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N,* POTENTIAL ENERGY CURVES
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ABSTRACT
A valence -bond methed is used to determine a set of relations between
the potential energies of those states of N2+ from which dissociation to ground
state N and ground state N* takes placc The potential curves of the sextet
and the quartet staies are calculated at intermediate internuclear separation

istances (2 R-35 ﬁ.) from these relations and the experimental curves of the

doublet states.
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If the interatomic potential energies for various values of the internyclear
separation distance r are known, one can determine many collision processes
when the translational energy is sufficiently low for the Born-Oppenheimer
(adiabatic) approximation to be valid. For example, one can calculate elastic
scattering cross sections, charge exchange cross sections, or transport cross
sections from the potentials. Since nitrogen is the major constituent of air,
the N*-N potential energy (N2+ mo. « 'ular eigenstate energy) is especially
important for understanding atmospheric phenomena,': 2 The object of the
present work is to obtain potential curves for the collision of ground state
N atoms and ions at fairly largé values of r.

According to the Wigner-Witmer correlation rules, there ars twelve
dii%erent N2+ states for which the molecule dissociates into ground state
atoms. Accuvrate potential curves of four of these, the doublet states, 2;:;,
22: ,",ng , and 2q1,, » heve been computed from spectroscopic data for inter-
nuclear separation distances r near the equilibrium separation.1'2 3.4 The
potential curves for the remaining eight states with ground state dissociation
products have been calct.tl:a,ted1 2 for large r from the doublet curves and
potential relations which were derived by Knof, Mason, and Vandercaelim:e1
by valence bond theory. The latter results are not satisfactory, however,
because they are based upon dquls!et molecular state functit;ns that do not
transform prbperly under inversion through the midpoint of the internuclear
separation. | ‘

In the following analysis, N2+ potential energy relations are derived

" from wave functions that conform to the molecular symmetry.
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As in the valence-bond method of Ref. 1, the \72+

state functions are

constructed from linear combinations of Slater determinants of the valence

orditals of the ground states of the nitrogen atom N(48°) and ion N+(3P},,,

From the twenty different determinants, one finds that general £ state wave

functions for Mg = % which have the proper molecular symmetry properties

can be written in the form:

85=1/2 = ap; + by, + cuy

#5377 = doy + epg

8=5/2 =
@u, / i

where
1
41 3m‘3‘1’1" ‘I’z" ‘1'3 - ‘I’4 + \Il5 + %)
1
1
9g = "‘2'(‘1’2 - W¥g)
Py = EOU +¥y + g + ¥y - 4T - 4Ty
1
Vg5 = mopz + g - 20y - Vg +2¥;)
1
Y6 = Jio (Y1 * ¥ + W3 + ¥y + 5 + ¥g)

and

= lTATE GAl + lwATBTA-WBO'B‘

= U BITRol + T Tgrgrgopl) = (7 rh73 7y

+.--
'HrA?BAB h

(1a)

(1b)

(1c)

(2a)

(2b)

(2c)

(2d)

(2e)

(1)

(3a)
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Vg = (IWX;E?AWBGAI + (Mg A TRopl) = (Ira 7 margogl Bc)
+ (X T3 TR oml)

¥y = (Infrdni7gal + |nfTFRngs7gTal) + (I r3 Ty 73Tyl (3d)

+ |75 rg 4 T Tgl)

Ve = (g rgTamgTpl + IFFrgngmgTal) = (Inf{ g7 TaTg| (e)
+ Im{ T ng 5 Tp0)
Vg = |-1FA"'WE-7?A'W§O'A| + '"XF];”A'?B-GBI (3f)

The symbole on the right side of relation (3) have been defined in Ref. 1;
e.g., & (r*) designates a 2p atomic orbital with the quantum numbers
mg = - 1/2 and m, = 0 (mg = 1/2 and m, = £1), the subscripts A and B
label the nuclei, and the vertical bars indicate that a Slater determinant is
formed from the elements enclosed by them.

One sees from relation (1) that the wave functions of the sextet states
are completely specified at this point, but those of the quartet and doublet
states have one and two coefficients, respectively, to be determined. Since
the potentials are to be calculated for fairly large r, the wave functions
will be required to reduce to ground state atomic functions as r tends
to infinity as in Mulliken's analysis5 of the 8 EE state of Ng. Following

his work, one can rewrite the eigenfunctions (2) as
3 1

1 = (14 PypAg [Jlg ¥ ¢syeg o) - J%wi(“swg(ap) (4a)

+ J%-ir i(‘*swll;(ap)]

T T ST =
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@y = (1 = PppiAg ,;-nﬁnw p - -wf(znwlfp)] b)

03 = (1+PaplAg J;WA(ZP)\IIB( D) + F wA( el s;] (4c)
1

?4 = (1 + Ppp)Ag F & oep o+ g foiple @)

NERN sw};«’m]

1 1

o5 = (12 PAB)ASL zwA( pys3 ) + fl_ v, 2Coyeg (3p)] (te)
3 L

vg = (1 £ Ppp)Ag ;ﬁ-;u( s9gtce) + [Fed fsrend Oy 0

+ WA2(4S)'I!]13(3P)]
where ‘I’Am, (\Itg 8) are spin and orbital angular momentum eigenfunctions of an
N atom (N"' ion) withm 'h 0 and nuclear centez" A(’B).s*'7 These atomic
wavefunctions are expressed as linear combinations of second or third order
determinants by Slater on page 308 of Ref. 7. The operator Py g changes
the subscript A into B or vice versa and Ag is a supplementary anti-
symmetrization operator. From the relations (4), it can be seen that the
ground state dissociation requirement is satisfied by cb‘sl’/ 32 ; the wavefunctions
@3’/3 and «I%’/gz will be made to satisfy this requirement also by the condition
b=c=e=0 (5)
The sextet states of Ref. 1 for Mg = 5/2 are equivalent to those of
relation (1c). The quartet states of Ref. 1 correspond to the wavefunction (1b)
when d/e =-1//5 ; i.e., they contain a contribution from the excited state 2D of

the N atom.
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Similarly, one can construct wavefunctions for the I states that have the
correct symmetry properties and that dissociate into ground state atomic wave
functions as done for the 2 states above. The result cau be expressed by the
wavefunctions that one obtains by combining the relations (1), (2), and (5) when
the ¥, take the form:
¥ = 1oy T Tyl £ |5, og TS mg 7zl (62)
¥y = (10 o TiFL L] + (G, Tgmintnil) 2 (loy o T{Fhng) (@)
13, 0g wﬂ'wﬁwﬁ )

¥3 = (1o, Ty g mxl + 1Ty op L TRmz1) 2 (I, FpTimgmgl ()
+ |y op 1A TR 1)

= (loy o TATITL| + |0, T mlndTr|) = (loy op WIS ®e | (6d)
NN w]fa"’frﬁl)

U5 = (log o BEm3Tgl + 1T, opnindTLl) & (o o 7S TEFR|  (Ge)
+ lop B ma g5l

Vg = 1Ty o Ty mgmi| & |0y T mi T gl (6f)

As in Ref. 1, the Hamiltonian for the system under consideration is taken to be

5 / | ZAZ
H=-Y (viz-a-A +2;1—+—-‘-";-]-3- . (7
i=1 TAi rBi i<} Tl

with Z A" ZB = 3. Then using the wave functions given above,y one can calculate

- the potential energies and express the result in the form:
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o1 1. 1
“ro + in +!W£*§'(W1 + Yg + 3W5)

1 1 1
1 +'3‘82 ""3"34 + "3"81(1 + 82 + 384)

V‘Sh‘m - , S=1/2 (8a)

__,), , 8=3/2 (8b)

.WO-WQ*‘VVE*(W!-WQ_"'WQ
1-82”‘84t31(1-82+84)

, 8=5/2 (8c)

where the quantities W; and 8; contain those terme in which i electrons
are exchanged among the nuclei.
For Z states
8y = 8y, 8y = 283, 8, = 57
Wo = <TArBTATROAIHITATETZn50,> - Eo- 26; +8p) (@
Wy 'l<wgwgw£w§oA RILAEAS ry "'B-"B> - ExSg - 444 - 28,8,
+ 2q18,
W, = 2<wj‘w§'wgwﬁoA lleﬁr;{wai‘;aA) - ZENS,? + 2(ky + ko)
- 428y + 8908y - 2@ - qp)82
Wy = K rpymirgoy [Hlnfrininrgop” - 2E828  + 2,8,
- W8y - 8418,8, - 4482 + 29583 + 243828,

Wy = <rarhrarpop [HIngalrg 15 0)> - EB8S + 2 (kg - kg)82

- 448
Wy = <ei w3 7i 7505 [HIrhrrgraon - BuSSS, + 2kg8ls,
* Segh?

e DT




and for II states
8y =8,, 8, =82 +82, 8 =52’
Wy = <opoprirgrilHioy op ni ri 7> - B - 38 - &
Wy = <cAaBtA"1r§1rA'IHIcer'Bw:wg1r§> - EoS - 2(4 * &)
- (@81 - )8, +q;8,
W, = <op0p ”X wgw Al HI “B“A”X“B“;? + <0Aon};1r§1fxl El oyrgxﬁrliwi)
“EBF* SPtky + Sy - 2814209)8 - 6198, - 518, - g8,% + 208,83,
W3 = <0AanXw§1r§| HI aBaAwaﬁw? +< voBwaﬁwzl HI aAonﬁwKw'f;)
2,5 2 2 2
- Eu(8;48¢°)8y + (2ko-kg)By - k48, - 24,8, - 62,8,% - 4188,
+ 3“187280 + qzswsaz
Wiy = <oAoRTATETAI Hlopoaririns> - E8,%8,% + kiSo® + koSy? - 2ky848,
- 2418,8,% - 2048, %,
+ + - L SN 3, 2 2 2
W5 = <0 AO'B‘JI'AWBWA,‘HIO'BU ATBTATR” - E Sy S5 + kssﬂsa + 3k481r 8o
where the overlap integrals are
8y = <oal "B> » 8B = <7’X|“];>
the two electron integrals are

) '<I‘X0’A| 1/r1210A12> q = (wZaBll/rlzlaAw;>

g = <1X11l1/r121aitx> qp = <waéll/r1.zlﬂAW§>
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kl = <'Xw§u/r12i1'311> ll £ <RXI.A‘1/P12IWK‘IE>

ko = <WA°B'1/1'12“’B”A> tg = <mp0p11/r gi0 A7 B>
+ +

kg = <7A7a [1/r 5 InprR” tg = <mp0pl1/r logmy 2

ky = <7y0, 11/r ) lopre”
and E_ is the sum of the energles of the free atom and ion.

For large values of r the contribution to the interaction energy from the
coulomb integrals W, and from the terms which involve more than two electron
exchange integrals is small compared to that from the one and two electron
exchange integrals.7'8 The value.of S, is also small for large r; e.g., from
the analytic Hartree Fock atomic wave functions of Clementi ,9 one finds that
8, is small compared to unity for r2 2X. Hence, for large r, the potential

encrgies (8) can be approximated by

1 1
v8 g = 5Wp * 3W1, 8=3 (10a)
~gW,r 3w, , 8=3 (10b)
- W, W g=2 (10c)

2t Wy )

The values of W; and W, were first calculated from relation (10a) t;md
the spectroscopic doublet state curves calculated by (mmore,.2 and then the
potential curves of the sextet and doublet states were calculated from the
relations (10b) and (10c). The results are shown in Fig. 1. The order of the
quartet states is opposite that of Ref. 1; i e., the 4 zg and 41, lie sbove the 42y
and 41, states. This is consistent with Gilmore's prediction that these latter two
arebound states. Inaddition, if the quartotpotenﬁal cx;trvea are extended to smaller r using

s senskoyphliban
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relation (10) and the spectroscopic curves, one finds that the minimum of the 42;
potential would occur at r~1.34 and that of the 4!1‘ state at r <1.81 which
is in good agreement with Gilmore's estimated values.

In regard to gas dynamic calculations, one can see that the sextet statas will
dominate the large angle elastic scattering because of their high spin multiplicity
and their large repulsive potentials (see Fig. 1). Also, one can note that N*-N
charge exchange cross sections may be calculated directly from the doublet
spectroscopic curves and the relation (10), if the £ state extrapolation procedure

of Ref. 1 is followed.
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FIGURE TITLE

‘ Figure 1. Potontlal energy curves for N§ — N(4s%) + N op).
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