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The ground states of the isovalent moleculesNKPIT,) and PLj (X2B), along with some low-lying excited

states B2y, &4, =, 2247, and?A,), have been examined using ab initio CISD, CASSCF, and MRCI
methods in conjunction with relatively large correlation consistent basis sets. We report total energies,
geometries, binding energies, Mulliken charges, energy gaps, and for certain states, potential energy curves.
All states examined are bound with respect to the ground-state atoms RS)rHPRLI(2S), while the mean

binding energies NLi and P-Li of NLi, and PLp are 42.5 and 40.2 kcal/mol, respectively.

1. Introduction For the N and P atoms the quadruple= 4 (QZ) quality
. ) o basis was employed but with the functions of g-symmetry
In the present report we examine via ab initio methods the (o moved (cc-pVQZ-g). For the N atom only and in conjuction

electronic structure of the ground state and of some low-lying \,iith the CISD method. the augmented cc-pVQZ-g (cc-pVQZ
excited states of the isovalent molecules dilithium nitride @NLi | o6 diffuse function for each symmetry presentug-cc-

and dilithium phosphide (Pk). To the best of our knowledge pVQZ-g) was used. For the Li atom tie= 3(TZ) basis was
there are no experimental or theoretical results in the literature ggjacted.  For instance. the Plbasis set reads as follows:

for NLi,. The PLp system has been observed in the gas phase(16311p3d2f/(1155p2d32j) — [6s5p3d2f/(4s3p2d1f), com-
by Knudsen-effusion mass spectrometrglong with other  iseq of 110 contracted spherical Gaussians (i.e., five d and

phosphorus-lithiated species. We are also aware of SOme, aggyen f functions). The reason for selecting these particular
yet unpublished, ab initio results by Kufdon the ground states bases, e.gn = 4 for the N and P atoms armd= 3 for the Li
of PLi and PLp molecules (vide infra). On the other hand, 4iom will be discussed further in the next section.

experimental results on lithiated N- and P-species in the solid As was already mentioned, the theoretical methodologies
state have existed for quite a few yearJhe interest in these employed are SCF CISD(S(—}iEHZ) CASSCE. and CASS-
systems is due to thgir ionic nature and the role they could CF+1+2 (MRCI). Ih the CASSCE c’alculations,, the Li 2s-. N
potentially play as solid-state ionic conductors. _ 2s2p-, and P 3s3p-like orbitals were included in the active space.
Using SCF, CISDfcorrections), CASSCF (complete active  The Lj 1s-, N 1s-, and P 1s2s2p-like orbitals were optimized
space SCF), CASSGFL+2 (CASSCF+ single + double  pyt always constrained to be doubly occupied. Given those
replacements= MRCI), and MRCH-corrections methods in restrictions, our CASSCF space for the triatomic species contains
conjuction with rather large correlation consistent basis sets, seyen active orbitals and seven (valence) electrons. Depending
we have examined the ground state¥DYNLi,) 2an§ XB1- on the symmetry of the state, the size of the CAS space ranges
gF’LIzZ- as well as the low-lying excited statéB,, 2%, 22,7, from 112 (=,") to 404 £A;) CSFs, with 988 665 and 1 501 544
A1, “Zg", and“Z,” for both title molecules. In an effort to  cgfg, respectively, in the MRCI space. No corrections for basis
better understand the nature of the chemical bond in theseget superposition errors were applied, assuming that the size of
unusual species, we have also constructed potential energyne pasis sets was large enough. It should also be mentioned

curves (PECs) for certain states; in particular for the ground that the size extensivity error in all MRCI PECs studied was
°[1, state of NLp we constructed PECs referring to both less than 0.1 mhartree.

dissociation channels, Ni+ NLi + Li and NLiz =~ N + 2Li. Our computations were performed with the COLUMBUS
The present report is a continuation of our work on lithiated gyjte, with some CISD results checked by the MEL@de.

speciestwe believe that the simplicity of the Li atom (one active  Also, the MOLPR@!code was used for certain calculations
electron), in parallel with its low-lying first excited state gn the diatomic molecule NLi.

(AE(3P—2S) = 1.85 eV), presents an ideal case for the study
of the chemical bond. 3. Results and Discussion

2 Basis Sets and Methods a. The Diatomics NLi and PLi. Recently we have reported
on the ground and low-lying states of NEand PLf2molecules.

For all atoms, the correlation consistent polarized basis setsWith the purpose of selecting basis sets of adequate size for
of Dunning were used, cc-pAZ, wheren is a cardinal number the triatomic species Nkiand PLp, while at the same time
characterizing the basis set qualfity. One of the nicest keeping our calculations manageable, we have reexamined the
properties of the cc-bases is their potential of improving in a dissociation energie®g) and bond lengthg § of NLi and PLi
well-defined and systematic way the quality of calculation and ground states as a function of basis set size. Our results at the
their convergence toward the “complete basis set” limits of MRCI level, along with literature results, are reported in Table
various molecular properties within the methodology empldyed. 1. Considering th®, andr. as the most sensitive parameters
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TABLE 1: MRCI Results on the Ground X ¥~ State of NLi
and PLi as a Function of Basis Set Size: Energies (hartrees),
Bond Distancesr, (angstroms), Dissociation Energie®,
(kcal/mol), and Harmonic Frequenciesme (cm™1)

Tzeli et al.

TABLE 2: Absolute Energies E (hartrees), Bond Lengthsr,
(angstroms), Dissociation Energie®. (kcal/mol), Mulliken
Chargesq (N or P), and Energy DifferencesT. (kcal/mol) of
NLi and PLi in the X 3£~ and ASII States

basis set -E le De We method —-E le D¢t q Te

NLi NLi(X 3=7)

aug-cc-pVTZ/D2 61.98909 1.921 295 619.9 SCF 61.833 53 1.844 0.4 —-0.54

cc-pVQZ-g/cc-pVTZ 62.00663 1.885 33.3 655.2 CIsSD 62.001 73 1.873 30.9 -0.55

cc-pVQZ/cc-pvVT2 62.00774 1.879 335 663.2 CISD+Q@? 62.013 1.886 35

cc-pVQZ-g/cc-pvVQZ-g 62.00786 1.881 34.1 660.1 CASSCF 61.868 89 1.900 155 -0.51

aug-cc-pvVQZ-g/cc-pVTZ 62.00884 1.889 34.5 649.9 MRCI 62.006 63 1.885 33.3 —0.50

cc-pV5Z/cc-pvVQ2 62.01347 1.877 354  665.3 MRCI+Q? 62.014 1.890 35

aug-cc-pV5Z/cc-pVQYZ 62.01451 1.879 35.8 662.2 NLI(A3T)

DZ+P-Slater functiorfs 61.7781 1.85 19.6 657

6-311H-G(2df)//6-3H-G* d 1.874 34.4 681° l(\:ﬂ';%?CF 66115%%22%5 11'7733;4 7%452 78'32 g;
PLi MRCI+QP 62.005 1.740 72 54

cc-pVQZ-g;cc-pVTZ . 348.31423 2.357 36.3 476.8 PLI(X?S")

cc-pVQZ-g/cc-pVQZ- 348.31497 2.351 36.8 479.1 _

FUgCCPVOT GICVaZ-g 3483186 2383 14 aze SCE 3817380 2302 143 045

6-311+G(2dfp 348.30484 2.342 38.4 495 CISD+Q 348.320 2344 37 ’

[5s4p2d/as3p2d] 348.29936  2.372 CASSCF  348.19888 2400 21.3 —0.39

aReference 4P Internally contracted MRCI, MOLPRO code. MRCI 348.31423 2357 363 -041

¢ Reference 12, CISD with respect to a two-configuration reference. MRCI+Q°  348.323 2356 38

dReference 13a, QCISD(T), 6-33G(2df)//MP2(full/6-3HG*), no PLi(AIT)

absolute energy value is givehReference 13a, MP2(full)/6-3#1G*. CASSCF 348.180 67 2219 40.0 —0.40 11.4

f Reference 4&! Reference 13b, QCISD(T).Reference 13b, MP2(full)/ MRCI 348.292 46 2.227 56.9 —0.34 13.7

6-31+G*. | Reference 2, MRCHFull-Cl Davidson correction, con- MRCI+QP 348.301 2.231 59 14.1

tracted ANO-basis set (17s12p5d4f/14s9p4d3f)5s4p2d/4s3p2d].

with respect to the basis set size, Table 1 reveals that for NLi

our best resultsD, = 35.8 kcal/mol and. = 1.879 A, are in
fair agreement with the cc-pVQZ-g/cc-pVTZ numbers, that is, Li(%S).
De = 33.3 kcal/mol and. = 1.884 A. Incidentally, theDe
value of NLi in the aug-cc-pV5Z/cc-pVQZ basis is the most
accurate reported so far in the literature.

Similarly, results on the PLi molecule are presented in Table .

1, from where it is obvious that the cc-pVQZ-g/cc-pVTZ

numbers are in good agreement with the more flexible basis

sets.

The above results rationalize our selection of the QZ-g/TZ

basis in the treatment of both triatomic species, Nirid PLp.
Table 2 summarizes all relevant arithmetic results on NLi

of NLi.

a Single-reference Davidson correction for unlinked quadruples.
b Multireference Davidson correction, ref 14X3=-, D, with respect
to the ground-state products.’IA, D. with respect to asymptotic

products, i.e., NLi(AIT) — N(*S) + Li(?P) and PLi(&RII) — P@D) +

follows we analyze our findings with an emphasis on the binding
mechanisms.

NLi ,, Ground X2, (1642264216,230220,21,3) State. We
imagine that the molecule is formed either by a ground-state

Li(2S) atom approaching the first excitedIA state of NLi or

Li

Z

by a Li atom in its excitedP state approaching the grounésx
A clear visualization of these two routes is obtained
by using valence bondlLewis icons. Of course, at equilibrium,

and PLi for the ground X2~ and the first excited AT states / )

in the QZ-g/TZ basis, using different methodologies. Analysis * @

of similar results with that of Table 2 (with a smaller and slightly NLIATT) Y e 2
larger basis set for NLi and PLi, respectively) and binding ‘ LS — X)—«V
mechanisms can be found elsewh#&.The only purpose of

presenting Table 2 is its relevance in discussing the triatomics " ‘ NLip (X1, )

NLi, and PLp. A few comments though are in order. Both NLIK3T) . uee, M:i”/

molecules in both states are ionic with almost half an electron
transferred from Lito N or P in the 3~ state(s); in the X~
state(s) there is a single bond@tharacter, while in the AT
state(s) the atoms are held together bylaond, a haliz-bond,

and a halfz-bond (by a half-bond we mean that only one
electron is involved in the bonding process). It should also be
mentioned that the AT state correlates to K§) + Li(2P) or
P@D) + Li(2S) fragments. This double-bond character of the
AJ3IT state(s) is reflected in the impressive bond length shorten-
ing along with a significant increase in th2. values (with
respect to the asymptotic products) as compared to fias X
state, Table 2.

both the above molecular picture and its mirror image are
present, so the two Li atoms are strictly equivalent. At
equilibrium the CAS atomic populations are

N: 231.732R(O.882R/1.372pzl.44
Li: 230.222pXO.042H0.112pZO.31

in reasonal agreement with the above picture. Each Li atom is
losing 0.66 € via the o-frame gaining at the same time 0.35
e~ via then-frame; overall,~0.4 e are transferred to the N

b. The Triatomics NLi, and PLi,. Tables 3 and 4 present atom. Bending the molecule results in the two nondegenerate
numerical results on Nkiand PLj, respectively; we report total ~ components (RenneiTeller splitting)2B(3a24a21b;12h,%) and
energies, equilibrium geometries, dissociation energies with 2A;(3a24a'1b,22h,?), degenerate in the linean| = 1 geom-
respect to the ground-state fragments N o*®) @ 2Li(%S), etry, Figure 1. We observe that Nlis a very floppy molecule,
Mulliken charges, and energy gaps of the ground and some low-requiring just 0.6 mhartree to bend it up to 24énh the?B;
lying excited states and in different methodologies. In what surface.
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TABLE 3: Absolute Energies E (hartrees), Bond Lengthsre
(angstroms), Angles# (degreesLiNLi), Binding Energies
De (kcal/mol), Mulliken Charges qy, and Energy Differences
Te (kcal/mol) of the Ground 2I1, State and Some Low-Lying
Excited States of NLj

method —E le 2] D& q TP
X201,
SCF 69.29085 1.746 180.0 15.9-0.57
CISD 69.50584 1.767 180.0 75.5—0.58
CISD+Q°  69.523 1.777 180.0 83
CASSCF 69.37571 1.790 180.0 62.0-0.43
MRCI 69.52159 1.782 180.0 84.9—-0.45
MRCI+Q? 69.530 1.786 180.0 88
2B,
SCF 69.26838 1.671 140.2 1.8-0.50 14.1
CISD 69.48724 1.702 125.8 63.8—0.47 11.7
CISD+Q°®  69.506 1.715 123.2 73 10.8
CASSCF 69.36101 1.722 1184 52.8-0.41 9.2
MRCI 69.506 15 1.738 1114 75.3—0.45 9.7
MRCI+Q? 69.515 1.750 106.4 78 9.9
2y e
SCF 69.26793 1.660 180.0 —0.53 14.4
CISD 69.48462 1.678 180.0 —0.53 13.3
CISD+Q*  69.502 1.686 180.0 13.1
CASSCF 69.35855 1.684 180.0 -0.32 10.8
MRCI 69.50257 1.689 180.0 —-0.35 11.9
MRCI+Q¢ 69.510 1.693 180.0 12.6
D
SCF 69.307 62 1.925 180.0 26.4-0.37 —10.5
CISD 69.47853 1.912 180.0 58.3—0.33 17.1
CISD+Q°  69.489 1.921 180.0 62 21.5
CASSCF 69.34227 1.930 180.0 41.0-0.34 21.0
MRCI 69.48393 1.921 180.0 61.3—0.32 23.6
MRCI+Q? 69.492 1.925 180.0 64 24.2
25,
SCF 69.304 03 1.895 180.0 24.1-0.40 —8.3
CISD 69.47438 1.924 180.0 55.7—-0.36 19.7
CISD+Q°  69.485 1.933 180.0 59 24.1
CASSCF 69.33908 1.943 180.0 39.0-0.35 23.0
MRCI 69.47856 1.928 180.0 57.9-0.35 27.0
MRCI+Q? 69.486 1.931 180.0 60 27.9
42u—
SCF 69.296 84 1.908 180.0 19.6-0.28 -—-3.8
CISD 69.466 03 1.930 180.0 50.5—-0.28 25.0
CISD+Q° 69.476 1.938 180.0 54 29.6
CASSCF 69.33205 1.946 180.0 34.6-0.36 27.4
MRCI 69.47150 1.940 180.0 53.5—-0.36 31.4
MRCI+Q¢ 69.479 1.944 180.0 56 32.4
ZZLf
SCF 69.29578 1.908 180.0 18.9-0.28 —3.1
CISD 69.464 67 1.929 180.0 49.6—0.26 25.8
CISD+Q° 69.474 1.936 180.0 53 31
CASSCF 69.33068 1.943 180.0 33.7-0.37 28.3
MRCI 69.47000 1.936 180.0 52.6—0.36 32.4
MRCI+Q! 69.477 1.939 180.0 55 33
2A1
SCF 69.22921 1.937 89.1-22.8 —-0.24 38.7
CISD 69.41840 1.954 88.4 20.6—0.24 54.9
CISD+Q°® 69.434 1.962 88.4 28 55.9
CASSCF 69.304 24 1.978 86.4 17.1-0.32 449
MRCI 69.428 88 1.963 87.9 26.8—-0.34 58.2
MRCI+Q? 69.440 1.954 89.3 31 56.8

3 With respect to the ground-state producté®y¢ 2Li(%S). ® With
respect to the ground?Kl, state.¢ Single-reference Davidson correction
for unlinked quadruples! Multireference Davidson correction, ref 14.
€ Obtained from théB; state in the limit ofg = 180.0.
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Figure 1. Splitting of the NL} (linear) XIT, state as a function of
the 6 angle, MRCI level of theory.
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Figure 2. Symmetric (S) and asymmetric (A) PECs of Mlin the
linear 21, configuration, MRCI level of theory.

opening, symmetric (S) and asymmetric (A), are shown in Figure
2 with corresponding numerical results presented in Table 5.
Both PECs were obtained by defining tlzeaxis to be the
molecular axis. As we can see from Figure 2, the S-opening
traces its lineage to one Li atom in the groui&lstate and the
other to the first excitedP state

NLi,(X°I1,) — Li(*S) + Li(*P) + N(*S)

as it should. The atomization energy of the above process is
127.4 kcal/mol with respect to tH® state of Li (Table 5) or
84.9 kcal/mol with respect to the ground-state products (Table
3), at the MRCI level of theory. Therefore the mean dissociation
N—Li energy is 84.9/2= 42.5 kcal/mol, about 10 kcal/mol larger
than theD. of NLi (X3Z7), Table 2.

The A-opening mode correlates to the first excitellistate
of NLi and the groundS state of the Li atom

NLi ,(X°IT,) — NLi(A °T) + Li(*S)

(Figure 2) again as it should. TIm& of this process with respect

to the asymptotic products (internal bond strength) is 57.1 kcal/
mol at the MRCI level (Table 5) or 57-15.3 = 51.8 kcal/mol
(Table 2) with respect to the ground-state products, NEE(X

+ Li(%S). Both the S- and A-opening modes are in agreement

Now, there are two ways of taking the molecule apart: one with the binding mechanism of Nkipresented before.

by simultaneously stretching away the two Li atoms in a

PLi, Ground X2B; (5a4262,23b,22b,1) State. The single

symmetric fashion maintaining the center of symmetry; the most important difference between the ground states of NLi
second by stretching away one Li atom with respect to the NLi and PLj molecules is that the former is linear while the latter
fragment. The potential energy curves of these two modes ofis strongly bent,0 = 100 at the MRCI level (Table 4,
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TABLE 4: Absolute Energies E (hartrees), Bond Lengthsr, (angstroms), Anglesf (degreeslILiPLi), Binding Energies De
(kcal/mol), Mulliken Charges gp, and Energy DifferencesT, (kcal/mol) of the Ground X?B; State and Some Low-Lying Excited
States of PLp

method -E fe 0 D& q T method -E fe 0 D& q T
XzBl 2297
SCF 355.63949 2.264 116.6 35.0—0.51 SCF 355.61890 2.439 180.0 22.1-0.25 129
CISD 355.80354 2.264 1142 72.9-0.49 CISD 355.75614 2.439 180.0 43.2—0.24 29.8
CISDH+Q* 355.820 2272 1112 79 CIsBR® 355.768 2.445 180.0 46 325
CASSCF 355.68535 2.297 102.0 55.1-0.52 CASSCF 355.64297 2.473 180.0 28.5-0.23 26.6
MRCI 355.81736 2.291 100.0 80.4 —0.47 MRCI 355.76193 2450 180.0 458-0.24 348
MRCI+Q¢  355.829 2.297 98.3 84 MR&IQ! 355.772 2.454 180.0 48 36.0
MRCI+Q® 355.80114 2.267 112.0 o5 -
u
I1,f SCF 355.609 07 2.431 180.0 15.9-0.28 19.1
SCF 355.63859 2.231 180.0 34.4-0.51 0.6 CISD 355.74882 2.424 180.0 38.6-0.26 34.3
CISD 355.80275 2.229 180.0 72.4-0.50 0.5 CIsbQ* 355.761 2.429 180.0 42 36.9
CISD+Q°®  355.819 2.232 180.0 782 0.8 CASSCF 355.64004 2.418 180.0 26-0.26 28.4
CASSCF 355.68122 2225 180.0 52.5-0.53 26 MRCI 355.75559 2425 180.0 41.8-0.25 38.8
MRCI 355.81349 2.230 180.0 78.1 —-0.50 24 MRCHQ? 355.765 2.432 180.0 44 40.4
MRCI+Q¢ 355.825 2.234 180.0 82 2.6 o5 -
u
B, SCF 355.60756 2.425 180.0 15.0-0.29 20.0
SCF 355.614 02 2.256 83.6 19.0-0.55 16.0 CISD 355.74727 2421 180.0 37.6-0.27 35.3
CISD 355.78303 2.261 824 60.1-050 129 CISB-Q° 355.759 2.425 180.0 41 38.0
CISDH+Q* 355.801 2.272 81.3 67 11.7 CASSCF 355.638 77 2.418 180.0 259.28 29.2
CASSCF 355.666 95 2.296 76.7 43.6-045 116 MRCI 355.75403 2.422 180.0 40.8-0.26  39.7
MRCI 355.798 38 2.286 782 68.7 —0.47 119 MRCHQ? 355.763 2.426 180.0 43 41.5
MRCI+Q¢ 355.810 2.288 783 72 12.1 o
1
DY SCF 355.58158 2.497 669 -1.3 —-0.29 36.3
SCF 355.59213 2.177 180.0 —-0.56 29.7 CISD 355.73454 2.489 67.4 29.6-0.28 43.3
CISD 355.76052 2.170 180.0 —-0.53 27.0 CISBQ° 355.751 2.490 67.4 36 43.1
CISDH+Q* 355.778 2.173 180.0 26.5 CASSCF 355.62061 2.508 66.1 149.26 40.6
CASSCF 355.64402 2.151 180.0 —0.54 259 MRCI 355.74359 2.486 67.3 34.3-0.24 46.3
MRCI 355.77324 2.166 180.0 —-0.52 277 MRCHQ? 355.758 2.489 67.4 40 44.9
MRCI+Q¢ 355.784 2172 180.0 28.4
429—
SCF 355.61937 2.429 180.0 224-0.24 126
CISD 355.76132 2427 180.0 46.4-0.21 26.5
CISDH+Q* 355.774 2433 180.0 50 28.7
CASSCF 355.64959 2419 180.0 32.7-0.23 224
MRCI 355.76817 2.427 180.0 49.7 -0.21 30.9
MRCI+QY¢ 355.778 2435 180.0 525 32.0

aWith respect to the ground-state productéSP@- 2Li(2S). ® With respect to the ground?B; state.® Single-reference Davidson correction for
unlinked quadruples! Multireference Davidson correction, ref 14Reference 2. ANO-basis set, (17s12p5d4f/(14s9p4d3f)5s4p2d/(4s3p2d).
MRCI+Full CI Davidson correction’.Obtained from the %8, state in the limit ofd = 180.0°, X?B; — 2I1,(?B1,?A1). 9 Obtained from théB, state

in the limit of 6 = 180.0.

TABLE 5: Dissociation EnergiesDg (kcal/mol) with Respect
to Asymptotic Fragments of NLi, (X2I1,) and PLi,
(X2By, 2I1)

NLI 2 PLiZ
X211, a1, X2B,
method DeA? DeS De-AC DeS De-S°
CASSCF 50.5 104.5 42.6 82.6 55.1
MRCI 57.1 127.4 554 112.3 80.4
MRCI+Qf 58 131 57.4 117 84

@ Asymmetric opening, NIs{X2I1,) — NLi(A3II) + Li(2S).? Sym-
metric opening, NLIi(X?I1,) — Li(?S) + Li(?P) + N(*S). ¢ Asymmetric
opening, PLi(a1,) — PLIi(ASI) + Li(3S).9Symmetric opening
PLiy(2I1,) — 2Li(3S) + P@D). © Angular symmetric opening, Pi(X2B,)
— 2Li(3S) + P(*S). f Multireference Davidson correction, ref 14.

1

Figure 3). In the lineafIl, configuration exactly the same

binding mechanism operates as in Nhwith the one in situ Li

atom in the?P state and the other in the groufd state as

described before. As we bend the molecule #Ba fashion,

(the molecule in essence is quasilinear), Ripredicted to be
formally bent at all levels of theory, even at the SCF (Table 4).
Figure 3 presents th&ll, — 2B, PEC along with theé’ITl, —
2A; PEC. Certainly in the %8, state the binding appears to be
quite different from that in the lineall, case, the prevailing
valence bonéLewis icon in this state being i.e., two-bonds

PLi,(X?B))

originating from the ground state of P and Li atoms, assisted
with small promotions to the Liypand p-orbitals. From Table

the total energy falls very slowly till it reaches a minimum at 4 we also observe a significant bond length difference between
6 = 100, with an energy gaining (inversion barrier) of 2.4 kcal/ the bent and the linear configurations, the latter being shorter
mol at equilibrium (Table 4, Figure 3). Despite the very small by 0.06 A, reflecting the different bonding character between
energy difference between the bent and the linear geometriesthe two cases, bent vs linear.
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Figure 3. Splitting of the PL} (linear) 21, state as a function of the
6 angle, MRCI level of theory.
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level of theory.
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Figure 5. Symmetric (S) and asymmetric (A) PECs of P, at 0
= 180), MRCI level of theory.
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Now, as we take the molecule apart in a symmetric fashion,
maintaing theC,, symmetry and a LiPLi angle of 100we end
up with the ground-state fragments, A3j+ P(*S), obtaining
a mean P-Li binding energy of 80.4/2= 40.2 kcal/mol at the
MRCI level (Table 5). The corresponding PEC, P[X?B1)

— 2Li(?S) + P(S), 6 = 100, is shown in Figure 4.

As in the NLi case the PLiin its linear2II, configuration
(?B; — 201,), can be thought as the result of either the PLi-
(ASII) + Li(2S) or the PLi(X=") + Li(2P) process (vide supra).
By pulling apart a Li atom, i.e., breaking a Ptlii bond (A-
mode), the PEC of Figure 5 is obtained, with products PLi-
(ASIT) + Li(2S). This is of course expected because tREIA
— X32~ energy difference of PLi is smaller than tfie — 2S
energy difference of the Li atom, 13.7 kcal/mol (Table 2) vs
42.5 kcal/mol, respectively. The resulting Pilii De with
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Figure 6. Potential energy curves (relative energies) of Nirid PLp
in the 2B, state(s) with respect to the angle, MRCI level of theory.

respect to the ground-state fragments PEXA) + Li(2S) is
55.4-13.7= 41.7 kcal/mol (Table 5, MRClI level). Correcting
this value for the opening 38— 2I1,) energy loss of 2.4 kcal/
mol (Table 4), the PL+Li binding energyDe is 44.1 kcal/mol.
By pulling the molecule apart in an S-fashion (linearly), PLi
— 2Li + P, the PEC of Figure 5 is obtained with end fragments
2Li(%S) + P(@D). Here the situation differs from the corre-
sponding NLj case (Figure 2), where the end products are Li-
(3S) + Li(?P) + N(*S), due to an avoided crossing between the
Li(2S) + Li(2P) + P(¢S) and 2Li¢S) + P@D) PECs: the’D
state of the P atom is 8.2 kcal/mol (10.0 kcal/mol experimen-
tally19), lower than the?P state of the Li atom.

Finally, PLi, is as ionic as NLj (°I1,) in both its bent (XB,)
or linear @I1,) geometry, with a total of0.5 e transferred to
the P atom (Table 4).

NLio, PLiy, 2B,. The 2B, states of NLi (3a24a21;22b,1)
and PLj (5a26a%2b;23,') species are 9.7 and 11.9 kcal/mol,
respectively, above their ground states. Both are practically
equally bound with respect to their ground-state atoms, with
mean N-Li and P-Li binding energies of 37.7 and 34.4 kcal/
mol (MRCI, Tables 3 and 4). However the LiPLi angle is’30
smaller than the LiNLi angle. In addition, NLis a floppy
system having an inversion barrier of just 2.2 kcal/mol as
compared to 17.2 kcal/mol of PL{MRCI). The PECs of the
two systems as functions 6f keeping the bond lengths constant
at their equilibrium values, are shown in Figure 6 with both
systems ending up in &, symmetry. The valence bord
Lewis pictures of the binding scheme in thimear 2=,*
configuration is quite interesting with the in situ N or P atoms

Li(?p)

N or P(4S) Li(?pP)

in the ground'S state and the in situ Li atoms in the exciféd
state. The CAS atomic populations are clearly in support of
the above picture as the main bonding scheme in the linear
geometry

NLi 2: 2§-692R1‘412H0.822 pzl.4l/250.082 pXO.222 R10.062p10.30
PLiZ: 351.633R(l.613R10.673pzl.60/2§J.15g(0.142R/0.072pZO.24

where the first entry refers to the N or P populations and the
second to the Li populations. In other words, in the (linear)
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23+ configuration the molecules are held together by two
3-center-2-electrom-bonds perpendicular to each other and a
3-center-1-electrom-bond. This strong delocalization of the -043 |
m-system is also the cause of the significant shortening of the
bond lengths in thé, " configurations, as compared to g
states, by 0.05 and 0.11 A for the Nland PLj, respectively
(MRCI, Tables 3 and 4).

NLi, PLi2, “Eg(“B1) 304%40,41171,20,2 and So2604:27,%30,2
(Ba?4a 12,255 11y, 5&4263130,273 121 1). We can imagine 047
the formation of thé=,~ state of either the Nkior PLi, systems 048
as taking place by the approach of a grodgdLi atom from
infinity to the ground XX~ state of NLi or PLi while coupling 49—
the three electrons into a quartet, NL#X) + Li(%S) —
NLi»(*Z47). The prevailing valence borelewis icon gives a
clear representation of the “bonding” interaction:

Rl D, = 28.0 keal/mol

NLi(X32 ") + Li(3S)

0.44 |

-0.45 |

-0.46 |

Energy(E,)

Ryi.pi(bohr)

Figure 7. MRCI PEC of the NLi-Li bond-breaking proces&;~ state.

(o o z -0.73 |
L {i x / y D, = 13.3 kcal/mol
; . -0.74 |
NorP o PLi(X3Z°) + Li(3S)
4 - >
L (4B1) é“ 0.75 b
S8}
The symmetry of the system imposes the coexistence of the 0761
mirror image of the above icon in the equilibrium, so the two , . PLi
. . : ) PLi, (*%.7) )
Li atoms are strictly equivalent with a 3-center-3-electron bond 20 T
along the o-frame {-axis). The equilibrium CAS atomic 0.7 7y ¢ 8 10 15 17 6
populations are revealing: Rpy .1 (bohr)

Figure 8. MRCI PEC of the PLi-Li bond-breaking proces&y,~ state.
NLi 251'842g<°'%29/1'592pZ°'96/250'592g<°'°]29/°'°92p20'°8
kcal/mol smaller binding energy (atomization energy) with
PLi,: 351'793;;(0'9639/1'513@0'96/250'642g(O'OJZRJO'OGZpZO'Og respect to the ground-state atoms (MRCI, Tables 3, 4), for both
molecular systems.
Grossly 0.5 e are transferred to the N or P atoms through the ~ NLi2 PLiz, ZZg"(A2). In both molecules the bonding

o-frame with a concomitant0.2 e transfer from N or P atoms originates from the first excitetD(M=0) state of N or P. The
to the g, p; atomic-like orbitals of the Li atoms. calculated MRCI level energy differencé£(2D—*S) for the

This state is bound with respect to the ground-state atomsN and P atoms are 2.457 and 1.484 eV, respectively, with

i corresponding experimental values of 2.384 and 1.410%V.
by 61.3 (NLi) and 49.7 (PLj) kcal/mol (MRCI, Tables 3 and Th | bondLewi t ting th in feat
4) or mean binding energies-Li and P—Li of ~31 and 25 e valence bongdLewis cartoon representing the main features

. . . . X of binding is
kcal/mol, respectively. This nature of interaction dictates large
bond lengths, and indeed we have for both molecules a bond

lengthening of 0.14 A as compared to the ground states (MRCI). Li(s) Li(’s)
It is remarkable that in the NkLisystem and at the SCF level )—1
the 44~ state islower in energy by 10.5 kcal/mol than the é‘ Y

ground YI1, state. It is obvious that the SCF wave function
gives a qualitatively correct description of this state, and of
course we can even separate correctly one Li atom at the
Hartree-Fock level. The PECs of Nk{*Z5~) — NLi(X3Z") o ) ) )
+ Li(2S) and PLi(*S5") — PLIi(X3%") + Li(2S) at the MRCI The situation differs from théS,~ state of NLj or PLi; by
level are shown in Figures 7 and 8, with values of 28.0 and  ©ne spin-flip on the N or P atoms, resulting in a more
13.3 kcal/mol, respectively. These numbers should be con- complicated description of the leading configuration. At the

trasted with the meaB, values previously reported of 31 and CASSCF level the leading configurations of Miand PLy have
25 keal/mol. the following electron allocations (notice that the molecular axis

NLis, PLis “E.-, (*Ag: 3874826230, 11b,L, 5a26ayi3b,s- S NEZaXis):
4by12b;). By alloting the 5a(40y) electron of the NLi =4~ R ST 5 5 1 1 1
state to a 3§30,) symmetry orbi'?al, théz, state is obtair?ed, NLi,: 2g (A, = 1/6™(4a,)"(5a) (1)) (1b,) (6a,) ]
i.e., I?lm220,230,L. Mutatis mutandis the same is true for (2oof—apo—paa)
the PLL system. As a result th&,~ state for both molecules o o ) ) N 1 L
is similar in every respect to th&,~ state: bond lengths, PLiy “Zy (‘A = 1/67(6a)(7a)"(2by) (2by) (8a)]
bonding character, ionicity, and CAS populations are practically (2o B—oBo—pBaw)
the same between the two states. The only difference between
the 4%, and the“X;” states is that the former has -8 The equilibrium CAS atomic populations are

N or PCD, M = 0)
%, (A



Electronic Structure of NLiand PLj
NLiZZ 251.842R(O.QGZRIO.%Zle.SS/ZSO.S%R(O.012R,O.012p20.21
PLiZI 351.793g(0.973R/0.973p21.44/250.602R(0.02R/0.02p20.25

corroborating the previous given icon. Clearly, thepyy
electrons of N or P atoms remain intact, while the 3-electron-
3-centero-bond is assisted by transfer ef0.4 e via the
o-frame from the Li atoms to the N or P atoms. From Tables
3 and 4 the similarity between thEy~ and?Z,~ states is clear:
for both molecules th®, values with respect to the ground-
state products of th&,~ state are smaller by less than 4 kcal/
mol than theDe values of theé=;~ state, while the bond distances
lengthen by only approximately 0.01 and 0.02 A in Nand
PLi,, respectively, as compared to tfg,~ state.

NLij, PLip, ZZ,7(%A2). The situation here is very similar to
the previously discussé®,~ state. The same valence bend
Lewis icon describes the binding scheme, but this time/theis
is the molecular axis witlz being the 2-fold axis. The leading
configurations of the CASSCF wave functions are

NLi,: %2, (A,) = 1/6"4(3a,)%(4a)"(2b,)*(1b)*(3b)"]
(2a0f—apfa—Loa)

PLiy °%, (A, = 1/6"7(5a,)%(6a,)(3b,)*(2b,)"(4 b,)"]
(2aoS—apfao—Lo)
The equilibrium CAS atomic populations are practically the

same as those of ti&,~ state for both molecules (remember
thaty is the molecular axis)

NLi : 251.842R(O.QGZRILGOZpZO.96/250.362RO.OJZR/O.ZSZPZO.OS
PLiz: 351.813g(0.973R/l.493pZO.97/250.442pXO.OZlZR/O.?:IZpZO.OS

From Tables 3 and 4 we observe that the similarities between

the 4=, and theZZ,~ states of NLi and PLj systems are
strikingly independent of the level of calculation. At the MRCI
level for both molecules thBe values with respect to ground-
state products differ by just 1 kcal/mol while the bond distances
by less than 0.005 A between thE,~ and2Z,~ states.

NLio, PLip, 2A;. (3a?4a®5a'2by?, 58262272132 These
are severely bent states, particularly in the FPyistem, with
LiNLi and LiPLi angles of ~90° and ~67° at all levels of
calculation and wittDe values, with respect to the ground-state
products of 26.8 and 34.3 kcal/mol, respectively, at the MRCI
level of theory (Tables 3 and 4). This is the only state in which
the NLi; species isinboundwith respect to NLi (=) + Li-

(éS) fragments, Table 3. The bonding arises from the first
excited?D state of N or P atoms and the grouf®istate of the

Li atoms, but the binding scheme is not that clear. The CAS
atomic populations are as follows

NLi . 231.842F&O.02R/l.712p21.77/250.472F&O.OZR/O.OBZDZO.24
PLiz: 351.873g(0.03R/l.693p21.63/250.472R(O.OZR/O.OGZDZO.ZS

It is interesting that the LiLi distance within the NLi and
PLi, systems is 2.725 and 2.756 A at the MRCI level, as
compared to 2.703 A of the dilithium molecule;(i=,") at the
CISD level.

A consistent cartoon with these findings can be drawn as
follows

J. Phys. Chem. A, Vol. 102, No. 12, 199829

7,
4

+ 2s *
S

Lib)

Li(a)

N or P(2D, M =*1)

2A1

The plus sign of the above cartoon corresponds to a molecular
orbital of & symmetry and the minus sign to an “antibonding”
molecular orbital (MO) of b symmetry, while the pelectron
pair on N or P atoms is ofjsymmetry as well. Therefore we
can imagine that the bonding is due to a delocalization of the
single p (N or P) electron into the 2(m) + 2p,(b) MO, with a
concomitant donation of electrons from thebond (25, +
2g) of Li,. At the same time the N or P:Ipair can interact
with the antibonding system of theJiinoiety. This picture is
in accord with the CAS atomic populations reported previously.

4. Synopsis and Final Remarks

We have examined by ab initio CISD and MRCI techniques,
the ground states 21, and 32B; and certain low-lying excited
states of the NLiand PLj isovalent species. All states studied,
and for both molecules, are bound with respect to the ground-
state atoms, N or Pg) + 2Li(2S). With the exception of the
NLi, %A, state, all states for both molecules are also bound with
respect to the ground-state fragments NLi or PEEX) + Li-

(3S). In addition, all states show ionic character with a total
transfer of 0.2-0.5 electrons from the two Li to N or P atoms,
depending on the state.

The ground state of Nkiis linear with a2IT, symmetry and
very floppy, while the PLi system, albeit also very floppy, is
strongly bent @ = 100°) with a ground state oB; symmetry
and an energy inversion barrier of 2.4 kcal/mol.

At the MRCI level of theory the binding values of NLi
(X2I1y) and PLp(X2B1) are NLi—Li = 51.8 kcal/mol, N-Li
(mean)= 42.5 kcal/mol and PLtLi = 44.1 kcal/mol, P-Li
(mean)= 40.2 kcal/mol. The above values should be compared
with the D. values of the ground-state diatomics NL#X)
and PLi(X€=") of 33.3 and 36.3 kcal/mol, respectively.

We observe that while the mean binding energied Nand
P—Li are similar, there is an apparent difference between the
NLi—Li and PLi—Li dissociation energies. This is due to the
difference in the energy splittingdd) ASIT < X3=~ of NLi
and PLi, 5.3 and 13.7 kcal/mol, respectively (MRCI). Compar-
ing theinternal bond strengths.e., dissociation energies for
the reactions NL(X2I1,) — NLi(A3[T) + Li(2S) and PLi(%1,)

— PLI(A3II) + Li(2S), theDe values are 57.1 and 55.4 kcal/
mol for the NLi—Li and PLi—Li bonds, respectively. Correcting
the 55.4 kcal/mol value by 2.4 kcal/mol due to the energy loss
X2B; — 21, the PLi-Li internal bond strength becomes 57.8
kcal/mol in practical agreement with the NtLi value.

Now, it is of interest to compare the bond length of the ground
33~ state of NLi with the correspondiné;zl([u of NLi,. Atthe
MRCI level a large bond shortening of 0.103 A of Nlis
observed as compared to the bond length of the NLi species,
reflecting the difference in the bonding character between the
two systems. Using conventional chemical drawings, the two
systems can be represented as follows making clear the reason
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Figure 9. Relative energy diagram for all states computed of the;NLi
and PLp species, MRCI level of theory. Dashed levels represent
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