between He I and He II excitation. The important point shown
in Table 2 is that the change in integrated intensity of the
ionizations in region A relative to the integrated intensities in
regions B and C is the same for both molecules. This
consistency indicates that the electrons are extremely delocalized
throughout all of the valence molecular orbitals of these
molecules.

Solid-State Nuclear Magnetic Resonance. Figure 6 shows the
solid-state 75As and 31P NMR spectra obtained at 14.09 T for a
stationary powder sample of AsP3 at 298 K. The fact that a
single sharp peak was observed in each of these NMR spectra
immediately suggests that AsP3 molecules undergo rapid
reorientation (or jumps) in the solid state at this temperature.
This plastic crystal phase behavior of AsP3 was observed at
temperatures above 213 K. It is well-known that above 196.3
K P4 is also in a plastic crystal phase.23 The observed 31P
chemical shift for solid AsP3, -413 ppm, is quite different from
that measured in benzene solution, -484 ppm.2 In fact, as seen
from Table 3, the 31P chemical shifts of P4 and AsP3 exhibit
strong dependence on the chemical environment of the
molecules.24,25 The 75As chemical shift observed for solid AsP3,
-962 ppm, is the most negative value (corresponding to the

(23) Boden, N.; Folland, R. Mol. Phys. 1971, 21, 1123–1139.

Figure 4. Energy level diagram for both AsP3 and P4. The top number is
the experimental splitting (averaged for the split ionization bands) obtained
from the photoelectron spectroscopy data and the bottom number in
parentheses is the splitting of Kohn-Sham orbital energies as obtained from
DFT calculations.

Figure 5. Comparison between He I (black) and He II (red) photoelectron
spectra for both AsP3 and P4.

Table 2. Ratios of the Peak Areas from the He I and the He II
Photoelectron Spectra of Both Compounds Normalized to the Area
of Peak A

He II/He I peak area ratio

ionization band P4 AsP3

A 1 1
B 1.90 1.93
C 2.60 2.40

Figure 6. Solid-state NMR spectra of AsP3 obtained at 14.09 T.

Table 3. Comparison of the Isotropic 31P Chemical Shifts between
P4 and AsP3 in Different Environments

molecule δiso(31P)/ppm molecule δiso(31P)/ppm

P4(g)exptl -551.5a AsP3(g)exptl -
P4(g)calc -530b AsP3(g)calc -492b

P4(benzene solution) -520c AsP3(benzene solution) -484c

P4(l) -460a AsP3(l) -
P4(s) - AsP3(s) -413

a From ref 24. b The 31P chemical shift (δ) was converted from the
computed shielding constant (σ) using the absolute 31P shielding scale: δ
) 328.35 - σ.25 c From ref 2.
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most shielded environment at the 75As nucleus) among all known
arsenic compounds.26

To learn more about the molecular dynamics of AsP3 in the
solid state, we determined the spin-lattice relaxation times (T1)
for both 75As and 31P nuclei at temperatures between 213 and
313 K. At 14.09 T, the relaxation mechanism for 31P is
predominantly the chemical shift anisotropy. On the other hand,
the relaxation mechanism for 75As (I ) 3/2) is the quadrupolar
interaction. Similar to the case of P4, the molecular jumps of
AsP3 in the plastic crystal phase satisfy the extreme narrowing
condition,27 i.e., ω0τ , 1 where ω0 is the Larmor angular
frequency of the nucleus under observation and τ is the
correlation time for molecular reorientation. We were able to
analyze simultaneously the 75As and 31P T1 data shown in Figure
7. Our analysis yields the following parameters for AsP3

reorientation dynamics: τ ) τ0 exp(Ea/RT) where τ0 ) 3.1 ×
10-13 s and Ea ) 5.8 kJ mol-1. These parameters compare well
with those reported for P4 (τ0 ) 4.7 × 10-13 s and Ea ) 5.7 kJ
mol-1).23 The same T1 analysis also yields two important NMR
parameters: ∆σ(31P) ) σ33 - σ11 ) 400 ( 10 ppm, and CQ(75As)
) 42 ( 2 MHz, assuming that both the 31P shielding tensor
and the 75As quadrupole coupling tensor are axially symmetric.
The observed 31P shielding anisotropy for solid AsP3 is in
excellent agreement with that measured for P4, ∆σ(31P) ) 405
ppm.28

Aromaticity Considerations. According to nuclear indepen-
dent chemical shielding calculations (NICS),29 AsP3 possibly
shows similarly strong (spherical) aromaticity when compared
with P4.

30 However, in order to assign a reference point in space
at which the NICS value will be calculated, either one point in
space can be determined uniquely according to molecular
symmetry (the symmetry center in the case of P4) or some more
or additional considerations have to be taken into account. In
previous analyses2 the cage critical point of AsP3 was used as

a reference point for the NICS calculation. Since there is no
obvious direct physical connection of these properties, we
undertook further investigations to quantify and compare the
degree of aromaticity of P4 and AsP3.

GIMIC8,31 calculations have been performed using electron
densities calculated at the DFT level of theory (see Computa-
tional Details) in order to calculate a magnetically induced
current density field for P4 and AsP3. The magnetic field was
oriented parallel to the center of the gravity apex-atom vector
as shown in Figure 8. Some representative current density
vectors in a plane orthogonal to the magnetic field vector and
slightly below the P3 ring plane are shown in Figure 8. The
larger current density vectors in this plane outside the molecule
describe a strong diamagnetic circular ring current. In order to
determine the strength of the total current density induced, the
current density vectors were integrated through planes (dark-
and light-gray areas in Figure 8) extending from 10 Å below
the P3 ring plane up to 3 Å above the apex atom. The total
current densities per magnetic field strength (dI/dB) are 49 nA/T
for P4 and 81 nA/T for AsP3.

Since the integration plane passes through half the apex atoms
a large contribution to the total current density is given by their
closed subshells (each closed shell is equivalent to a spherical
aromatic system).8,31 In order to estimate the amount of ring
current which does not stem from the apex atoms, the x
derivative of the integrated currents was (numerically) formed,
yielding a local density contribution function. The local minima
of these functions xmin (marked in Figure 9 with the base of
bold vectors) correspond in a sense to a region where the apex-
atoms contributions to the current just balance the contribution
from the rest of the molecule. Hence the total currents integrated
from -∞ (here numerically approximated by -10 Å) up to xmin

can be taken as the apex atom independent ring current. These
values are 29 and 17 nA/T for P4 and AsP3. Hence the situation
is the reverse of that compared to complete induced ring current
values. Our calculations suggest that both compounds can be
regarded as strongly aromatic (benzene shows approximately
values between 10 and 11 nA/T weakly depending on the level
of theory employed to calculate the electron density);8,31

(24) Heckmann, G.; Fluck, E. Mol. Phys. 1972, 23, 175–183.
(25) Jameson, C. J.; De Dios, A.; Jameson, A. K. Chem. Phys. Lett. 1990,
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(27) Keeler, J. Understanding NMR Spectroscopy; John Wiley & Sons Ltd.:

West Sussex, 2005.
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234.
(29) Schleyer, P. V.; Maerker, C.; Dransfeld, A.; Jiao, H. J.; van Eikema

Hommes, N. J. Am. Chem. Soc. 1996, 118, 6317–6318.
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2834–2838.
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2005, 44, 1843–1846.

Figure 7. Variable-temperature 75As and 31P spin-lattice relaxation data
obtained for solid AsP3.

Figure 8. Relative orientation of the magnetic field (B) and the molecules
used in the GIMIC calculations. The molecules are oriented in way that
the apex-atom to center-of-gravity vector is parallel to the magnetic field.
Some representative current density vectors in a plane orthogonal to the
magnetic field vector and slightly below the P3 ring plane are shown. The
larger current density vectors in this plane outside the molecule describe a
strong diamagnetic circular ring current. In order to determine the strength
of the total current density induced, the current density vectors were
integrated through planes (dark and light gray areas) extending from 10 Å
below the P3 ring plane (x ) 0) up to 3 Å above the apex atom. The total
current densities per magnetic field strength (dI/dB) are 49 nA/T for P4 and
81 nA/T for AsP3. In order to simplify comparisons the x-units were scaled
for both molecules in a way that the apex atom lies at x ) 1.
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however, AsP3 shows distinctly lower magnetically induced
current densities flowing through the bond cage than is the case
for P4.

Conclusions

Several new features of AsP3 have been brought to light with
this series of investigations. First, the molecular structure has
been determined in the gas phase, free of solid-state packing
effects, giving an As-P bond length of 2.3041(12) Å and a
P-P bond length of 2.1949(28) Å. The myriad of contradictory
structures of P4 that have been described in the literature required
a reevaluation of the P4 gas-phase structure.6,32,33 A quote from
Denk et al. that speaks to this point is as follows, “Bond
distances of P4 obtained in our group with large basis sets ...
are in excellent agreement with Haser’s results and give further
support to his suggestion that the structure of P4, in particular
the gas-phase electron diffraction structure which dates from
1935, should be reexamined”.32,34 Denk et al. further state that
the experimental values of the P-P bond lengths of 2.22 and
2.21 Å disagree with their high-level calculations which give
re ) 2.198 Å. The updated value reported here of rg ) 2.1994(3)
Å directly addresses and reconciles this issue. Second, the
ionization energies of the valence molecular orbitals have been
determined using photoelectron spectroscopy showing that the
HOMO of AsP3 is more accessible by 0.3 eV when compared
with P4 and show that overall the two molecules are electroni-
cally very similar. Further, the comparison of He I and He II
photoelectron spectra has shown that the valence electrons in
AsP3 and P4 are strongly delocalized for both molecules. Solid-
state NMR data has demonstrated the plasticity of AsP3 in the
solid state and has shown that the 75As nucleus in AsP3 is the
most shielded of known arsenic nuclei. Finally, GIMIC calcula-
tions have confirmed that AsP3 can be thought of as strongly
aromatic; however, significantly less magnetically induced

current flows through the bond cage when compared with that
with P4. The data reported herein provide a more complete
understanding of the fundamental physical properties of these
tetrahedral, elemental entities and beckon further development
of the molecular chemistry of group 15 elements.

Experimental Section

AsP3 was prepared as described previously and was sublimed
prior to analysis in all cases.1,2

Gas-Phase Electron Diffraction. Electron scattering intensities
for P4 and AsP3 were recorded at 100 and 110 °C sample
temperature and 110 and 115 °C nozzle temperature using a newly
constructed high temperature nozzle and reusable Fuji imaging
plates on a Balzers KD-G2 Gas-Eldigraph in Bielefeld35 (formerly
operated in Tübingen by H. Oberhammer), equipped with a new
electron source (STAIB Instruments), operating at ca. 60 kV and
with a beam current of ∼200 nA. During data acquisition the
background pressure rose from 1.3 × 10-6 to 2.5 × 10-5 mbar,
and the optimal exposure time was 15 to 20 s. Exposed imaging
plates were scanned using a commercially available Fuji BAS 1800
scanner, yielding digital 16-bit gray-scale image data. The image
data were reduced to total intensities using T. G. Strand’s program
PIMAG36 (version 040827) in connection with a sector curve, which
is based on experimental xenon diffraction data and tabulated
scattering factors of xenon. Further data reduction (yielding
molecular-intensity curves), the molecular structure refinement, and
the electron wavelength determination (from benzene data) were
performed using version 2.4 of the ed@ed program.37 The scattering
factors employed were those of Ross et al.38 Further details about
the Bielefeld GED apparatus and methods are published previ-
ously.35 Data analysis parameters for each compound and each data
set including R-factors (RD and RG), scale factors, correlation
parameter values, data ranges, weighting points, nozzle-to-plate
distances, and electron wavelengths are given in the Supporting
Information.

Photoelectron Spectroscopy. Gas-phase photoelectron spectra
(He I and He II) were recorded on an instrument built around a 36
cm radius, 8 cm gap hemispherical analyzer39 (McPherson) using
a custom-designed photon source and collection methods.40,41

Instrument control and electron counting are interfaced to a National
Instruments USB-6251 multifunction DAQ board and custom
software. Samples sublimed cleanly at room temperature from a
Young’s tube with no evidence of decomposition. The argon 2P3/2

ionization at 15.759 eV was used as an internal calibration lock of
the absolute ionization energy, and its difference with the CH3I
2E1/2 ionization at 9.538 eV provided an external calibration of the
energy scale. The instrument resolution (measured as the full width
at half-maximum (fwhm) of the argon 2P3/2 ionization) was
0.020-0.028 eV during data collection. The He I spectra were
corrected for the He I� line (1.866 eV higher in energy and 3%
the intensity of the He IR line), and the He II spectra were corrected
for the He II� line (7.568 eV higher in energy and 12% the intensity
of the He IIR line). All data also were intensity corrected with an

(32) Denk, M. K.; Hezarkhani, A. Heteroat. Chem. 2005, 16, 453–457.
(33) Corbridge, D. E. C.; Lowe, E. J. Nature 1952, 170, 629.
(34) Häser, M.; Treutler, O. J. Chem. Phys. 1995, 102, 3703–3711.

(35) Berger, R. J. F.; Hoffmann, M.; Hayes, S. A.; Mitzel, N. W. Z.
Naturforsch. B 2009, 64, 1259–1268.

(36) Gundersen, S.; Samdal, S.; Strand, T. G.; Volden, H. V. J. Mol. Struct.
2007, 832, 164–171.

(37) Hinchley, S. L.; Robertson, H. E.; Borisenko, K. B.; Turner, A. R.;
Johnston, B. F.; Rankin, D. W. H.; Ahmadian, M.; Jonesc, J. N.;
Cowley, A. H. Dalton Trans. 2004, 2469–2476.

(38) Ross, A. W.; Fink, M.; Hilderbrandt, R. International Tables for
Crystallography, Vol. C (Ed.: A. J. C. Wilson), Kluwer, 1992, p 245.

(39) Siegbahn, K.; Nordling, C.; Fahlman, A.; Nordberg, R.; Hamrin, K.;
Hedman, J.; Johansson, G.; Bergmark, T.; Karlsson, S. E.; Lindgren,
I.; Lindberg, B. NoVa Acta Regiae Soc. Sci. Ups. 1967, 20, 282.

(40) Cranswick, M. A.; Dawson, A.; Cooney, J. J. A.; Gruhn, N. E.;
Lichtenberger, D. L.; Enemark, J. H. Inorg. Chem. 2007, 46, 10639–
10646.

(41) Lichtenberger, D. L.; Kellogg, G. E.; Kristofzski, J. G.; Page, D.;
Turner, S.; Klinger, G.; Lorenzen, J. ReV. Sci. Instrum. 1986, 57, 2366.

Figure 9. Two upper curves show the current densities integrated over
rectangular regions from 10 Å below the P3 ring plane to x (see Figure 2
for a description of the x coordinate) for P4 (dotted line) and AsP3 (full
line). In order to determine the local current contributions from a certain x
level in the molecule, the numerical derivatives of the current density integral
curves by the x are determined (two lower curves). The integrated current
densities up to these local minima of the derivatives (origins of bold vectors)
may be taken as an estimate of the fraction of the total spherical current
originating only from the P3 ring. This excludes the contribution of the
apex atom (29 nA/T for P4 and 17 nA/T for AsP3), which contributes by
itself to a big fraction of the total aromatic current, due its filled subshells
(visible in the derivative curves around x ) 1).
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experimentally determined analyzer sensitivity function versus
electron kinetic energy and baseline adjusted for the ionization
intensity comparisons in Figure 5.

Solid-State Nuclear Magnetic Resonance. Solid-state NMR
experiments were performed on a Bruker Avance-600 spectrometer
(14.09 T) operating at 102.76 and 242.95 MHz for 75As and 31P
nuclei, respectively. Approximately 10 mg of AsP3 powder samples
were sealed in a glass tube (4 mm o.d.). All 31P and 75As chemical
shifts were referenced to 85% H3PO4 (aq) and 0.5 M NaAsF6 (in
CH3CN), respectively. The spin-lattice relaxation time (T1)
measurements for 31P were carried out using the inversion recovery
method with a recycle delay of 30 s. For 75As, T1 was determined
from the full width at half height (fwhh, ∆1/2), using T1 ) T2 )
1/(π∆1/2). This assumption was verified by measuring T1 directly
at several temperatures using the saturation recovery method.

Computational Details. The DFT calculations have been carried
out using the TURBOMOLE program package42 version 5.10. The
geometries of P4 and AsP3 were optimized using the RI-DFT
program deck which is utilizing the ‘RI two electron integral
evaluation routine’. All-electron def2-SV(P) basis sets for both P
and As were employed. The electron densities were calculated in
terms of gauge independent atomic orbitals (GIAO) using TURBO-
MOLES mpshift routine. Nonstandard computation criteria used were
$denconv 1.0D-7 and $scfconv 6, and an integration grid of m4
quality, The GIMIC input files were generated using TURBOMOLES

(hidden) $gimic flag. GIMIC version 2.18 was used for the
calculation of the current density vectors and their numerical
integration.

The closed shell coupled-clusters calculation was performed with
MOLPRO version 2008.117 at the CCSD(T) level of theory using
the explicitly correlated F12b method43 together with the quadru-
ple-� type aug-cc-pCVQZ basis set44 suitable for including core
electron correlation. All electrons were taken into the correlation
space. The employed auxiliary basis set for the F12b method was
of aug-cc-pwCVQZ/mp2fit18 type. The geometry was optimized
with the MOLPRO numerical gradient method.2,17
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(42) Ahlrichs, R.; Bar, M.; Häser, M.; Horn, H.; Kolmel, C. Chem. Phys.
Lett. 1989, 162, 165–169.

(43) Adler, T. B.; Knizia, G.; Werner, H. J. J. Chem. Phys. 2007, 127,
2211061–2211064.

(44) DeYonker, N. J.; Peterson, K. A.; Wilson, A. K. J. Phys. Chem. A
2007, 111, 11383–11393.

J. AM. CHEM. SOC. 9 VOL. 132, NO. 24, 2010 8465

Molecular and Electronic Structures of AsP3 and P4 A R T I C L E S


