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The Photoelectron Spectroscopy of Organophosphorus Compounds

V.V.Zverev and Yu.T.Kitaev

The applications of the method of photoelectron spectroscopy in the study of the electronic and steric structures of organo-
phosphorus compounds is examined. The spectra of two-, three-, and four-coordinated phosphorus are interpreted in terms of
the approximation of Koopmans' theorem. Attention is concentrated on the elucidation of the composition of the upper
occupied orbitals. The manifestations of the n-ir and n-n interactions in the photo-electron spectra of these compounds
are investigated.
The bibliography includes 104 references.
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I. INTRODUCTION

The ultraviolet photoelectron spectroscopy (PES) is a
unique method whereby it is possible to establish the
sequence of the ionisation potentials of molecules. The
first reports showing that the photoelectron spectrum con-
tains information about the set of ionisation potentials were
published by Vilesov et al. * and Turner and Al-Joboury2

more than ten years ago, but the period of the most intense
development of the method covers the last five years. The
method of X-ray (photo)electron spectroscopy, which per-
mits the determination of the electron binding energies in
the inner non-valence levels, was developed somewhat
earlier3, but the survey of the available information about
the applications of this method in the study of organophos-
phorus molecules is outside the scope of the present
review.

This review deals with the applications of the PES
method in the study of the compositions of the upper occu-
pied molecular orbitals and of the steric structures of
organophosphorus compounds. The photoelectron spectra
of phosphorus compounds have been obtained by many
groups of investigators and the number of compounds which
have been investigated is fairly large.

The method of ultraviolet PES, described in a number
of reviews and monographs (see, for example, Refs.4-9),
has become firmly established in organic chemistry. The
most important results have been obtained by the PES

method in the study of the TT —7T interaction in conjugated and
non-conjugated molecules with TT bonds10'11, the t-o mixing
of orbitals in non-planar molecules12'13, the problem of the
77 — a separation in planar conjugated systems14'15, the n-n
interaction of lone electron pairs (LEP)16, and the n-n
interaction of LEP with an unsaturated fragment of the
molecule17"20. The possibility of investigating by the PES
method the steric structures of conjugated molecules16"21,
the steric hindrance to conjugation , and conformational
equilibria16'21 is of considerable interest. The PES
method has been used in a number of studies to investigate
reactivity22"25.

The information obtained by the PES method is extensive
and varied. The threshold value of the ionisation current
yields the adiabatic potential I P m , which is defined as the
difference between the energies of the molecules and the
ion in the zero-point vibrational state. The vertical ioni-
sation potentials IP m may be determined from the maxi-
mum change in the ionisation current, which corresponds
to the most probable ionisation transition.

The interpretation of the experimental data obtained by
the PES method is simplest and most convenient in terms
of the approximation of Koopmans' theorem26'30, according
to which the values of IP m are equal to the energies (with
the opposite sign) of the corresponding molecular orbital:

IPS, = - « (1)
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In terms of the approximation of Koopmans' theorem, the
ionisation potential IP(^/m) may be regarded as the energy
of the ionisation of an electron from the occupied orbital
O^m)- In comparing the experimental values of IP m with
the calculated orbital energies ( - % ) , one also uses rela-
tions of the type

8m). (2)

which have come to be referred to as the weakened form of
Koopmans' theorem31'32.

However, the empirical methods for the interpretation
of PES data, based on the definite characteristic nature of
the properties of the bands in the spectrum, are no less
valuable. Thus the LEP of oxygen, sulphur, and halogen
atoms contribute specific narrow bands to the photoelec-
tronic spectra, while the delocalisation of the LEP, par-
ticularly their involvement in the n-ti interaction, leads to
a broadening of the bands and a change in their shape5.
When the LEP electrons of nitrogen33 and phosphorus34 are
dislodged, broad bands are obtained (the difference between
IPV and IP a amounts in this case to approximately 0.5 eV),
which is associated both with the involvement of the LEP of
these atoms in bonding and with the change in the geometry
of the ion on ionisation. The upper n orbitals of conjugated
systems give rise to narrow bands with a resolved vibra-
tional structure5. The intensity of the bands depends both
on the nature of the atom where the corresponding orbital
is predominantly localised and on the contribution to the
latter by s and p electrons35.

In the interpretation of PES data, relations governing
series of related compounds are used, the spectra of the
test compound and its perfluoro-analogue are compared36,
and account is taken of the spin-orbital and Jahn-Teller
band splitting37'39 as well as the dependence of the band
intensity on the degree of degeneracy of the orbitals37 and
the energy of the ionising radiation38. The above proce-
dures make it possible in many instances to interpret fairly
unambiguously the photoelectron spectrum and to determine
the energy of the orbitals and the nature of their interac-
tion.

II. X3-PHOSPHORINS

The photoelectron spectra of X3-phosphorin and its
derivatives

Table 1. The vertical ionisation potentials of X3-phospho-
rins and their interpretation.

have been obtained and interpreted by Schafer's' and
Heilbronner's" groups. The disposition of the molecular
orbitals in \3-phosphorin was established by comparison
with ab initio calculations46 and with calculations by the
method of complete neglect of differential overlapping
(CNDO/2)40'41 and was confirmed by ionisation potential
data for series of related compounds43"45 (Fig. 1 and
Table 1).

Compound

A.3-Pnosphorin

2,4,6-Tri-t-butylphosphorin

9-Phenyl-l O-phosphanthracene

2-Phenyl-l-phosphanaphthalene

2-Phenylnapthalene

10-Phenyl-9-phosphanthracene

10-Phenylanthracene

2,4,6-Tri-t-butyl-l,l-
dimethoxyphosphorin

l,l-Dibenzyl-2-phenyl-l-
phosphanaphthalene

9.2
3&! (It)
8.0

It!

7.25
7.65

H i

7.75

« i

7.60
It!

7.65
niCi)
6.7

6.0

9.8
Ia2(n)
8.6

i t 2

8.65
8.40

Jt2

8.30
J I 2

8.15
n2

8.05
n2(a2)
8.4

7.90
Jt2

1PV, eV

10.0
I3ai(a, n)

8.6
n

9,00
8.9

Ph,

8,95
Ph

8.85
n3

8.90
Jt3(a2)

8.8

' Ph, B

11.5
8^(3)
10,0

9.30
9.4

n

9.3

9.25
Ph, n
9.20
Ph

9.4

Z' nS

12.1
2b,(n)

9.90
9.8

j t 3

9.95
i t 3

9.80
i t4

9.75
n4(bl)

Refs.

46

40

42

44

44

45

45

43

44

When a heteroatom is introduced into the benzene mole-
cule, the upper degenerate benzene orbital leig(7r) splits
into two orbitals of the type b1(n) and a2(n), in conformity
with the C2V symmetry group of the substituted molecule.
Since the atomic coefficient of the Q2(TI) orbital is zero at
the site of substitution, the orbital should be little affected
by the influence of the substituent (Fig. 2). In contrast to
az{n), the Mtf) orbital has no node at the site of substitution
and its energy must depend significantly on the nature of
the substituent. In terms of the approximation of the
Hiickel method, the change in the energy of the &I(TT ) orbital
is determined by the product of the square of the atomic
coefficient at the site of substitution and the Coulomb inte-
gral for the heteroatom Ao»x:

(3)

The absence of a charge on the phosphorus atom in the o2(
7r)

orbital also follows from the electron density map for the
&i(7r) and a2(ir) orbitals of the X3-phosphorin molecule47.

In the pyridine molecule, the energy of the az(-n) orbital
is higher than that of the &I(TT) orbital, because the nitrogen
atom is more electronegative than carbon and stabilises the
&i(ir) orbital. In contrast to the pyridine molecule, in
X3-phosphorin and in heterocyclic arsenic(IV) and anti-
mony(V) compounds, the &i(7r) orbital lies above the ctziv)
orbital (Fig. 1). The reversal of the sequence of IT orbitals
in X3-phosphorin in relation to pyridine constitutes the main
problem in the interpretation of the photoelectron spectra
of these compounds40"46. The reversal of the orbitals has
been comprehensively investigated and demonstrated in
several ways. The reversal of the sequence of vr orbitals
can be demonstrated by quantum-chemical calculations of
X3-phosphorin46. We shall also examine empirical
methods for the elucidation of the reversal of levels and
the conclusions concerning the electronic structure of the
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Figure 1. Photoelectron spectra: a) pyridine (II); b) X3-phosphorin (El); c) correlation
energy level diagram for compounds (I)-(V).46
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X = donor in absence X = accep-
of X tor
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Figure 2. The influence of the substituents X on the relative positions of the o2(tf)
 anc^ M77)

orbitals (c), a schematic representation of the atomic coefficients of these orbitals (b), and
electron density maps for the a2(n) and &I(TT) orbitals of X3-phosphorin (c).47
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X3-phosphorin molecule which follow from this reversal.
In the series of compounds (I)-(V), the ionisation poten-
tials of the friOO orbitals are correlated with the ionisation
potentials IP(X) of the atoms X:

X N C P As
IP(X), eV 14.53 11.26 11-0 9.81

Sb
8.64

when the reversal of orbitals is postulated46. In the deri-
vation of the relation

l?v[b, Or)] = 5.24 eV + 0.362 IP(X), r = 0.9998 (4)

IPj[&i(7r)] was used for pyridine and IPv[&i(ir)] was used for
the remaining compounds. The ionisation energy of the
second occupied 7r orbital of the b^ir) type is also correlated
with IP (X):

IPV[Z>, 0r)]= 10.25 eV +0.163 IP(X). (5)

In compounds (I)-(V), the potentials IP[&i(7r)] vary less
than IP(X), because the atomic coefficient Cfo jX of this
orbital is significantly less than unity at the site of substi-
tution. (Cm x ) 2 = 1/3 is obtained for the upper bi(ir) orbi-
tal and (Cm,xr = 1/6 is obtained for the second orbital of
the &i(tf) type46. In conformity with Eqn. (3), these squares
of the atomic coefficients should determine the slopes of
the linear relations between IP[&i(7r)] and IP(X); the empi-
rical slopes of the straight lines, described by Eqns. (4)
and (5), are indeed very close to 1/3 and 1/6.

The nitrogen atom, which exhibits electron-accepting
properties, stabilises the b^n) orbital in pyridine [IP(N) =
14.53 eV, IP(C) = 11.26 eV]. In contrast to this, the
phosphorus, arsenic, and antimony atoms destabilise the
&I(TT) component of the leig orbital of the benzene molecule,
showing at the same time electron-donating properties.
However, whereas the bi(ir) orbitals in A3-phosphorin are
destabilised compared with the corresponding benzene
orbitals, the a2{ii) orbital is additionally stabilised. It has
been noted46 that, according to ab initio calculations, a
shift of electron density away from the phosphorus atom is
observed in A3-phosphorin.

The inversion of the sequence of orbitals in compounds
(I)-(V) and (VI)-(VIII) was also observed when the
IPV[61(77)] of these compounds were compared with the IPi
of the anthracene hetero-derivatives42. The problem of
the degeneracy of the orbitals and of their disposition after
the removal of degeneracy, which is crucial for benzene
derivatives, is altogether absent for anthracene and its
derivatives. In anthracene, the upper occupied &2g(ff)
orbital is not degenerate, its energy is much higher than
that of the subsequent orbitals, and it has no node at any
of the atoms:

Like the orbital of the &1OO type, this orbital should be
subject to the inductive influence of the heteroatom X
(Fig. 3).

The photoelectron spectra of compounds (XI)-(XIV)
show a separate band of the ir type, which unambiguously
determines the value of IPV. The inversion of the orbital
sequence follows from the fact that the IPV of compounds
(XI)-(XTV) are correlated with the values of IPv[&i0O] of
compounds (I)-(V) and (VI)-(IX), selected taking into

account the inversion. Since the atomic coefficient of the
62g(7r) orbital at the site of substitution is smaller than the
corresponding coefficient of the &i(ir) orbital in benzene,
the range of variation of IPV in compounds (XI)- (XIV) is
also significantly narrower than in compounds (I)-(V) and
(VI)-(IX) (Fig. 3). Like the correlation equations (4) and
(5), these data also indicate the applicability of Eqn. (3) to
the description of the dependence of the energy of the orbi-
tal without a node at the site of substitution on the elec-
tronegativity of the heterosubstituent.

/ \

\ / \ /

(XV) (XVI)

lPv[b, (ir)], eV

10

Ph
(XVII)

T
Ph

(XVIII)

As P C

IPI, eV

Figure 3. Relation between IPv[&i(?0] and IPV of com-
pounds (I)-(rV) and (XI)-(XIV) (a) and compounds (VI)-(K)
and (XI)-(XIV) (&).42

In their discussion of the photoelectron spectra of com-
pounds (XV)-(XVin), Schafer et al.45 concluded that the
electronic influences of the phosphorus atom and the sp2-
hybridised carbon atom are identical, because, in contrast
to the nitrogen-containing hetero-derivative (XVIII), the
upper ionisation potentials of 9-phenyl-X3-phosphaphen-
anthrene (XVII) and 9-phenylphenanthrene (XVI) are
extremely close (Fig. 4). The changes in the ionisation
potentials of 2-phenylnaphthalene are just as small when
the carbon atom in the 1-position is substituted by phos-
phorus4 (Table 1). However the initial compounds (ben-
zene and A3-phosphorin) have different photoelectron
spectra; the substitution of a carbon atom by phosphorus
removes the degeneracy and shifts the ionisation potentials
of some of the orbitals, although to a much smaller extent
than does substitution by a nitrogen atom (Fig. 4). The
very significant changes in the ionisation potentials for the
if orbitals of 9-phenylphenanthrene and 2-phenylnaphthalene
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Figure 4o Correlation diagram for the ionisation potentials of compounds (XV)-(XVHI).45

on substitution of a carbon atom by phosphorus can be
readily understood: the TT orbitals in the 9-phenylphenan-
threne molecule are significantly delocalised, the atomic
coefficients of the individual orbitals at the site of substi-
tution are small and, according to Eqn. (3), the corre-
sponding changes in the orbital energies and ionisation
potentials should be insignificant.

In the discussion of the photoelectron spectrum of X3-
phosphorin, the problem of the role of d orbitals was
raised. On the basis of the populations of the d orbitals
calculated by the CNDO/2 method, Schafer and co-workers40*1

postulated that the additional stabilisation of the o f̂a) level
as a result of the interaction with the vacant ^(^x.y) orbi-
tal, plays a definite role in the inversion of the bi{n) and
a2(tf) levels,, However, the excellent correlation between
IPv[&i(tf)] and the ionisation potentials IP(X) of the hetero-
atoms shows that the changes in IPv[&i0O] of X3-phosphorin
are determined solely by the electron-donating properties
of phosphorus. Furthermore, ab initio calculations have
shown45 that the calculated sequence of &i(7r) and a2{n)
orbitals in X3-phosphorin is independent of the inclusion
of d orbitals in the treatment. Nevertheless, if one con-
siders only the inductive influence of the phosphorus atom,
leading to the destabilisation of the bx(Tj) orbital, it is very
difficult to understand the cause of the appreciable stabili-
sation of the a2(ir) orbital.

We shall consider the ionisation potentials IP(n) of the
LEP of phosphorus in the photoelectron spectrum of X3-
phosphorin and its derivatives. In the range 9.5-10 eV,
the spectrum of X3-phosphorin has two overlapping bands
(Fig. 1). Since the first has a sharper peak than the sec-
ond, the authors46 suggest that IVj = 9.8 eV corresponds
to the az{Ti) orbital and IPv(n) = 1(1.0 eV corresponds to the
fli(a,w) orbital of the lone pair. IPv(n) is 9.25 eV for 9-
phenyl-A3-phosphaphenanthrene45, while IPV(«) of 1,3,5-
tri-t-butyl-X3-phosphorin is reduced to 8.6 eV.43 It is of
interest that the ionisation potentials of the a2(ii) and Oi(tf,n)
orbitals of all the compounds in the series (II)-(VI) (Fig. 1)
are similar and vary in parallel, while in the photoelec-
tron spectra the corresponding bands are poorly resolved.

In contrast to X3-phosphorin, the electronic structures
of X5-phosphorins have been investigated by the PES method
to a lesser extent. The first ionisation potential of 2,4,6-
tri-t-butyl-l,l-dimethoxy-X5-phosphorin is reduced to

43"6.7 eV, while that of l,l-dibenzyl-2-phenylphosphanaphth-
alene is only 6.0 eV.44 The cause of such considerable
destabilisation has still not been explained. It has been
noted44 that the phosphorus atom is involved in conjugation
in X5-phosphorins.

III. COMPOUNDS OF THREE-COORDINATED PHOSPHO-
RUS

The photoelectron spectra of compounds of three-coor-
dinated phosphorus have been obtained by various groups
of investigators34'48"69. In many cases, the first ionisa-
tion potential is attributed to the removal of an electron
from the LEP of phosphorus. In a series of compounds
investigated, this quantity varies over a wide range—from
12.29 eV for PF3 to 7.88 eV for Ph3P.52'61 The dependence
of the ionisation energy of the LEP on the charge of the
phosphorus atom7 and on the sum of the constants aPh64

I
has been noted; the empirical ionisation potentials have
been compared with the calculated orbital energies61'70"72.
The adiabatic ionisation potentials IP a have been published
for a much smaller number of compounds than have the
vertical potentials IPV. We may note that the adiabatic
potential has been used70'71 in a comparison with the
results of ab initio calculations for PH3 and the vertical
potential has been used for other compounds. The same
error has been made also in a review7. A handbook73 also
quotes the adiabatic potentials for some compounds and the
vertical potentials for others.

The difference between the values of IPV and IP? charac-
terises the change in the geometry of the ion compared
with the isolated molecule34>49. The differences IPv-IPf
for phosphine, methylphosphine, trimethylphosphine, and
phosphorus trifluoride molecules are 0.64, 0.58, 0.59,
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and 0.70 eV respectively34'52'62. In the case of chloro-
alkylchlorophosphines, the differences are 0.47 eV for
PC1(CH2C1)2 and 0.59 eV for PC12(CH2C1). *

The PES method has been used34549 to estimate quanti-
tatively the geometrical parameters of the ions derived
from the PH3 and PF3 molecules. The irregularity of the
vibrational levels and the appreciable broadening of the
first peak indicate a somewhat pyramidal structure of the
PH3 ion. The PF3 ion has a planar structure, because the
distances between its vibrational peaks are equal. Analy-
sis of the vibrational structures of the photoelectron
spectra enabled Maier and Turner34 and Potts and Price49

to determine the angle between the X-H bond and the axis
of rotation for a number of hydrides. In the PH3 ion, the
angle is approximately 87° 40 and the barrier to inversion
amounts to 0.07 eV.34

The reciprocal relation between the photoelectron
spectra and the steric structures of the trimethyl com-
pounds (Me3X) of Group V elements has been examined63.
The atomic ionisation potentials of the central atom X
decrease on passing from nitrogen to antimony, varying
in exactly the same way as the ionisation potentials of the
corresponding heterocyclic compounds (I)-(VI). In con-
trast to these quantities, the first ionisation potentials of
the compounds Me3X do not vary in parallel with the ioni-
sation potentials of the atoms X. The same may be said
also of the hydrides H3X. When the heteroatom X is
altered, a decrease of IPV is not observed in these series
of compounds (Table 2).

The anomalous constancy of the IPV is associated with
the decrease of the C-X-C valence angle in the series of
compounds Me3X. The C-X-C angle is 180° in trimethyl-
amine, 99° in trimethylphosphine, and 96° in trimethylsti-
bine. The decrease of the valence angle leads to an
increase of the amount of s character of the LEP of the
atom X on passing from nitrogen to antimony, which
increases its ionisation potential. Thus the decrease of
the intrinsic ionisation potential of the P orbital of the atom
X is prevented by the increase of the amount of s character
of the LEP, which leads to an almost constant value of the
first ionisation potential.

We may note that the next band in the photoelectron
spectra of compounds of the type Me3X is associated with
ionisation from a degenerate orbital of the e type, which in
contrast to LEP is largely localised at the methyl groups,
and should therefore be insensitive to changes in the
valence angle. The ionisation potential of this orbital
IPv(e) decreases correspondingly on passing from Me3N to
Me3Sb (Table 2), in parallel with the ionisation potential of
the atom X.

Table 2, The ionisation potentials (eV) of Group V ele-
ments and their trimethyl63 and triphenyl61 derivatives.

MesX

Me3N

Me3P

MP3AS

Me3Sb

IP(X)

14.53

11.0

9.81

8.64

IPl (LEP)

8.50
a i

8.60
a\

8,65
a.

8.48

IPV2

12.3
do

11."34
e

10.70
e

10.3

12.75
e

(13.7)**

(13.6)

(13.3)

Ph3X

Ph8N

Ph3P

Ph3As

Ph3Sb

IPj (LEP)

10.27*

7.88

7.95

8.18

*IPIV(TT) = 6.99 eV; IPV(LEP) = 10.27 eV.
**The values in brackets have been determined approxi-
mately.

We shall now examine the manifestation in the photoelec-
tron spectra of the interaction of the LEP of phosphorus
with a conjugated system. The spectra of phenylphos-
phines have been published by several groups of investiga-
tors 53'59"61'64, the authors conclusions about the electronic
structures of phenylphosphines differing somewhat.

Me .Me

(XIX)

Me. Me

x/
(XX)

IPV, eV

10-

b7fn)

n

6 8 10 12 IP, eV
NMB benzene fJT) PMey

Figure 5. Photoelectron spectra and their interpretation59: a) AW-dimethylaniline (XIX);
b) dimethylphosphine (XX).
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Whereas the spectrum of AW-dimethylaniline has three
bands of equal intensity in the region of low potentials at
7.6, 9.2, and 10.0 eV, the spectrum of dimethylphenyl-
phosphine shows not three but two bands of different inten-
sities, at 8.45 and 9.2 eV (Fig. 5). The second, more
intense band with a maximum at 9.2 eV is not resolved into
two components. The spectra of the two related mole-
cules have been interpreted59 in terms of the n-it approxi-
mation, i.e. the upper occupied orbitals are represented
as a combination of n and TT orbitals of the heteroatom and
the benzene ring. The vertical ionisation potential of the
LEP of the MesN molecule is 8.5 eV, while the ionisation
potential of the degenerate leig n orbital of benzene is
9.24 eV. As a result of the interaction with the LEP of
the nitrogen atom, the degenerate leig level of benzene in
dimethylaniline is split into two. The orbital of type o,2{n),
having a node at the site of substitution, does not interact
with the LEP of nitrogen and its energy does not change.
In contrast to it, the &I(TT) orbital, which does not have a
node at the site of substitution, interacts vigorously with
the n orbital of nitrogen, forming two orbitals with &i
symmetry. The upper occupied b^n-it) orbital receives
a preferential contribution from the LEP of the nitrogen
atom, while the &I(TT+ n) orbital is mainly of the n type.
The significant change in the energies of the resultant
orbitals indicates an appreciable n-n interaction in the
dimethylaniline molecule (Fig. 5).

In contrast to NN-dimethylaniline, the energy of the
highest occupied orbital in dimethylphenylphosphine is
higher by only 0.15 eV compared with Me3P, while the band
corresponding to the degenerate benzene orbital is not
split into two (Fig. 5). Hence the authors 59 conclude that
there are two virtually unconnected fragments in dimethyl-
phenylphosphine: the system of the benzene ring and the
LEP of phosphorus. Accordingly IPi was assigned to the
ionisation of the LEP of phosphorus and IP2 to the unsplit
a2{-n) and &I(TT ) orbitals of the phenyl substituent.

We may note that the photoelectron spectra of substi-
tuted benzenes PhX, where X is a substituent containing

halogensnxLxu&cu
17'19, sulphur67, oxygen17'74'75,

double bond20, or the phenyl group76, have been fairly well
investigated. It has been shown that the splitting of the
leip. level depends both on the nature of the heteroatom and
on the dihedral angle between the interacting fragments—
the 77-electron system of the benzene ring, and the n or n
orbital of the substituent. Later data were obtained
demonstrating the orthogonality of the plane of the benzene
ring and the LEP of phosphorus77, but no stereochemical
conclusions were reached in the study by Schafer and
Schweig59.

The next communication by the same workers60 con-
tains, in their view, direct proof of the non-aromatic
nature of phospholes and arsoles.

//
\p/

I

p /

(XXI) (XXII)

Me' \ p /

(XXIII)

\ P /

I I\/
(XXIV)

\

/Ntte
\

(XXV)

The spectrum of compound (XXI) has two bands (Fig. 6),
each of which refers to ionisation from two orbitals of
similar energies. The appearance of the first band is
interpreted as a result of ionisation from the a2(~n) orbital
of the cyclopentadiene system and the LEP of phosphorus
and the second has been assigned to the TT orbitals of the
phenyl substituent. Owing to hyperconjugation, the methyl
substituent in the phosphole fragment increases the energy
of the a2(n) cyclopentadiene orbital, because the energies
of this orbital and the LEP of phosphorus become different.
In the spectrum of the hydrogenated derivative (XXII), the
component of the first band corresponding to the ionisation
from the a2{n) cyclopentadiene orbital is absent, since the

IP\eV

8.0

8,5
J _ ' i i

9.0

8 10 8 10 IP, eV

j _ l \ I

(JZL) (TT7T) (mnrr) fzzzr)

8 10 8 10
IP,eV

Figure 6. Photoelectron spectra of heterocyclic compounds: a) (XXI); b) (XXIII); c) (XXII);
d) (XXV); e) correlation diagram for the ionisation potentials in the (XXI)-(XXV) series60.
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first band of this compound has reduced intensity and
refers solely to the LEP of phosphorus. The above facts
show that in the ground state the molecule of phosphole
(XXI) has three non-conjugated fragments—the 7r-electron
system of the phenyl substituent, the LEP of the phospho-
rus atom, and the localised diene system. The authors59

speak of the non-aromatic nature of phosphole precisely in
this sense. According to a calculation by the CNDO/2
method72, the C4H4NH molecule is planar, while the angle
between the plane of the cyclopentadiene fragment and the
P-H bond in the C4H4PH molecule is approximately 90°.

PhPMez PhPH2 PhPClz

IP, eV

7

8

9

10

11

n jr_

PhPHz PhzPH Ph3

•T -5 '

n

PhNH, PhzNH PH3N

Figure 7. Vertical ionisation potentials and band widths
(shaded regions) in the photoelectron spectra of phenyl
derivatives of Group V elements61.

Betteridge et al.53 note the absence of the splitting of
the tf level of the phenyl substituent in dichlorophenylphos-
phine. They suggest that the first band, with a maximum
at 9.7 eV, corresponds to ionisation from three orbitals—
two orbitals of the n level of the phenyl group and the LEP
of phosphorus. However, they do not indicate the absence
of interaction between the LEP and the n-electron system
of the phenyl substituent. They postulate that, firstly,
the PC12 substituent is an electron acceptor compared with
hydrogen and, secondly, that a substituent of this kind does

not lead to the splitting of the upper level of benzene in
other instances either. However, the authors do not
quote an example confirming this conclusion, while it is
known that electron-accepting substituents such as Cl,4

F,75 NO2,
78 and CN 79 cause a very significant splitting of

this level. Quantitative analysis of the spectra of
on benzene enabled Betteridge et al. to conclude that the
first band in the photoelectron spectrum of PhPCl2 is com-
pound. They also quote53 the photoelectron spectrum of
triphenylphosphine, but do not discuss this spectrum or the
corresponding band assignments.

Debies and Rabalais61 quote the photoelectron spectra
of a large series of phenyl derivatives of Group V elements
(Fig. 7). Thus the first ionisation potentials of phenyl-
phosphines have been interpreted53>59,60 as the energy
required to dislodge an electron from the LEP of phospho-
rus. This result has been additionally confirmed by
comparing the spectra of phenylphosphine and aniline
obtained using two radiation sources. Compared with the
experiments involving the use of the He(I) line, the use of
the radiation of the He(II) line reduces the intensity of the
signals due to the electrons dislodged from the 3s and 3p
orbitals of phosphorus to a greater extent than the signal
of the electrons dislodged from the 2s and 2P orbitals of
carbon36. The employment of He(II) radiation in the case
of phenylphosphine reduces the intensity of the shoulder on
the band in the region of low energies relative to the cen-
tral part of the band, which confirms the validity of the
assignment of the shoulder to ionisation from the phospho-
rus n orbital and of the central band to the ionisation of the
phenyl tf electrons. The fact that the intensity of the
shoulder does not diminish quite as much as in other phos-
phorus compounds61 shows that this orbital is delocalised
to an even greater extent.

On successive substitution of the hydrogen atoms in
phosphine (as well as in arsine and stibine), the intensity
of the band corresponding to the phosphorus n orbital
remains unchanged, while the intensities of the subsequent
bands, corresponding to ionisation from the TT orbitals,
increase owing to the increase of the number of v elec-
trons. This finding shows that, as in phenylphosphine,
in diphenyl- and triphenyl-phosphines the first ionisation
potential refers to the phosphorus n orbital. On the other
hand, in phenylamines there is a change in intensity not in
this first band but in one of the subsequent bands in the
region of higher ionisation energies.

In contrast to studies53'59'60 where it was concluded that
there is no splitting of the o-2{v) and &i(7r) components of the
leig level of benzene in phenylphosphines, the large com-
bined bands were resolved by Debies and Rabalais61 into
their components and the IPV corresponding to the indivi-
dual az{n) and &i(w) orbitals were thus determined (Fig. 7).
The splitting obtained in this way is small (0.66 eV in
phenylphosphine, while the value in aniline is 1.1 eV) and
can probably be partly caused by the inductive influence of
the PH2 group. Debies and Rabalais suggest that, in con-
trast to the stabilisation of the n orbital in phenylamines,
the destabilisation of the n orbital in phenyl-substituted
phosphorus, arsenic, and antimony compounds is a conse-
quence of the shift of electron density from the phenyl
substituent to the phosphorus, arsenic, or antimony atom
via the d^-Pn mechanism. However, not only in phenyl-
phosphine but also in ATA'-dimethylaniline59, in phenyl-
hydrazones74, and in iodobenzene4, i.e. in all cases where
the energy of the initial n orbital is higher than that of the
7T orbital, the upper destabilised orbital is predominantly
of the n type when the orbitals interact (Fig. 8). In con-
trast to AW-dimethylaniline, in aniline itself the energy of
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the ground n orbital is below the energy of the &I(TT) orbital
and the upper orbital is predominantly of the ir type.

According to Debies and Rabalais61, the anomalous
sequence of the IPV of the compounds PhjX (Sb > As > P)
compared with the electronegativity series and the atomic
ionisation potentials (Sb < As < P) is also a consequence
of the involvement of d orbitals in the interaction. It is
suggested that the inversion of the sequence of ionisation
potentials is caused by the reduced involvement of d orbi-
tals in the interaction when the size of the central atom
increases, this being accompanied by a decrease of charge
transfer to the central atom and an increase of the ionisa-
tion potential of the molecule. However, in the series of
trimethyl compounds Me3X (Table 2), the same anomalous
sequence of potentials, caused by the increase of the con-
tribution of the s orbital to the upper occupied n orbital
with increased size of theheteroatom and decreased the C-X-
C valence angle, is observed.

Additional evidence showing that the interaction between
the LEP of phosphorus and the 7r-electron system is weak
was provided by a study of compounds with the methylene

R4

group :
CHa = CHCH2PBu2CHj = CHPBu2

% - P B u .

According to calculation by the CNDO/2 method, the most
favoured conformation of the above compounds is one where
the LEP of phosphorus lies in the plane of the TT-electron
system and does not interact with it64. The photoelectron
spectra of the compounds indicate an appreciable interac-
tion between the IT orbitals and the P-C bond.

The interaction of the LEP of the phosphorus atom and
that of the neighbouring atom X linked to it was also
investigated by the PES method. Analysis of the n-n
interaction is one of the most important achievements of
the PES method. The dependence of the n-n interaction
on stereochemical factors has been investigated in a series
of compounds with N-N, O-O, and S-S bonds16'80'82. The
two equivalent LEP n and n' orbitals interact through
space or via a bond and form two semi-localised orbitals
(Fig. 8):

n+ = —— (n + n') and n~ = —— (n — n) .
V2 V2

The difference between IP(rc+) and IP(w~) characterises the
efficiency of the interaction and depends on the disposition
of the LEP in space18'80"82.

The photoelectron spectrum of the compound F2PPF2
has been obtained52. The first ionisation potential of
9.64 eV was assigned to a symmetrical combination (w+) of
the LEP of the phosphorus atoms, while the second ionisa-
tion potential (12.45 eV) was assigned to their antisymmet-
rical combination (w~). The observed difference between
ionisation potentials IPj - IPV = 2.81 eV indicates an
extremely effective interaction between the LEP. The
energy of the individual LEP in the F2PPF2 molecule,
given by i(IPv + IPJ) = 11.04 eV, proved to be close to the
first ionisation potential of F2PH (11.0 eV), which confirms
the above interpretation of the first two ionisation poten-
tials of F2PPF2.

A lower degree of n-n interaction of the LEP of phos-
phorus in the compounds Me2PPMe2 and (CF3)2PP(CF3)2
was later reported56'57; the manifestation of conforma-
tional isomerism was observed in the photoelectron spec-
tra. In the region of low ionisation energies, the photo-
electron spectra of these compounds contain three peaks.
Two of these, IPV and IPV, correspond to the n* and n~

combinations of the LEP of the trans-conformer. The
third low-intensity IPj peak indicates the presence of a
certain amount of the gauche-conformer, for which there
is no n-n splitting (Table 3). According to the authors,
the fact that the average IPV (LEP) of the trans- conformer
is somewhat smaller than the corresponding value for the
gauche-conformer is associated with the slight destabilisa-
tion arising when the trans-oriented LEP interact. How-
ever, we may note that contradictory results, obtained in
a study of the conf ormational isomerism by the PES meth-
od21, have also been published.

b,fn)

b,(x)

nr n

gauche

A/2 0
p

0

Figure 8. Dependence of the n-n {a) and n-n interactions
on the relative energies of the initial orbitals: b) for
equivalent n orbitals; c) for n on-equivalent n orbitals.

For a number of molecules such as those of (CFsP)m>
containing different numbers of phosphorus atoms, the
average potentials are correlated with the induction con-
stant (as a consequence of the interaction of the LEP of the
phosphorus atoms). This finding indicates an insignificant
role of the dy-p-n interaction in the above molecules57.

The study of the n-n interaction of n on-equivalent LEP
by the PES method is much more complicated. In this
case, the difference between ionisation potentials IP(n+) -
IP(«~), referring to the n orbitals, does not in any way
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characterise the extent of the n-n interaction (Fig. 8). The
difference IP(w+) - IP(rc~) is determined by the difference
between the LEP energies before interaction and by the
n-n splitting, both quantities being unknown. However, in
the Me2PCl molecule one of the chlorine LEP (of the a"
type) is not involved in the interaction with the phosphorus
LEP and thus plays the role of an internal standard, which
makes it possible to estimate the extent of the n-n inter-
action between the chlorine LEP (a ' type) and the phospho-
rus LEP.65 The possibility of the interaction between the
LEP of the phosphorus and chlorine atoms in the PF2C1
molecule was also assumed by Bassett and Lloyd52, but
they postulated that the LEP of the individual atoms in the
F2POPF2 molecule do not interact with one another.

Table 3. The vertical ionisation potentials (eV) and the
percentage contents of the conformers57.

Compound

gaucheM^?2
trans-Me4?2
vauche-MeAAsi

auche fCFi) Pi

M«S-(CF3)4As2

Content of
conformers,

%

16
84
12
88
10
90

100

IPV(LEP)

8.79
7.88; 9.54

8.85
7.91; 9.50

11,57
10.71; 12-11
10.39; 11.94

IPV(P-P
or

As-As)

10,33
10,33
9.82
9.82

13.09
13.09
12.07

IPV (P - P
or

As-C)

11.22; 11.83
11.22; 11.83
10.60; 11.21
10.60; 11.21

13.49
13.49
12.58

orbitals arise as a result of the interaction of the three
equivalent LEP of the halogens. The band corresponding
to the e orbital in the spectra of PBr3 and PI3 undergoes
spin-orbital splitting54.

Table 4. The vertical ionisation potentials (eV) of the
LEP of nitrogen [N(2/>)] and phosphorus [P(3/>)].

Compound

MenNPF4
(Mp"2N)2PF3
(Me2N)3PF2
(Me2N)PF2
(Me2N)2PF
(Me2N)3P

N(2p)

10.35
8.84; 9.95
8.04; 9.03; 9.31

9-58
8.18; 9.14
7.61; 7.89; 8.86

P(3p)

10.48
10.40
9.98

Table 5. The ionisation potentials of P(OMe)3, the band
intensities/ (arbitrary units), and band assignments53.

IPm, eV

9.0
10.6
11.1
12.4
13.0

/

1
2
4
2
1

Orbital symmetry

a
e

a-\-e-\-a
e
a

Localisation
region

LEP, P
LEP, O
LEP, O + C-O, a
P-O, a
P-O, a

Dewar and coworkers56 compared the photoelectron
spectra of a number of compounds with the P-N bond:
(Me2N)mPF5-m and (Me2N)mPF3_m. The spectra were
interpreted in terms of the n approximation. In all cases,
IPi was assigned to ionisation from the LEP of nitrogen
(Table 4). If the interpretation of IPV given below is
adopted, it is found that the substitution of the ethyl group
at the nitrogen atom by a methyl group has a considerable
influence on the phosphorus LEP65:

Compound

Et2NPF2

Me,NPF2

LEP,N

9.45

9.60

LEP.P

10.25

10.50

It is suggested that this is caused by a change in the valence
and torsional angles. The hypothesis of the n-n interac-
tion, described by the difference IP(w,P)-IP(w,N), has been
used to explain the change in the torsional energy barrier
to rotation about the P-N bond, which is anomalous in
relation to the degree of steric hindrance66.

Compounds of three-coordinated phosphorus PX3, con-
taining equivalent groups X = halogen, OR, NR2, etc., are
convenient for the investigation of the relation between PES
data and the stereochemistry of the molecule. If the
molecular symmetry is C2 or C3V, then the upper occupied
orbitals should include degenerate orbitals of the e type.
The bands corresponding to these orbitals in the photoelec-
tron spectrum should have approximately doubled intensi-
ties or should undergo spin-orbital or Jahn-Teller split-
ting55'77. When the molecule has a lower symmetry, the
e levels are absent under these conditions.

P(Hal)3 molecules have the C3V symmetry and their
photoelectron spectra have been interpreted in terms of
ideas of this group of workers 53'55. The first ionisation
potentials are associated with ionisation from the non-
bonded Ci, a2} and e orbitals. The «i orbital is preferen-
tially localised at the phosphorus atom, while the «2 and e

In their interpretation of the photoelectron spectrum of
P(0Me)3, Betteridge et al. used data for the ionisation
potentials of methanol53: 11.0 eV (LEP, O); 12.7 eV
(C-O, cr); 15.0 eV (CH3). The C3V symmetry was adopted
for the P(OMe)3 molecule and the molecular orbitals were
represented by a combination of the LEP of phosphorus,
the three equivalent LEP of oxygen, the C-O a bonds,
etc. Accordingly a band corresponding to the ionisation
of the LEP of phosphorus, two bands with the 1 :2 intensity
ratio associated with the a and e orbitals produced as a
result of the n-n interaction of the three LEP of the oxy-
gen atoms (n0), two bands with an intensity ratio of 1 :2
associated with the a and e orbitals of the three C-O a
bonds, etc. should accordingly be expected in the P(OMe)3
spectrum. The interpretation of the photoelectron spec-
trum of P(OMe)3 obtained in this way is illustrated in
Table 5. We believe that the interpretation of this spec-
trum (Fig. 9) corresponds to the C3 and not the C3V sym-
metry type. For the C3 symmetry, where the LEP of
oxygen does not undergo tf-type overlapping, the degene-
rate e(no) orbital should in fact be the second from above.

The mechanisms of the n-n interactions of the LEP of
phosphorus (ftp), oxygen (no), and nitrogen (n^) atoms are
examined in Figs. 9 and 10. In the case of a-type over-
lapping83, where the LEP (nx) axes of the Xs atoms are
located in the X3 plane, the energy of the semilocalised
e(nx) orbital is also smaller than that of the a(nx) orbital.
For the tf-type overlapping of the LEP (nx), the opposite
relative positions of the «(«x) and e(nx) levels are
obtained. In contrast to the ir approximation, the n
approximation, i.e. consideration of n electrons indepen-
dently of the a framework, is less justified13. The over-
lap integrals of the «x orbitals in the compounds PX3 are
small and n-a mixing can therefore exceed the degree of
the n-n interaction, leading to a different sequence of
orbitals in the molecule.
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Figure 9. Schematic illustration of the n-n interaction of the LEP of the oxygen (WQ) and
phosphorus (np) atoms.
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Figure 10. Schematic illustration of the n-n interaction of the LEP of the nitrogen (n^) and
phosphorus (rap) atoms.

Fig. 11 illustrates a correlation diagram for the P(OH)3
and P(OMe)3 orbital energies calculated by the CNDO/2
method84; the geometrical parameters were taken from
Naumov and coworkers85. The orbital sequence obtained
differs from the sequence which may be predicted in terms
of the n approximation (Fig. 9). The energies of the orbi-
tals of the model compound P(OH)3 reproduce in the same
way the photoelectron spectrum of P(OMe)3 for structures
with C3 and C s symmetries (Fig. 11). The intense bands
with maxima at 10.6 and 11.1 eV are extremely broad and
may be due to a superposition of close overlapping bands.
We believe that calculations on P(OMe)3 assuming the Cs
symmetry gives the best agreement with experiment. In
the case of the C3 symmetry, the two neighbouring e-type

orbitals might have given rise to individual bands. The
total energies of the structures with the C3 and Cs sym-
metries of the model compound P(OH)3 proved to be simi-
lar, but the P(OMe)3 structure with the Cs symmetry is
energetically more satisfactory, Naumov and coworkers85

also quote qualitative evidence in support of the Cs sym-
metry in P(OMe)3 based on electron diffraction.

According to Cowley et al.,55 the Cs symmetry of the
P(NMe2)3 molecule obtained by Vilkov88 conflicts with the
photoelectron spectrum of the molecule. Experimental
data show that the upper occupied orbitals have similar
energies, while in the case of the C3 symmetry the degen-
erate orbital is the second highest (Fig. 10). Cowley
et al.55 proposed the C s symmetry for P(NMe2)3. In this
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Figure 11. Theoretical dependence of the energies of P(OH)3 («) and P(OMe)3 (b) on the
steric structure of the molecules (CNDO/2 method) together with experimental data53 (c).

case IPi and IP3 correspond to the n+ and n combinations
of the nitrogen LEP involved in cr-type overlapping, while
IP2 and IP4 correspond to the same combinations of the
phosphorus and nitrogen LEP (Fig. 10). It is suggested
that the structure with the Cs symmetry is stabilised owing
to the smaller degree of the Coulombic repulsion of the
LEP.

The compound B(NMe2)3, which has a similar structure,
had been investigated previously by Bock and Fuss87. In
conformity with the 7r-type overlapping, the second band
corresponds to an e-type orbital (C3 symmetry). The
smaller difference IPJ - IPiV for B(NMe2)3 (1.62 eV) com-
pared with its cyclic analogue (2.2 eV) was explained by the
propeller rotation of the amino-group about the B-N bond
(w = 33°). In contrast to aminoborines, the n-a mixing
and the Jahn-Teller splitting of the e orbital were
resorted to in order to explain the photoelectron spectra of
cyclohexane hetero-derivatives on the basis of C3 sym-
metry82.

IV. COMPOUNDS OF FOUR-COORDINATED PHOSPHORUS

The most systematic studies on the photoelectron
spectra of compounds in the series WPXYZ for W = O or
S have been carried out by Vovna, Vilesov, and coworkers 58'
88~93. The spectra of individual compounds were also
obtained by other workers37'53'71 and Bock's group studied
the interaction between X3P and BH3 as well as the photo-
electron spectra of ylids68'94. The PES58 method has been
used to analyse the intramolecular interactions in com-
pounds of four-coordinated phosphorus. Calculation by the
CNDO/2 method95 reproduces satisfactorily the changes in
the ionisation potentials of the compounds WPXYZ. Thus
the values of IPV for the compounds OPF3 and OPM e3 are
13.52 and 9.76 eV,68 while the calculated values (-£1) are
18.84 and 14.18 eV respectively.

The form of the photoelectron spectra of the compounds
WPXYZ resembles that of the spectra of the corresponding
tervalent phosphorus compounds PXYZ, but there are also
significant differences (Fig. 12). The formation of the

WP bonds leads to the disappearance of the band due to the
ionisation of the phosphorus LEP {n-p) orbital. The band
corresponding to the ionisation of the four Pn electrons of
W as well as a band (in the region of high ionisation ener-
gies) corresponding to the opw orbital of the newly formed
W-P bond appear in the WPXYZ spectra. The remainder
of the spectrum, characterising the ionisation of electrons
from orbitals localised preferentially at the X, Y, and Z
atoms, remains unchanged, being displaced towards higher
ionisation energies in conformity with the electronegativity
of the WP group. The first ionisation potential charac-
terises the energy of the binding of the p-n electrons of the
W atom and the series of subsequent potentials is related
to the ionisation of the LEP of the substituents. Thus,
according to Zverev et al.,58 the formation of the
OPCl(OEt)2, OPCl(OEt)2, and OPCl(OEt)2 radical-cations
from the OPCl(OEt)2 molecule requires energies of 10.96,
11.50, and 12.28 eV respectively. In certain compounds
with a P-N bond, the nitrogen atom exhibits the greatest
electron-donating capacity and the first ionisation potential
is determined by the nitrogen LEP. Comparison of the
energies of the » p , PIT,W, and ^PW orbitals characterises
the degree of charge transfer and the amount of double-bond
character of the WP linkage. The stabilisation of the wpw
orbital compared with the wp orbital indicates charge
transfer from the P atom to W, while the energy of the
Pn W orbital may be a measure of the reverse transfer and
the amount of double bond character68.

The band appearing on formation of the W=P bond in the
region of low ionisation energies and determining the
values of IPi of a large number of compounds (Table 6) is
fairly characteristic of this class of compounds. In the
spectra of the compounds WPX3, belonging to the C3y or
C3 symmetry group, this band arises on ionisation from a
degenerate e-type orbital localised preferentially on the
PiiiPx, Py) orbitals of the W atom. The broad shape of the
band contour indicates the involvement of the pn ,w orbital
in the bonding between W and P atoms. It has been
suggested on the basis of a comparison with calculations37'
52,71,96 t h a t t h i g orbits i s involved in Pn ,W - Pit ,V and
Pn,W ~ 7̂T P interactions. The fact that in the spectra of
molecules of the type WPXYZ the band is not split into two
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components is regarded as evidence for the insignificant
delocalisation of the orbital over the XYZ group of atoms.

Following Zverev et ah,58 we shall examine a series of
additional factors characterising the e(p-n) orbital of the
W=P bond. In the compounds WPX3 (X = Cl, Br, or OEt),
the LEP of the substituents X3 give rise to two semiloca-
lised orbitals a2{nx) and e{nx). A change in the inductive
influence of the W atom should cause the same shifts of the
energies of these orbitals, while conjugation, leading to
mixing of the e(nx) orbital with other e-type orbitals, can
alter the difference between the energies of the a2(nx) and
e(nx) orbitals. Experimental data (Table 7) show that in
the PCI3 molecule this difference is smaller (0.3 eV) than
in the OPCI3 (0.63 eV) and SPC13 (0.59 eV) molecules, i.e.
in these molecules the e(nx) orbital interacts more effec-
tively with e-type orbitals: the occupied e(pif) orbital or
the vacant e(<%) orbital. However the interaction between
the e(nx) and e{p^) orbitals cannot be significant, because
the difference between the energies of the a2(nx) and e{nx)
orbitals remains constant for the compounds OPX3 and
SPX3, despite the significant difference between the ener-
gies of the e(pvys) and e(Pn,O) orbitals58.

0P(0E-t)3

1 1 1 1 1

8 10 12 1H 16 18 20
IP, eV

Figure 12. Photoelectron spectra of certain compounds
of the type WPXYZ58'90'91.

In contrast to the WPX3 molecules under consideration,
a number of data for the compound OP(NMe2)3 indicate the
mixing of the py o orbital with the nitrogen n orbitals.
This mixing of the orbitals greatly reduces the ionisation

potentials of the n orbitals and increases the ionisation
energy of the Pn p orbital. The dependence of the ionisa-
tion potentials corresponding to ionisation from the PIT }W
orbital on the constants cr* and aPn has been examined58.
The nitrogen-containing molecules of the phosphoryl series
constitute a special group; owing to mixing with the nitro-
gen n orbitals, the ionisation potentials corresponding to
ionisation from the £71,0 orbital in such compounds are
larger than in the case where account is taken of the induc-
tive influence alone.

Table 6. The vertical ionisation potentials of the com-
pounds SPXYZ and OPXYZ referring to the PIT orbital of the
W=Pbond37'58'68'89-91.

XYZ

SPXY2

Cl3

Cl2(OEt)
Cl(OEt),
(OEt),
Cl2Ph
Cl2NMe2

Cl(NMe,)2

(NMe2),"
Br3
Ci(CH2Cl)2

(OBu)3
Eto0Pr

IF;

10.15
9.81
9.41
8.96
9.47
9.35
8.75
8.05
9.89
9.54
8.28
8.55
8.53

XYZ

OPXYZ *

Cl3

Cl2OEt
Cl(OEt),
(OEt),
(OMe),
Cl(OPr)2

Cl2OPh
C1(CH2C1)2

(OEt)(CH2Cl)2
Cl2Me
Br3
Clt(NMeJ
CKNMeJa
(NMe2)3

(OEt)2NHNHa
•(Me),
F3

l pm

11.91
11.46
10.96
10.54
10.81
10.89
11.40
10.75
10.19
11.49
11.07
11.28
10.90
10.44
10.90
9.76

13.52

*The values of IPV are quoted for SPXYZ.
**IVY for XYZ = Cl2OPh, Cl(NMe2)2, or (OEt)aNHNH2>
IPV for XYZ = Cl2NMe2, IPj for XYZ = (NMe2)3, and IPV

in the remaining cases.

Table 7. Energies of ionisation from a- and e-type orbi-
tals and the differences between them (eV).

Orbital

le
i<h
2e
2e— la,
2e—le

SP(OEt),

8.96
10.73
11.43
0.70
2.47

OP(OEt),

10.54
10.96
11.56
0.60
1.02

SPCl,

10.15
12.03
12.62
0.59
2.49

OPCU

11.91
12.37
13.00
0.63
1.15

Orbital

lai
la,
le
le—la2

PCU

10.53
11.73
12.03
0.30

Direct experimental evidence for the delocalisation of
the Pit fO orbital in the direction of the atoms of the substi-
tuents is provided by the photoelectron spectrum of
OPBr3.

37 In this compound, spin-orbital splitting of the
highest occupied e orbital by the atoms of the substituents
is observed, which indicates its delocalisation over the
Br3 atoms.

Comparison of the values of -AG° for the formation of
the complexes XYZPO...I2

 97 with the ionisation potentials
of the compounds XYZPO confirms the interpretation of the
OP(NMe2)3 spectrum and the scheme describing the mixing
of the PIT}O and n$ orbitals (Fig. 13). - AG° for the com-
pound OP(NMe2)3 is correlated with a potential intermedi-
ate between IPy and IP7. IP7 refers to the Pn ,O orbital,
but is increased owing to the p-n - «N interaction. A
similar effect is manifested also for OPCl(NMe2)2. In
contrast to a series of compounds of the type XYZPO, in



804 Russian Chemical Reviews, 46 (9), 1977

AGj kcal mole 1

-1

IPV, eV

8.Z5 ~

/ 8.73

' \9.17 ~

W-W
'/////s
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Figure 13. Dependence of -AG° for the formation of complexes of the compounds XYZPO
with I2 (Paetzold and Niendorf97) on IPV for different compounds (a) [1) Me3PO; 2) (EtO)3PO;
3) (EtO)Cl2PO; 4) C13PO; 5) (Me2N)3PO; 6) (Me2N)2ClPO (the values of several I P ^ are
indicated for compounds 5 and 6)] and schematic illustration of the interaction between the
orbitals of compound 5 (6).

the compounds SPXYZ investigated, the energy of the £77 ?g
orbitals is characterised in all cases by the potential
IPV. Hence the following relation has been found to hold92:

_-AG° = — 2.7 IP]' +25.7.
We may note that in the series of dihexylphenylphosphines69

a linear relation has been observed, as in the compounds
WPXYZ, between p/fa characterising the basicity in solu-
tion and IP(LEP) of phosphorus:

= — 4.8 +42,2.

Table 8. The ionisation potentials of the LEP of the XYZ
ligands in the compounds OPXYZ and SPXYZ and their
assignments.

XYZ

OPXYZ

Cl(OEt)2

C1(CH2C1)2

Clm(OEt)3_m

Br3

Cl2(OEt)
Clj^Mej)

IP(LEP), eV

12.28
12.69
12.13
11.70
11.89
9.87

Assignment

12.00
12.33
11.83
11.18
11.59
9.92

SPXYZ

LEP, Cl
LEP, Cl
LEPav, XYZ
LEPav, Bi3
LEP, 0
LEP, N

Comparison of the ionisation potentials for the LEP of
the substituents X, Y, and Z (both the individual values of
I P m and the values averaged with respect to the n orbitals)
makes it possible to consider the problem of the effective
electronegativity of the WP groups. The ionisation poten-
tials IPnx of the LEP (X = Cl, Br, or OEt) form the
sequence IPnx(OP) > IPnx(SP) > IPnx(p)> i-e- t n e effective

electronegativity increases in the sequence OP > SP > P,
The OP group thus exhibits the greatest electron-accepting
influence (Table 8).

Table 9= Certain ionisation potentials and NQR frequen-
cies99 of the compounds OPXYZ and SPXYZ,

XYZ

Cls0Et
Cl(OEt)3

(OEt)3

Cl2N(Me)2

Cl(NMe2)2

(NMe2)3

Cls
ClaPh

OPXYZ

11.89
11.65
11.36
9.87
9.31
8.72

VP-C1-

28.950
26.635

SPXYZ

IPV, eV

11.59
11.37
11.20
9.92
9.62
9.13

MHz

29.735
27.840

Assignment of potential

LEP, O
LEP, O
LEPav, O
LEP, N
LEP, N
LEPav, N

The above sequence is infringed by the ionisation poten-
tials of the orbitals localised preferentially at the LEP of
nitrogen, which form the sequence SP > OP > P (Tables 8
and 9). For example, in the compounds WP(NMe2)3 the
average ionisation potentials of the nitrogen LEP form the
sequence 9.13 (SP) > 8.72 (OP) > 8,12 (P). The additional
decrease (compared with the inductive influence of the OP
group) of the potentials of the nitrogen LEP is due to the
resonance interaction of the Pn ;o orbitals and the nitrogen
n orbitals. It is of interest that comparison of both 35C1
and 14N NQR frequencies yields the same sequence of the
effective electronegativities of the groups: SP > OP > P.98

Comparison of the ionisation potentials of the LEP of
the substituents also makes it possible to examine the role
of the W atom in the transmission of the electronic effect
of substituents via the WP group (Tables 8 and 9). In the
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compounds OPXYZ, the range of variation of the ionisation
potentials of the LEP of the OEt or NMe2 group is greater
after substitution by chlorine atoms than in the SPXYZ
series. In view of its more pronounced electron-accepting
properties and greater amount of double bond character,
the OP group is apparently a better transmitter of the
influence of the X atom in the X-PO-Y2 molecule on the
ionisation potentials of the LEP of the Y2 group. The
corresponding effects are also shown when the NQR fre-
quencies are compared (Table 9) and in kinetic measure-
ments 10°.

We shall next consider the photoelectron spectra and
the structures of individual compounds. The compound
SPCl2Ph gives rise to a well resolved spectrum, which
makes it possible to determine 14 ionisation potentials89.
The first ionisation potential (9.47 eV) is due to the 2>P-a
electrons of sulphur and the next (9.93 eV) was assigned to
the unsplit (a2 + &i) n orbitals of the phenyl group. Thus
the addition of the phenyl group to a four-coordinated phos-
phorus atom, like the addition to a three-coordinated phos-
phorus atom, does not split the upper n level of benzene.
According to Vovna et al.,89 the absence of splitting shows
that the SPC12 substituent exhibits only an inductive influ-
ence. Vilkov's electron diffraction data101 showed that
the benzene ring in the compound OPCl2Ph lies in the plane
of the OPC atoms. The mutual orthogonality of the two
7r-electron systems (Ph and SP) is apparently the cause of
the absence of splitting.

The OP(OMe)3 and OP(OEt)3 spectra obtained by Vovna
et al.91 were interpreted on the assumption that the mole-
cules have C3V symmetry. The three equivalent LEP of
the oxygen atom give rise to two semilocalised orbitals of
the a2 and e types. Although the photoelectron spectra
of these compounds, like that of SP(OEt)3,

90 are poorly
resolved, it is possible to establish that the e-type orbital
lies below the «2 orbital. In terms of the n approximation,
this implies cr-type overlapping of the oxygen LEP (Fig. 9).

However, according to electron diffraction data102, the
compound OP(OMe)3 exists as a mixture of two conformers
wih C3 symmetry. The calculated energies of the upper
levels in the compounds WP(0R)3, like those in P(OMe)3
(Fig. 11), change little when the steric orientation of the
methyl groups is varied. Furthermore, the inversion of
the relative positions of the «2- and e-type levels formed
by the oxygen LEP in the compounds P(OMe)3 and OP(OMe)3
is striking: the e-type orbital in P(OMe)3 lie above the a
orbital53, while the opposite situation obtains in OP(OMe)3.
It is difficult to say whether this is due to experimental
error or is a consequence of molecular structure. There
is no inversion in the compounds PHal3 and WPHal3.

The spectra of P(NMe2)3 and OP(NMe2)3 in the region of
the ionisation of the nitrogen LEP contain three peaks of
approximately equal intensities (Fig. 12). If the molecules
had a threefold symmetry axis, one would expect the pre-
sence in the spectrum of two peaks and not three, with an
intensity ratio of 1 :2. The cause of the absence of the
spectroscopic manifestation of the e level was not dis-
cussed by Vovna and coworkers89'91, but Betteridge et al.,
who also obtained the photoelectron spectrum of OP(NMe2)3,
put forward three hypotheses53. Firstly, the observed
photoelectron spectrum may be a result of a superposition
of several spectra, secondly the P-N o orbitals may also
have low ionisation potentials, and finally, the molecule
does not have the C3V symmetry. The authors themselves
are inclined to accept the last hypothesis.

The compound OP(NH2)3 was investigated by X-ray dif-
fraction103 and it was shown that the positions of the nitro-
gen atoms deviate appreciably from the C3V symmetry.

The O-P-N valence angles differ by 10°. Such appreci-
able infringement of the C3V symmetry may, however, be
a consequence of the formation of intermolecular hydrogen
bonds in the crystalline state, while in the gas phase the
molecule may have a different structure. Fig. 14 presents
a diagram of the OP(NH2)3 levels, calculated by the
CNDO/2 method taking into account d orbitals. In all the
versions, the positions of the nitrogen atoms are the same
and correspond to the C3V symmetry. Fig. 14 shows that
even a change in the positions of two hydrogen atoms
causes a significant alteration in the relative positions of
the levels. The e-type orbital, localised preferentially
at the nitrogen atoms should be split on reduction of sym-
metry to Cs into widely separated a' and a" orbitals, in
agreement with experiment. Such a marked dependence of
the energies of the orbitals on the configuration of the
atoms (in contrast to the data in Fig. 11) is apparently a
consequence of the greater delocalisation of the nitrogen
LEP compared with the oxygen LEP.

13

1H

15

16

17

18

a"
a'

a

a'

n I

Figure 14. Theoretical dependence of the energy of the
OP(NH2)3 orbitals on structure (calculation by the CNDO/2
method).

Like other phosphorus ylids, the compound Me3P=CH2
has a low ionisation potential, which indicates the accumu-
lation of a large negative charge on the carbon atom of the
CH2 group, which has been confirmed by CNDO/2 calcula-
tions. The only band in the region of low ionisation ener-
gies, determining the first ionisation potential, arises in
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IP, eV

10 IP, eV
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Figure 15. Photoelectron spectra: a) compound (XXVII); b) compound (XXIX); c)ipv
correlation diagram for compounds (XXVI)-(XXX).94 ' m

-e, eV

3tn-

10

Figure 16. Analysis by the CNDO/2 method of the elec-
tronic structure of compound (XXDC); orbital energies of
compounds (XXVII) and benzene (a) and compound (XXK)
allowing for Coulombic interaction but not for the conjuga-
tion of the ylid and phenyl fragments (b) and taking into
account both forms of interaction (c).94'104

Two additional bands, due to ionisation from orbitals
localised preferentially in the phenyl substituent, appear in
the Me3P=CHPh spectrum. The first is the 7ras(°2) ben-
zene orbital, which does not interact with the "carbanionic"
TIQ- orbital by virtue of symmetry, and the second charac-
terises the energy of the mixed ns + TTQ- orbital, where irs
is the symmetrical j r^ ) orbital. The first ionisation
potential is determined by the energy of the KQ— irs orbi-
tal (Fig. 15). The experimentally observed splitting of the
energies of the 7ras and 7rs + ITQ- orbitals, which is par-
ticularly pronounced inMe3P=NPh, indicates the conjuga-
tion of the "carbanionic" centre with the phenyl substituent.

It is remarkable that the energy of ionisation from the
7ras orbital as well as from the vrs + iic- orbital is smaller
than the ionisation potential of benzene, which shows that
not only IPi but also the ionisation energies corresponding
to the removal of electrons from orbitals localised pre-
ferentially in the phenyl substituent decrease under the
influence of the field of the negative charge of the "carban-
ionic" centre. CNDO/2 calculations (Fig. 16), carried out
by Ostoja Starzewski et al.,104 reveal clearly the succes-
sive influence of the field and conjugation on the energies
of the upper occupied orbitals.

the Me3P=CH2 spectrum following ionisation from the
"carbanionic" TIQ- orbital, which is localised preferentially
at the carbon atom of the CH2 group94 (Fig. 15).

H

(XXVI)

H H

C^-^PMe,

H (XXVIII)

(XXIX)

(XXX)

oOo

The photoelectron spectra of compounds of two-, three-,
and four-coordinated phosphorus were examined above.
The information obtained about the electronic structures
of these molecules in the gas phase is extensive and has
been interpreted fairly unambiguously; it demonstrates
the fruitfulness of the application of the PES method to the
chemistry of organophosphorus compounds, the centenary
of the birthday of one of the founders of which, Academi-
cian A.E.Arbuzov, has been celebrated by the scientific
community of the USSR.
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