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Abstract

We use previously determined potential energy surfaces for the Renner-coupled eX 2B1 and eA2A1 electronic states of the phosphino
(PH2) free radical in a calculation of the energies and wavefunctions of highly excited rotational and vibrational energy levels of theeX state. We show how spin–orbit coupling, the Renner effect, rotational excitation, and vibrational excitation affect the clustered energy
level patterns that occur. We consider both 4-fold rotational energy level clustering caused by centrifugal distortion, and vibrational ener-
gy level pairing caused by local mode behaviour. We also calculate ab initio dipole moment surfaces for the eX and eA states, and the eX –eA
transition moment surface, in order to obtain spectral intensities.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Analytical expressions for the potential energy surfaces
of the eX 2B1 and eA2A1 electronic states of the phosphino
(PH2) free radical were obtained in a recent dispersed fluo-
rescence and ab initio investigation [1]. The details of how
these potentials were obtained, and a discussion of previ-
ous experimental and theoretical studies on PH2, are given
in Ref. [1]. Using these potentials, the eX state has a C2v

equilibrium structure with bond length re = 1.418 Å and
bond angle ae = 91.7�; the eA state has a C2v equilibrium
structure with re = 1.394 Å and ae = 121.7�; the barrier to
linearity is 24 911.8 cm�1 in the eX state and 6 686.3 cm�1

in the eA state; and T eðeAÞ ¼ 18225:5 cm�1. Particular inter-
est attaches to these two states since they become degener-
ate as a 2Pu state at linearity (see Fig. 1). As a result, they
are subject to the Renner effect described, for example, in
Ref. [2] and in chapters 15 and 16 of Ref. [3].

In the present paper, we use the potential energy surfaces
from Ref. [1] in the computer program RENNER [4–6] to
calculate rotational energies for eX -state PH2 at high angular
momentum (when the rovibronic angular momentum quan-
tum number N . 30) in order to determine the extent of the
rotational energy level clustering. Previous studies of rota-
tional energy level clustering in triatomic molecules have
concerned singlet states that are not subject to the Renner
effect (see, for example, Refs. [7–10] and the references
therein). We use PH2 as an example in order to study how
spin–orbit coupling and the Renner effect alter the cluster-
ing in the eX state. We also consider, for the eX state, the
effect on the cluster formation when the stretching and
bending vibrational modes are excited, and investigate the
local mode character [11] of excited stretching states. For
the purpose of predicting spectral intensities we calculate
ab initio the dipole moment surfaces of the eX and eA states,
and the eX –eA transition moment surface.

In low angular momentum states the rotational energy
level pattern for an XH2 molecule is essentially that of
a rigid asymmetric top molecule and, in particular, the
four highest energies for a given value of N form two
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K-doublets whose energy separation increases with N.
However, at high N these two doublets can move close
together to form a 4-fold cluster (see, for example,
Fig. 2 of Ref. [8]). XH2 molecules that have a heavy cen-
tral atom X, little intermode coupling, and a bond angle
close to 90�, are ideal cases for such 4-fold rotational
energy level clusters to form, and these same three
requirements also lead to local mode behaviour for the
stretching vibrational states. Thus, PH2 in its eX state is
a good candidate for studying both phenomena. Classical-
ly, the formation of 4-fold clusters for XH2 molecules cor-
responds to the possibility being realized in high angular
momentum states for there to be stable right- and left-
handed rotation about each of two equivalent rotational
axes, and in the ideal case these axes are aligned with
the XH bonds as shown in Fig. 2. The subject of 4-fold
energy level clustering in XH2 molecules is reviewed in
Ref. [10], and the interrelation with local mode vibration
is described for such molecules in Ref. [11].

Semiclassical theory [7] predicts that in the ideal case
4-fold rotational energy level clustering will begin to form
when N exceeds the critical value Ncr given by

N cr ¼
m2

4A

ffiffiffiffiffiffiffiffiffiffiffiffi
A� B

C

r
; ð1Þ

where m2 is the wavenumber of the bending mode, and A,
B, and C are the rotational constants in cm�1. For the eX
state of PH2 using the experimental values [12] of m2, A,
B, and C, we have Ncr . 15. Divergence from the ideal
case arises because of the finite mass of the central atom,
deviation of the bond angle from 90�, and from the pres-
ence of intermode coupling; these effects shift the cluster
formation to higher N values. The present paper evalu-
ates further effects on the cluster formation that arise
from the presence of electronic angular momentum and
vibrational excitation for the eX state of PH2. We do
not consider the possibility of rotational energy level
clustering in the eA state since its equilibrium bond angle
is far from 90�.

2. The potential energy and dipole moment surfaces

The lower (eX ) and upper (eA) potential energy surfaces,
V �ðDr12;Dr32; �qÞ and V þðDr12;Dr32; �qÞ, respectively, are
written

V �ðDr12;Dr32; �qÞ
¼ V ð�Þ0 ð�qÞ þ

X
j

F ð�Þj ð�qÞyj þ
X
j6k

F ð�Þjk ð�qÞyjyk

þ
X

j6k6m

F ð�Þjkmð�qÞyjykym þ
X

j6k6m6n

F ð�Þjkmnð�qÞyjykymyn; ð2Þ

with

yj ¼ 1� expð�a1Drj2Þ; ð3Þ

F ð�Þjk...ð�qÞ ¼ f ð0Þjk... þ
XN

i¼1

f ði;�Þjk... ð1� cos �qÞi; ð4Þ

and

V ð�Þ0 ð�qÞ ¼
X8

i¼1

f ði;�Þ0 ð1� cos �qÞi: ð5Þ

In Eq. (2), �q is the instantaneous value of the bond angle sup-
plement (see Figs. 15–14 of Ref. [13]), and Drj2 = rj2 � r(ref),
where the rj2 are the instantaneous P–Hj bond lengths and
r(ref) is the reference value of these quantities, which is taken
as the optimum bond lengths at linearity; the indices j, k, m,
and n can each be 1 or 3. In Eq. (3), a1 is a molecular param-
eter. In Eq. (4), the parameters f ð0Þjk... are common for the two
potential energy surfaces and this ensures that the functions
are degenerate at linearity when �q ¼ 0; the function F ð�Þj ð�qÞ
has N = 4, F ð�Þjk ð�qÞ has N = 3, F ð�Þjkl ð�qÞ has N = 2, and
F ð�Þjklmð�qÞ has N = 1. The adjustable parameters f ðÞ... in V�
and V+ are constrained to ensure that V� and V+ are totally
symmetric under the interchange of Dr12 and Dr32 which they
must be for a symmetrical molecule like PH2.

Fig. 2. The four localized Primitive Cluster States occurring at highest
energy in an N multiplet for an ideal XH2 molecule at high angular
momentum.

Fig. 1. The eX and eA potential energy curves of PH2 as a function of the
bond angle a (from Ref. [1]). The bond lengths are fixed at 1.4 Å.
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