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We have measured anion photoelectron spectra of the diphenylphosphide anion, PPh�2 , and its oxide,
POPh�2 , the former being a ligand which is often utilized in inorganic chemistry. From these spectra,
we have determined the vertical detachment energies of these anions and estimates of the electron affin-
ities of their corresponding neutral molecules. We also conducted computations that provided structures
of both the anions and their corresponding neutrals in both systems as well as electron affinities and ver-
tical detachment energies in both systems. The calculated electron affinities and vertical detachment
energies are in good agreement with the experimental values in both systems.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Alkali metal diphenylphosphides are widely used as reagents in
coordination chemistry [1–4]. Several of these compounds have
been studied in solution by NMR [5] and in the solid state by
X-ray crystallography [6]. From these investigations, it is known
that the structure of the diphenylphosphide anion is strongly
dependent on its interactions with its environment, e.g., with sol-
vents [7], its coordination environment with transition metal ions
or with alkali counter-cations [8,9]. Related species, such as the
‘naked’ phosphide anion in potassium crown ether salts are also
known [10]. Thus far, however, there have been no studies of truly
free organophosphide anions, i.e., in the gas phase. Among small
phosphorus-containing anions, only PH�, PH�2 , PO�, P�2 , and PO�2 ,
have been studied in the gas phase by anion photoelectron spec-
troscopy [11–13].

In the present work, we conducted a combined study using gas
phase, anion photoelectron spectroscopy and density functional
theory (DFT) to characterize the free diphenylphosphide anion
(PPh�2 ). In addition, its oxide anion (POPh�2 ) was also studied in
the same manner. The electron affinities (EA) and vertical detach-
ment energies (VDE) of both species were measured and compared
with our theoretical results. Calculated combustion enthalpies
were also reported.
2. Methods

2.1. Experimental

Anion photoelectron spectroscopy is conducted by crossing a
mass-selected beam of negative ions with a fixed-frequency pho-
ton beam and energy-analyzing the resultant photodetached elec-
trons. It is governed by the energy-conserving relationship,
hm = EBE + EKE, where hm is the photon energy, EBE is the electron
binding (photodetachment transition) energy, and EKE is the elec-
tron kinetic energy. Our anion photoelectron spectrometer, which
has been described previously [14], consists of an infrared desorp-
tion/photoemission (IR/PE) anion source, a linear time-of-flight
mass analyzer/selector, a pulsed Nd:YAG photodetachment laser
(0.4–0.5 mJ per pulse into �1 mm2), and a magnetic bottle electron
energy analyzer. Photoelectron spectra were calibrated against the
well-known photoelectron spectrum of Cu� [15].

The diphenylphosphide anion and its oxide were generated
from a solid sample of the ligated aluminum cluster, Li2Al3(PPh2)6.
Details of the sample’s synthetic preparation are described else-
where [16]. A unique anion source was employed that combines
pulsed infrared desorption to bring molecules into the gas phase,
pulsed photoemission to provide low-energy electrons for attach-
ment, and a pulsed helium jet expansion to cool and transport of
the resultant anions. This infrared desorption/photoemission
(IR/PE) source has been previously described [17]. Briefly, a short
IR pulse (1064 nm) from a Nd:YAG laser strikes a translating
graphite bar thinly coated with sample. An almost simultaneous
pulse of 532-nm light from a second Nd:YAG laser strikes a
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Table 1
Experimental and theoretical electron affinities (EA) of PPh2 and POPh2, and vertical
detachment energies (VDE) of PPh�2 and POPh�2 . All the numbers are in units of eV.

Species EA VDE

Theo. Expt. Theo. Expt.

PPh2/PPh�2 1.53 1.5 ± 0.1 1.58 1.64
POPh2/POPh�2 2.00 2.2 ± 0.1 2.58 2.70
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photoemitter (Hf wire) creating a shower of low-energy electrons
that attach to the evaporated neutral species. A plume of ultrahigh
purity (UHP) helium gas expanded from a pulsed valve located up-
stream then cools the nascent plasma mixture and guides it toward
the mass spectrometer, where it is analyzed. Due to the sample’s
air sensitivity, the crystalline Li2Al3(PPh2)6 sample was burnished
onto the graphite bar and sealed in an air tight container inside a
glove box, which was maintained with an oxygen-free nitrogen
atmosphere, until it placed in the pre-purged source vacuum
chamber.

2.2. Computational

DFT calculations were conducted by applying Becke’s three
parameter hybrid functional (B3LYP) [18–20] using the GAMESS
software package [21,22] to determine the EA values of PPh2 and
POPh2, and the VDE values of PPh�2 and POPh�2 . The B3LYP method
has been found to be satisfactory for predicting excess electron
binding energies for many molecular valence anions [23]. All
geometries, including those of the anions and their corresponding
neutral molecules, were fully optimized without any geometrical
constraints while using the 6-31G(d,p) basis set. The electronic
energies were then improved by single-point calculations with a
larger basis set, i.e., aug-cc-pVTZ [24,25], at optimized geometries.
3. Results and discussion

The anion photoelectron spectra of PPh�2 and POPh�2 , both mea-
sured with 355 nm (3.49 eV) photons, are shown in Figure 1. The
spectrum of PPh�2 shows a relatively narrow peak with the hint
of a weak vibrational progression, while that of POPh�2 shows a
broad band. The adiabatic electron affinity, EA, is the energy differ-
ence between the lowest energy vibronic state of the anion and the
lowest energy vibronic state of its neutral counterpart. We have
estimated the EA values of PPh2 and POPh2 by extrapolating the
low EBE side of their respective spectral bands to zero, with the
extrapolated EBE values being taken as their electron affinities.
Thus, we have determined the electron affinities of PPh2 and POPh2

to be 1.5 ± 0.1 eV and 2.2 ± 0.1 eV, respectively. Our calculated val-
ues are 1.53 eV and 2.00 eV, in good agreement with our
Figure 1. Anion photoelectron spectra of the diphenylphosphide anion (PPh�2
experimental values. The EBE value at the intensity maximum of
the lowest EBE band in a given photoelectron spectrum is the ver-
tical detachment energy, VDE, of that anion, i.e., the transition en-
ergy at which the Franck Condon overlap between the wave
functions of the anion and its neutral counterpart is maximal.
We have determined the VDE values for PPh�2 and POPh�2 to be
1.64 eV and 2.70 eV, respectively. Our calculated values of VDEs
are 1.58 eV and 2.58 eV, also in good agreement with our experi-
mentally-determined values. All the values, from both experiment
and theory, are tabulated in Table 1.

Figure 2 exhibits the optimized structures of PPh2 and PPh�2 . The
small structural difference between the anion and the neutral
implies that there should be a substantial Franck–Condon overlap
between the 0’ (anion) to 0’ (neutral) transition, which is consis-
tent with the sharp peak in the spectrum. Weaker 0’ to 1’ and 2’
transitions, however, reflect the fact that the anion and neutral
structures are not quite identical. Figure 3 shows the highest occu-
pied molecular orbital (HOMO) of PPh�2 . One observes that the
excess electron is delocalized across the entire ion, with electronic
communication between the two slightly off-plane benzene rings.
The EA of PPh2 measured here is higher than that of PH2 (1.27 eV)
[11], which is probably due to the stabilization by the two benzene
rings. The optimized structures of POPh2 and POPh�2 (Figure 4)
show that the two benzene rings in the neutral are much closer
to lying in the same plane than those in the anion. This structural
difference resulted in the observed broad spectral band.

Small, low oxidation state aluminum-containing clusters are of
great interest as energetic materials [26]. The compound used in
this work, Li2Al3(PPh2)6, is an example of such a species, where
the PPh�2 ligands have helped to stabilize the aluminum trimer core.
In the course of combustion of such compounds, there is an interest
) and its oxide (POPh�2 ), both recorded with 355 nm (3.49 eV) photons.



Figure 2. The optimized structures of PPh2 and PPh�2 , calculated using the B3LYP/6-
31G (d, p) method.

Figure 3. The highest occupied molecular orbital (HOMO) of PPh�2 , calculated at the
B3LYP/ aug-cc-pVTZ level of theory.

Figure 4. The optimized structures of POPh2 and POPh�2 , calculated using the
B3LYP/6-31G (d, p) method.
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in knowing the heats of combustion of the ligands as well as of the
aluminum core. Our DFT calculations found

PPh2 þ 1=2O2 ! POPh2;

and

PPh�2 þ 1=2O2 ! POPh�2

to have combustion enthalpies (DHc) of �50 kcal/mol and �61 kcal/
mol, respectively. Note that EA(POPh2) � EA(PPh2) = DHc(PPh2)
� DHc(PPh�2 ). Our calculated combustion enthalpies are consistent
with our calculated EA values. Compared to the combustion of bulk
aluminum (DHc = �200 kcal/mol), the energy released from the oxi-
dation of these ligands is much smaller.

Considering the fact that the activation energy for the oxidation
of aluminum nanoparticles was found to be much smaller than
that of bulk aluminum samples [27], and the ignition temperature
of aluminum nanoparticles is significantly lower than that of
micron-sized aluminum [28], the small aluminum core in Li2Al3

(PPh2)6 should be far more readily oxidized than bulk aluminum.
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