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Abstract

The electronic structure of the isovalent P-Li and P-Na species in their ground X3L "~ state and low-lying excited states, AL
a'A, b'L* and B, has been studied employing CISD, CASSCF and multireference CI techniques. For both molecules and
all states studied, we report full potential energy curves, dissociation energies, bond lengths, and spectroscopic constants.
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1. Introduction

Phosphinidines are compounds of the general form
P-X and they can be considered as the second-row
analogues of nitrenes, N-X [1]. Although the mole-
cules studied in the present paper, P-Li and P-Na, can
be thought as the homologues of the parent phosphi-
nidene, P-H, they are systems of quite different
electronic structure.

To the best of our knowledge, no experimental
results exist in the literature for the P-Na molecule.
Concerning the P-Li system, an experimental dis-
sociation energy, D=58.3 = 5.5 kcal mol ' has been
reported [2], but as the present calculations and
calculations by Simons and co-workers [3,4] indi-
cate, this is overestimated by perhaps as much as

* Corresponding author.

15-20 kcal mol ™. Recently, Boldyrev and Simons
[3] reported ab initio calculations on the diatomic
systems P-X, X = Li to B, and Na to Si at the SCF/
6-31G ", MP2(full)/6-31G ", MP2(full)/6-311 + G” and
QCISD(T)/6-311 + G(2df) level of theory. In particu-
lar, for the P-Li and P-Na species, these workers
examined the ‘£ (o’m?), ‘Il(¢'#’) and 'C* (")
states. As far as we know, no other ab initio calcu-
lations exist in the literature for these two molecules.

In the present work, we have examined the states
XL (6% nd), NI ) alA(@® ), b12+(027r2) and
B’L ™ (6™%a?) of the isovalent P-Li and P-Na systems,
mainly via CASSCF (complete active space SCF) and
CASSCF + 1 + 2 (CASSCF + single + double
replacements = MRCI) employing large basis sets.
For all states examined and for both molecules,
full potential energy curves (PEC) have been con-
structed at the MRCI level of theory. This study can
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be considered as a continuation of our work on the
analogous species N-Li [5], and following this work
we are trying to analyze our findings using simple
valence bond-Lewis diagrams.

2. Basis sets and methods

For the Li and P atoms, the correlation consistent
polarized valence (cc-pVxZ) basis sets of Dunning
were employed [6,7] with x = Q, that is of quadruple
quality, but with the functions of g-symmetry
removed (cc-pVQZ-g). For the Na atom, the ANO
basis set of Roos and co-workers [8] was selected,
practically of the same quality as those of the Li and
P sets. In summary, the basis sets run as follows,
Li: (12s6p3d2f) contracted to [Ss4p3d2f], P:
(16s11p3d2f) — [6s5p3d2f], Na: (17s12p5pdf) —
[5s4p3d2f]. For both P-Li and P-Na molecules, the
total number of contracted spherical Gaussian func-
tions is 96. Anticipating the ionic nature of those
molecules, the augmented cc-pVQZ-g (cc-pVQZ +
one diffuse function for each symmetry present) was
also used for the P atom and for the P-Li species. The
obtained differences on bond length and dissociation
energy D. were not significant (vide infra), therefore
this approach was not pursued any further. Judging the
basis set sizes to be quite adequate, basis set super-
position error corrections were not taken into account.

Results reported in the present work are based on
SCF, CISD (SCF + 1 + 2), CASSCF and CASSCF + 1
+ 2 (MRCI) wave functions. In all correlated calcula-
tions ‘‘core’’ electrons, i.e. ~1s? on Li, ~1322522p(’
on Na and P were kept frozen, allowing excitations
from the six valence electron molecular space only.
The CAS wave functions were constructed by allow-
ing all possible excitations out of the 6 ¢~ valence
(active) space into six appropriate orbitals. Specifi-
cally, every doubly occupied orbital describing a
bond or a ‘‘lone pair’’ on the P-atom was provided
with an additional antibonding orbital of the proper
symmetry; no extra functions were provided for the
singly occupied orbitals. For example, approximating
such a CAS wave function in a GVB way, the X't
state of PLi (or PNa) is written:

IXPE " Ygvp =A(core) 2(107 —N206™)

X (30% - u4a*2)7r,'(7r_\l, afafoo

For the symmetries £, I, 'A and 'E*, the CAS
wave functions are comprised of 51, 51, 35 and 60
CSFs respectively, with corresponding MRCI spaces
ranging from ~ 150000 to 250000 CSFs.

From the CASSCF and MRCI results, bond dis-
tances, r., and spectroscopic constants, w. (harmonic
frequency), wex. (first anharmonicity constant), a,
(rotational—vibrational constant) and D, (centrifugal
distortion), were calculated by fitting the PECs up
to ~6.0 bohr to a seventh degree polynomial and
then applying standard Dunham analysis. Finally,
dipole moments at the CASSCF and MRCI levels
were obtained by placing two unit charges of
opposite sign equidistantly from the middle of the
bond length. This configuration of unit charges
creates an essentially uniform and very weak electric
field in the molecular region and along the molecular
axis. The distances employed, measured from the
middle of the internuclear axis, were 50, 75, 100,
150 and 170 bohr, the plus-unit charge being located
from the P-side while the minus-unit charge was
located from the Li (or Na) side of the molecule.
Dipole moments were obtained as limiting values
of the ratio AE/AE (‘‘derivatives’’), where AE are
total energy differences and AZ are electric field
differences. Of course, AE values used do not
contain the Coulombic attraction of the two opposite
charges, but represent energy differences due to the
polarization of the molecule(s) in the presence of
the electric field. The dipole moments given in the
present paper are in essence the results of AE
and AZ differences as obtained from the 150 to
170 bohr increment. CISD dipole moments were
obtained as expectation values of the dipole moment
operator.

Our calculations were performed by the COLUM-
BUS [9] and MELD [10] suites of codes.

3. Results and discussion

In the four excited molecular states examined in
the present report, the first two excited states ’D and
?P of the P atom, and/or the *P state of the alkali
metals M (M = Li, Na) are entailed. It is, therefore,
of importance that the corresponding atomic energy
separations are calculated accurately. These splittings
are presented in Table 1. While for the Li atom the
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Table 1

Experimental versus theoretical atomic energy separations AE (eV) of Li, Na and P atoms

Atom Li Na P

AE P2 P ‘D—*s ‘P—D
SCF 1.841 1.973 1.793 1.321
CISD 1.520 0.976
CASSCF 1.263 1.320
MRCI 1.484 0.942
Expt.” 1.846 2.104 1.410 0913

* Ref. [11], averaged values over M;.

separation “P « § is in excellent agreement with the
experimental value [11], the corresponding result for
the Na atom deviates from the experimental value by
as much as 3kcalmol™. A CISD calculation
involving all electrons of the Na atom improves this
difference by 1.24 kcal mol™". For the P atom, the
agreement in the ‘D«*S and *P—’D energy
separations can be considered as fair at the MRCI
level.

Table 2 and Table 3 present absolute energies, bond
distances, dissociation energies (D., or intrinsic bond
strengths) and energy gaps T for the P-Li and P-Na at
the SCF, CISD, CASSCF, MRCI and MRCI + Q

(MRCI + Davidson corrections [12,13]). For reasons
of comparison, for the X*Z~ and A’II states, results
from Boldyrev and Simons [3] are also included.
Table 4 contains the spectroscopic constants .,
weXe, a, and D, for both systems. In Table 2 and
Table 3, some comments are also included, indicating
leading configurations and asymptotic products.
Full PECs at the MRCI level and for all states are
shown in Fig. 1 and Fig. 2; it should be mentioned
at this point that all our MRCI PECs are size extensive
within a fraction of a mhartree. In what follows, and
for reasons of clarity, we discuss every state
separately.
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Fig. 1. MRCI potential energy curves of the P-Li molecule.
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Absolute energies E (hartrees), bond distances r, (;\). dissociation energies D, (kcal mol']), dipole moments u (D), Mulliken charges ¢

(P) and energy gaps T, (kcal mol™) of the X’L~, A’MI, a'A, b'E* and B’L™ states of P-Li molecule

Method -E re D, U q(P) T.* Comments (leading configura-
tions and asymptotic products)

X'z~

SCF 348.17405 2342 14.4 7.35 -0.50 0.0 lo* i

CISD 34830020  2.339 34.2 7.15 -0.47 0.0

CISD + Q°  348.321 2.344 374 0.0

CASSCF 348.19915  2.398 215 6.96 043 0.0 P(*S) +Li(°S)

MRCI 348.31497  2.351 36.8 7.01 0.0 "

MRCI + Q°  348.324 2.350 39 0.0

QCISD(T)! 34830484 2342 384 0.0

Al

SCF 348.14970  2.227 40.5 6.71 -0.49 15.3 lo' 7

CISD 348.28601 2.219 547 6.59 -0.47 14.6 P(D)+Li(’S)

CISD +Q°  348.299 2223 579 13.8

CASSCF 348.18098 2215 40.2 6.68" -0.42 114 Avoided crossing between a
*M state correlating to
P(*S)+Li*P,M; = = 1) and
the one which correlates to
P(’D) +Li(’S)

MRCI 34829310  2.221 57.3 6.55 13.7

MRCI + Q¢ 348.301 2227 60 14.4

QCISD(T) 34828182  2.189 144

a'A

SCF 348.13564  2.332 31.7 7.24 -0.48 24.1 lo* 7! 7))~ lo?x! 7!

CISD 348.27599  2.327 48.4 7.03 -0.45 20.8 ’ '

CISD + Q®  348.289 2.328 51.6 20.1

CASSCF 348.17166  2.366 33.4 7.04" —0.44 17.3 P(*D) +Li(*S)

MRCI 348.28317  2.332 51.0 6.96 20.0

MRCI +Q°  348.291 2.334 53 20.7

p'L*

SCF 348.09356 2327 35.7 6.99 -0.41 50.5 lo* 72+ lo? 2

CISD 348.25085  2.302 553 6.81 -0.41 36.6

CISD +Q® 348272 2278 618 30.7

CASSCF 348.13164  2.345 38.7 6.69" -0.41 42.4 P(*P) +Li(*S)

MRCI 34826450  2.281 61.1 6.57 31.7

MRCI + Q¢ 348277 2.278 65 295

B’L”

CASSCF 348.12836  2.621 6.21 -1.91f -0.10 444 lo" 2w, m))

MRCI 34823170  2.746 18.7 -3.42 523 PCD)+Li(’S)

MRCI + Q¢  348.241 2.986 22 52.1

% With respect to the X°L~ state.

® Davidson correction for unlinked quadruples [12].

¢ Multireference Davidson correction for higher than double excitations [13].

4 Ref. [3], QCISD(T)/6-311 + G(2df).
¢ Ref. [3], QCISD(T)/6-311 + GdfH)//MP2(full)/6-311 + G".
f Calculated at the MRCI bond distance.
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Table 3
Absolute energies £ (hartrees), bond distances r, (A), dissociation energies D, (kcal mol™), dipole moments p (D), Mulliken charges g (P) and
energy gaps T, (kcal mol™) of the XL, A’IL, a'A, b'E™ and B’L ™ states of P-Na molecule

Method -E re D. “ q(P) T.* Comments (leading
configurations and
asymptotic products)

X'z~

SCF 502.58208 2.685 35 8.70 -0.34 0.0 lo? by

CISD 502.71688 2.689 23.0 8.42 -0.33 0.0

CISD +Q°  502.729 2.699 264 0.0

CASSCF 502.61010 2771 12.4 7.15" -0.33 0.0 P(*S)+Na(*s)

MRCI 502.72356 2710 26.2 7.98 0.0

MRCI +Q° 502733 2.710 28 0.0

QCISD(T)!  502.70198 2.690 278 0.0

A

SCF 502.56060 2588 313 9.12 043 135 lo’ 7

CISD 502.69567 2587 44.8 9.03 -0.41 13.3 P(D)+Na(*S)

CISD +Q°  502.708 2.593 475 13.2

CASSCF 502.59044 2.578 30.2 9.16° -0.44 123 Avoided crossing between a
*II state correlating to
P(*S)+Na(®P,M = = 1) and
the one which correlates to
PCD) +Na(*S)

MRCI 502.70251 2.589 473 9.00 13.2

MRCI +Q°  502.711 2.596 50 13.8

QCISD(T)®  502.67948 2.545 14.1

a'A

SCF 502.54306 2.680 203 8.74 -0.32 24.5 cFrim-lotwlE,

CISD 502.68267 2.678 36.6 8.54 -0.31 21.5

CISD +Q°  502.695 2.686 393 21.3

CASSCF 502.58036 2.724 22.9 8.101 -0.37 18.7 P(°D) +Na(*S)

MRCI 502.68991 2.692 39.3 8.30 21.1

MRCI + Q¢ 502.698 2.694 42 220

b'T*

SCF 502.50004 2.680 238 8.75 -0.35 51.5 la*72)+ o2

CISD 502.65661 2.665 42.9 8.65 -0.37 378

CISD + Q"  502.678 2.639 495 320

CASSCF 502.54055 2.702 28.4 8.04" -0.35 43.6 P(*P) +Na(’S)

MRCI 502.67158 2.637 49.6 8.57 326

MRCI + Q¢  502.684 2.637 54 30.7

BL-

CASSCF 502.54421 3.037 0.21 1.36 -0.20 413 o2 xla))

MRCI 502.65310 3.188 16.2 -0.41 442 P(D) +Na(’S)

MRCI + Q¢  502.665 3.487 21 427

* With respect to the X°E~ state.

® Davidson correction for unlinked quadruples [12].

° Multireference Davidson correction for higher than double excitation [13].
4 Ref. [3], QCISD(T)/6-311 + G(2db).

¢ Ref. [3], QCISD(T)/6-311 + G(2dH)//MP2(full)/6-311 + G".

" Calculated at the MRCI bond distance.
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Table 4
Spectroscopic constants ,, w,X., &, and D, in cm™ of the X°C~, AL, a'A, b'L* and B’EL " states of P-Li and P-Na molecules
Method P-Li P-Na

We WeXe oze><10'3 l—)e><10_7 W, WeXe 01€><10_3 [—)e><10_7
x’c-
CASSCF 439.2 39 6.5 -2.8 295.8 33 3.4 -8.2
MRCI 479.1 33 5.9 -2.6 337.6 2.1 2.5 -7.2
MP2(full)* 495 298
A’
CASSCF 523.5 33 6.4 =32 370.6 2.0 2.7 -8.1
MRCI 514.5 35 6.6 -32 3619 2.0 2.7 -8.2
MP2(full)* 541 307
a'a
CASSCF 470.1 4.0 6.2 -2.6 294.8 -0.4 4.5 -9.0
MRCI 499.4 32 5.6 -2.6 337.8 -0.06 2.3 -74
b'C*
CASSCF 474.6 3.5 5.6 2.7 3359 2.0 24 -7.4
MRCI 508.5 33 54 -2.8 358.9 1.8 2.1 -7.5
B’L”
CASSCF 291.5 23 6.5 -3.7 208.3 1.0 2.7 -9.7
MRCI 248.5 8.8 8.2 -39 204.0 44 1.1 -7.4

“Ref. [3], 6-311 + G’ basis.
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Fig. 2. MRCI potential energy curves of the P-Na molecule.
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Fig. 3. Evolution of orbital populations and of the charge on the P atom (gp) along the reaction path of the P-Li molecule, as obtained from the
CAS wavefunctions. The perpendicular lines mark the equilibrium bond lengths. (a) X’E-, (b) A'n, (c)a'A, (db'C™.

with 0.5 ¢~ and 0.3 ¢ transferred from the alkali
metal to P in P-Li and P-Na respectively. This ionicity
is reflected in the very high dipole moments, 7.0
(P-Li) and 8.0 (P-Na) debye at the MRCI level of
theory. By using the augmented basis set on the P

31 Xt~ ground state (P-Li, P-Na)
The following valence bond-Lewis icon represents

the bond formation of the P-M (M = Li or Na) system
from the ground state atoms.

P,
Py b, S b
- Gg —
P P—M
(X’z)

. + ‘M

S)

¢s)

atom (aug-cc-pVQZ-g) and for the P-Li molecule, at
the MRCI level the total energy drops by 0.6 mh, the

As we can see from the population analysis (Table 3),
both molecules present a considerable ionic character
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bond length increases by 0.002 A and the D, increases
by 0.3 kcal mol ', Judging these differences as insig-
nificant considering the additional computational
effort, the aug-basis set was not used any further.

At the equilibrium bond distance, the atomic popu-
lations as obtained from the CAS wavefunction are as
follows

P-Li: 381883p()953p162/230332130032[)0]5
P-Na: 3Sl913p0973p146/350493p?013p009

where the first entry corresponds to the P and the
second to the Li or Na atom. How the atomic popula-
tions evolve, from infinity (~20 bohr) to equilibrium,
is shown in Fig. 3(a) for the P-Li species; also shown
is the charge build up on the P atom (gp). For instance,
already at the distance of ~7.5 bohr the 3p.(P) starts
gaining electrons, while at the same time the popula-
tion of the 2s(Li) is plummeting in a fashion almost
symmetric to the 3p (P). A small fraction of electrons
is also promoted to the 2p, orbital of Li. The situation
is completely analogous for the P-Na system.
Although the HF configuration in the CISD expan-
sion carries a significant weight, Cyr=0.95 for both
molecules, the SCF method essentially fails to predict
a reasonable binding energy, particularly for the P-Na
molecule (Table 3) where almost all binding energy is
correlation energy. From Table 2 and Table 3, we also
observe that our r.’s and D.’s are in essential agree-
ment with the results of Boldyrev and Simons [3].

3.2. A’ state (P-Li, P-Na)

We can think of this state as the result of interaction
between the ground 4S of P and the first excited P
(M = %= 1) of Li or Na atoms.

This diagram suggests that the molecules are held

*S) (P, M;=t1)

together by a w-bond, a half o-bond and a half =-
bond. In essence, the CAS population analysis at
equilibrium supports this diagram:

P—Li: 3814883p:.783p -3p0 84/250 142p() 172p? 052p0 14
P—Na: 381 853‘),1( 803p0 9?3p0 81/380 li3p(3 113p0033 0.11

the total result being the transfer of ~0.4 ¢~ from Li or
Na to the P atom (Table 2 and Table 3).

At equilibrium, the situation is similar to that of
N-Li molecule [5]. However, the PECs of this A’
state, Fig. 1 and Fig. 2, correlate to the first excited
D (Ixy9) - Ixz2), M, = + 1) and °S states of P and Li
or Na atoms respectively. This in turn suggests an
avoided crossing between a Il strongly bound state
originating from the *S and °P states of P and Li
atoms, and a rather weakly bound *II state tracing
its lineage to “D and S states of P and Li atoms
respectively. The cause of this avoided crossing is,
obviously, the intervening ’D state of P atom between
the >S and 2P states of Li or Na atoms (Table 1). Such
a situation does not arise in the N-Li system [5] due to
the fact that the N D state is higher by 0.538 eV
(0.280) than the P state of Li (Na) atom. For purely
technical reasons, we were not able to compute
the assumed B*II state correlating to the *S and *P
states of P and Li or Na atoms, but corroborating our
suggestion are the large D, values, 57.3 and
47.3 kecal mol ™" at the MRCI level of P-Li and P-Na
respectively (Table 2 and Table 3) and the shortening
by ~0.12 A of the bond lengths of the A’ states as
compared with corresponding XL~ states (Table 2
and Table 3) for both molecules. It is difficult to inter-
pret such strong interactions as originating between a
*D(P) and 2S(Li or Na) states. In addition, calculating
the bond dissociation energy of the P-Li molecule
with respect to 4S(P) and 2P(Li) asymptotic




D. Tzeli et al./Journal of Molecular Structure (Theochem) 417 (1997) 277287 285

products (intrinsic bond strength), we obtain a value
of 65.5 kcal mol™" at the MRCI level, with the corre-
sponding value of the N-Li system [5] being 64.6 kcal
mol . The fact that the two intrinsic bond strengths
are practically the same between the A’II states
of P-Li and N-Li molecules suggests that their
binding mechanisms are similar, and clearly the
latter correlates to the *S and P states of N and Li
atoms.

Fig. 3(b) shows the evolution of atomic popula-
tions, as obtained from the CAS wavefunction along
the PEC for the P-Li species; for P-Na the results are
strictly similar.

Finally, from Table 2 and Table 3, we can see that
our T, (AT — X L) values of 13.7 (14.4) and 13.2
(13.8) kcal mol ™" at the MRCI (MRCI + Q) level of
P-Li and P-Na are in essential agreement with the
results of Boldyrev and Simons [3] (14.4 and
14.1 kcal mol ™!, QCISD(T) level). What is different
though, between our results and the results of
Ref. [3] is the bond lengths, ours being longer by
0.032 and 0.044 A for P-Li and P-Na respectively.
The cause of this discrepancy is the MP2(full)
methodology and the rather small basis set (6-311 +
G") used by these workers {3] as contrasted to the
MRCI approach and much larger basis used in the
present work.

3.3. a' A state (P-Li, P-Na)

This state originates from a o7 configuration and
correlates to the “D and S states of P and Li or Na
atoms respectively (Fig. 1 and Fig. 2). The equi-
librium structure can be represented with the
following valence bond-Lewis diagram.

In addition, the CAS atomic populations at the
equilibrium are

jigh

P( D) MCS)

P-Li: 3S] 873p0 943p1 65/280 282p0 032p0 16
P—Na: 381 883p0953pl 56/350403p0023 0.16

while the evolution of the atomic populations along
the PEC of P-Li are shown in Fig. 3(c); the corre-
sponding evolutional diagram for P-Na is quite
similar. The bonding is clearly caused by a signifi-
cant electron transfer from the s orbitals of the
alkali metals to the p. orbital of the P atom, with a
concomitant promotion of ~0.20e" to the 2p. and 3p.
of Li and Na respectively, resulting in a total
transfer of ~0.4 ¢~ from Li or Na to P (Table 2 and
Table 3). How the charge is accumulated on the P
atom of the P-Li system along the reaction coordinate
is shown in Fig. 3(c).

Both the A*II and the a'A states of P-Li and P-Na
species are bound with respect to the ground state
products by 23.1, 16.9 and 13.0, 5.1 kcal mol™
respectively. The similarity of bonding between the
X’E™ and a'A states (a difference of a spin flip
between the two states), is reflected in the similarity
of bond distances, charge transfer and dipole moments
of these states for both species (Table 2 and Table 3).

3.4.b'T* state (P-Li, P-Na)

This 'E* state also originates from a o’x® con-
figuration, tracing its lineage to the second excited
state of the P atom, *P and the ground state of the
alkali metals, °S. At equilibrium, it can be represented
with the following valence bond-Lewis picture and
with the following atomic CAS populations

g

P( P) MCS)

P—Li- 351873p0983p1 57/230262p§) 72p01S
P—Na: 33'883p'003p'47/350353p? 3pt!!

The evolution of the atomic populations along the
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P-Li curve is shown in Fig. 3(d). A total charge
of ~0.4 ¢” is again transferred from the Li or Na
atom to the P atom (see Table 2 and Table 3) mainly
through the o-frame of the molecules along with a
small promotion to the 2p. and 3p, orbitals of Li
and Na atoms.

Of the three states X° £, a'Aandb'Lt stemming
from the o*x? configuration and at the MRCI level,
the b'S* state has the shortest bond distance and the
highest dissociation energy (intrinsic bond strength)
with respect to the adiabatic fragments, P(zP) and Li
or Na (*S). The same situation holds for the N-Li
molecule as well [5].

3.5. B’L™ state (P-Li, P-Na)

Fig. 1 and Fig. 2 present the B’L~ PECs of the P-Li
and P-Na molecules. As shown, both systems corre-
late adiabatically to ’D(P)+2S(Li or Na) atomic
states, and not to *S(P)+°P(Li or Na, M; =0) states
as we might have expected; the reason again is the
intervening 2D(P) state (Table 1). The equilibrium
populations as obtained from the CAS wavefunction
are
P—Li-: 331.943p2;393p;.16/2804821)2;(})'02[)0.38

z

P-Na: 351.943p8:393p;24/380.433p2;303p2.31

with ~0.1 and ~0.2 ¢ transferred via the o-frame to
the P-atom of P-Li and P-Na respectively. The two 7
electrons are entirely localized on the P-atom, no
delocalization to the p,, p, orbitals of the alkali
atoms is observed. In addition, a significant sp,
hybridization on the Li and Na centers occurs, engen-
dering a rather weak o-bond, marked as o’ in Table 2
and Table 3.

Admittedly, it is difficult to represent the bond
formation of this state by a simple valence bond-
Lewis diagram. A 3T~ state tracing its ancestry to
2D(P) +>S(M) states can only be formed from the
M, =0 component of the ’D(P) state,

1’D, M, =0)= (2lxyz| - [xyz| - xyzl)
=A(p.pyp.) (2ol — B — crBer).

Representing at equilibrium only the first part of the
above wavefunction, the bond formation could be

represented by the tollowing picture similar of course
to the X’L "~ state.

c = :P_M
P(~*D) M(sp,- hybridized)  (B’Y")

For both systems, the B’L™ state is the less ionic as
compared with the rest of the states studied, and this is
clearly reflected in the relatively small dipole
moments, in Table 2 and Table 3, particularly for
the P-Na molecule. In addition, and for both species,
the dipole moment changes sign at the MRCI level,
having its negative end toward the Li or Na atoms.

Finally, it is interesting to compare the B'L~ state
of P-Li with the B*Z ™ of N-Li [5]. The morphologies
of the two PECs are remarkably similar, but the N-Li
correlates to 4S(N)+2P(Li, M, =0) atomic states as
expected, due to the fact that the P(Li) is lower in
energy than the ’D(N) state. In addition, although the
calculated N-Li dipole moments for all states but
the BL ™ are rather high (6-7 D), the latter is close
to zero (0.02 D at the CISD level), in relative agree-
ment with the B'L ™ dipole moments of P-Li and P-Na
systems.

4. Summary and conclusions

(1) Using CISD ( + corrections), CAS and CAS + 1
+ 2 ( + corrections) methods, we have studied the
electronic structure of P-Li and P-Na in their ground
L~ state and the low-lying excited A’II, a'A, b'L™"
and BC” states. For all states full PECs are
presented.

(2) With the exception of the B’L~ state, the states
for both molecules show significant ionic character
with approximately 0.4 e~ transferred from the Li
or Na to the P atom and quite large dipole moments,
7.0-9.0 D.

(3) The energy seperations (T,) of the two systems,
with the exception of the B'L" states, show a remark-
able similarity; at the MRCI (MRCI + Q) level the two
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T, sets are as follows (kcal mo]“l)
P-Li: 13.7(14.4), 20.0(20.7),31.7(29.5),52.3(52.1)
P—-Na: 13.2(13.8),21.1(22.0), 32.6(30.7),44.2(42.7)

(4) In all absolute energies, E, there is an interesting
agreement between the CISD + Q and MRCI + Q
levels of theory, the largest difference being 6 mh
for the b'L* state of the P-Na system.

(5) For both molecules and for all states studied, the
lone pair of the P atom (~3s) plays no role in the
bonding mechanism, retaining a constant electron
count of ~1.9 e~ at the CAS level.
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