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N2 + POTENTIAL ENERGY CURVES

James R. Stallcop

Ames Research Center, NASA

Moffett Field, California 94035

ABSTRACT

A valence-bond method is used to determine a set of relations between

the potential energies of those states of N 2 + from which dissociation to ground

state N and ground state N + takes place The potential curves of the sextet

and the quartet stares are calculated at intermediate internucle$r separation

d#stances (2 A - 3.5 A) 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 intern clear

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+ m .3: t.- .-War eigenstate energy) is especially

important for understanding atmospheric phenomena,` 12 The object of the

present work is to obtain potential curves for the collision of ground state

N atoms and ions at fairly large values of r .

According to the Wigner-Witmer correlation rules, there are twelve

different N2+ states for which the molecule dissociates into ground state

atoms. Accurate potential curves of four of these, the doublet states, 2%,

22url , and 217u , have been computed from spectroscopic data for inter-

nuclear separation distances r near the equilibrium separation. 1,2,8,4 The

potential curves for the remaining eight states with ground state dissociation

products have been calculated102 for large r from the doublet curves and

potential relations which were derived by Knot, Mason, and Vanderslice)

by valence bond theory. The latter results are not satisfactory, however,

because they are based upon doublet molecular state functions that do not

transform, properly under inversion through the midpoint of the internuclear

separation.

In the following analysis, N2 '; potential energy relations are derived

from rave fuwUons that conform to the molecular symmetry.

hill,
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An in the valence-bond method of Ref. 1, the v2+ state functions are

constructed from linear combinations of Slater determinants of the valence

orbitals of the ground states of the nitrogen atom NOSo) and ion N+(31',

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

functions for Mg == 2 which have the proper molecular symmetry properties

can be written in the form:

of

	
t	 A

iu B/2 aV1 + bv2 + c93	 (1a)

fu,g/2 dv4 + e (p5 	 (1b)

u,9 /26	 (lc)

where

1
91 	 (3`^1 - *2 - *3 - *4 + *5 + 	 (2a)

rP2( +̂ + * - 2* + 2* - 4^	 26 2	 3	 4	 S	 6)	 (b)

f
, 4 2	 3

1
94	 (6*1 + %P2 + *3 + *4 - 4 %P5 4*6)	 (2d)

V5 = 1 02 + *3 - 2*4 - *5 + 2*6)	 (2e)

V6	 1 (*1 + 4'2 
+ *3 + `l'4 + 4 5 + *6)	 (

and

1	 ABABA	 ABA BB	 (3a)

' 2 (^ TA ^' fA^ trA 1 + 17+ 7,Br- rBcrAI)	 (lark B rA QB1 (3b)

+1 WA r'B+ 'rA ?^B a, 1)
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413 : 
(I 

rA+ 
B TA rB QA I + I arA ar$ 11 arB' rA 1) f (1 arA 7B arp 4rB O'S I (3c)

+ I7A rB rA Ti a'B I >

*4 = (I rA+ rB rA fB ^A 1 + 1 rA fB rA r$ ^A 1) f (I rA rB IrA rB QB ( (3d)

+ (1rBrgr]g FBI)

*5 = (IrArB -far$aA I + 1 -fA+ rgrprBQA I) f ( I rArgrA^B B I (ie)

+ IrA+7Br,,^rB-agl)

g = 1arA rB fi rB ^A I f ( rA+ fB rA —rB a'B 1	 (3f)

The symbols on the right side of . relation (3) have been defined in Ref. 1;

e.g., a Wk) designates a 2p atomic orbital with the quantum numbers

ms $ - 1/2 and m1 = 0 (ms = 1/2 and m. = :k1), 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 analysis 5 of the 5 g+ state of 1j2. Following

his work, one can rewrite the a genfi actions (2) as
3	 1

rP1 (1 :k PAB)AS 1 2 eS)*B (3P) 
1 2 eS)*l {3P)	 (4a)

1
+ 1 4•i (4S)'t'B(^p)
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02 
(1 PAB)Ag1*A?D)*B(3P) -131 A (D)'1' i t P)	 ('lb) B

	

'	 1	 1

(p3 = (1 PAB)Ag	 *A2 P)` & 'D) +^ '^A(ZP)` B(iS)	 (4c)

	

3	 1

cp4 = (1 f PAB)Ag	 '^2A eWileP) + 
15

 *A*A (4d)

1
15 *A eS)*B(3p)

	

1	 1

cps a 
(1 f PAB)Ag 2 *A (2D)*B (3P) +ji'l

 
A2 (2D) B (3P)	 (4e)

3

	

3	 1

cps = (1 + PAB)AS 1 A ^S)*i(p)'T,2 4S)`^B (3P)(4f)1^s
1

+4 0  A (4g)^ji$ep)
10

whereA s ( B s) are spin and orbital angular momentum eigenfunctions of an

N atom (N+ ion) with m^ = 0 and nuclear center A( B).6#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 PAB changes

the subscript A into B or vice versa and AS is a supplementary anti-

symmetrization operator. From the relations (4), it can be seen that the

h ground state dissociation requirement is satisfied by Ou g ;the wavefunctions

X3/2 and ' /2 will be made to satisfy this requirement also by the conditionu,g	 ,g

b = c = e = 0 	 (5)

The sextet states of Ref, 1 for Mg = 5/2 are equivalent to those of

relation (1a). The quartet states of Ref. 1 correspond to the wavefunction (1b)

when d/e =-1/Nr5- , 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 n states that have the

correct symmetry properties and that dissociate into ground state atomic wave

functions as done for the E states above. The result cars be expressed by the

wavefunctions that one obtains by combining the relations (1), (2), and (6) when

the ti take the form:

1 s (
OA QB rA fB rA I t ( QA QB ^A rB rB I

*2 = t I QA oB r̂A 7B rA 1 + I Â ^B 'W r$ rA I) f t 1 °A v^B fPB ri I tom)

IVA VB rA 1B -B 1)

'1'3 =(1 I a'A SB A rB ^^ I + I WA OB rA IFB rA I) f (I QA VB "f rB ^rB I t6c)

+ I VA QB 7rA IFB+ arg I )

*4 a (I aA °'B 7rA *rB VA I + 1 a'A aB 'rA 'TB TA I) + ( I QA o'B VA rB % I (6d)

± 117A aB 7rA rB 7i 1)

*g = (I QA aB CFA IrB+Vj I + I *A oB TrA 1rB+Vg 1) ( I aA aB 'rA 1fB'jj I (6e)

+ I rrA aB 7rA arB'V)

1 a` cr	 - I	 I Q Z3'	 -	 (6f)6- ABABar A	 ABAB arB I

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

	

..	 - 5 1	 +Z`
^ + ZB +	 1 +Z

H	 v	 t7

	

f,.	 iffil 2	 rAi rBi	 i < r	
r

with ZA ZB = 3. Then using the wave functions given above one can calculate

the potential energies and express the result in the form:
w

(Oa)
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' O + TW2 + WW4 t j(W1 + W3 + 3W5)
uIg	

1 3 S2 3 84 f 3 S1(1 + S2 + 3S4)

WO -P2 -fW4 :FT (WI + 3 - IW5)

1 - g'82 - i X 981(1 + 482 -284)

WO	 2 + !4 * (W1 - 
W3 

+ W5) 	 S = 5/2	 (80)1-%+S4*S1(1-S2+84)

where the quantities Wi and Si contain those terms in which i electrons

are exchanged among the nuclei.

For E states

81 =gQ S2 = 2S2, S4 = S4

WO = <TITB+TA CrA IH I ar+v+ rA r-aA^ - E. 2(gi + B2)

W1 = <lr, r, r-^Bcry I HI r ^B+ r - a. > EwSu - 4 A3 - 2gp%

+ 2q jS r

702 ' 2 < 'rI TB'rS1% °A IHIar++ ir+v—v -a^A> - 2Ej + 2 (ki + k2)

1

1

4(2! 1 + 42)8, - 2(91 - q2)8

WS = 21<T.+ w.+ ,-^," IBIS,+r+	 , ^cr	 2E.828 + 2 8,!► BABA	 BAABB	 Ia	 1a
. 2k4S r 

SAISWSQ - 4,439, + 2g1S 3 + 2g2S2 S ,

4 '^ ''rA B ^'A Bar,A I H l rB IrA 7'B vA QA ^- E SST + (k2 108 2

W5 _ rA ^r A ^^aA;IHI ^r1+^r^^rB^r^^ - E^^Scr + 21 S^SQ

ar
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and for n stat6•

81 • Sr , 82 • 8r + 8or 0 84 • gr a

WO . <aAoBTAarB rA I H I oA aB rA r$ r^ ^' - Ego- 391 - g2

W1 • dap, crB rAr, rA 1 HIoA oB rArBr$j - E.Sr - 2(h + 12)

- 1291 - g2'Sw + g1SO

Of

i

W2 = <aAaB rA r +B rA1 HI vBaArAarBrP + <ffAcrBrA+r+W 13:1 oAQBrBrArA>

-E,.(S2+ S^)+kl + 3k2 - 2(11 +29 2)Sr - 6 2 3SQ - 9181, 2 - g2SQ2 + 2glSr8v

WS " <°'AaBrA B A I HI aBcrArAr+BrB^ + <aAoB A7r+Bir HI (7 7rBr+Arg!

- E.o(9r2+8Q2)8, + (2k2-k3)Sr - k4SQ - 2118a2 - 61 #)Sr2 - 4A38rSa

+ 3g18r2SQ + gOrSa2

V174 • <aAO'BrljrBvA H I °B ArBrArA	 E,d8r28p2 + k1Scr + k2Sr2 - 2k4 SrSQ

- 2AjSf.8Q2 - 2138r%,

W • <a cr r+ r+r- I H I ar a rBw+r- >-	 3 2	 2	 2S	 ABABA	 H A B A B	 E«^^ir SCr + k3sr8o + 3k4Sr Sa

" ^II

I	 '

where the overlap integrals are
,rr	 SQ <FAI a^B? , Sr OAI rB>

the two electron integrals are

g1 _ <rAe'Al 1/r12 1 cr ar	 gi • rAQB1 1/r12 1 oV Bl

92 = rArA 11/r&2 1 rA^A g2 ' 01x8 [ 1/r12 I rAr .,

w
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6

kl	 re- I 1/x121 wBrA>

k2 = <TIO { 1/r12 °BrA,

k2 = ^rA^A 11/r12 1 YB^B>

ti = `WAWA 11/r12 1 AAuBI

12 : <AAvA 1/r12 '0'A+>

13 = < 1+eA I1/ri2lOeA+'

k4 = ^TeA 1 1/r12 I vHrB>

and E w is the sum of the energies of the free atom and ion.

For large values of r the contribution to the interaction energy from the

coulomb integrals WO and from the terms which involve more than two electron
f

exchange integrals is small compared to that from the one and two electron

exchange integrals.? 08 The value - of Sl is also small for large r; e.g., from

the analytic Hartree Fock atomic wave functions of Clementi,9 one finds that

Si is small compared to unity for r >  2 A. Hence, for large r, the potential

energies (8) can be approximated by

VU 'g (r)	 W2 +'! Wl 	 S = 2
	

(10a)

._.IFW2 +3Wl	 S:o	 (10b)
f

-- _W2 + Wl 	S = 2
	

(10c)

The values of Wl and W2 were first calculated from relation (10a) and

the spectroscopic doublet state curves calculated by Gilmore ,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 estates is apposite that of Ref. 1; 1 e., the 4 Eg and 4 lie above the 4Eu

HS states. This Is consistent with Gilmore's prediction that these latter two

are bound motes. In addition,, if the quartetpetential curves are ceded to smaller r using
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i

relation (10) and the spectroscopic curves, one finds that the minimum of the 4Eu
	 r 

4i

potential mould occur at r — 1.3 A and that of the Ong state at r < 1.3 A which

is in good agreement with Gilmore's estimated values.

In regard to gas dynamic calculations, one can see that the sextet states will

dominate the large angle elastic scattering because of their high spin multiplicity 	 a

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 E state extrapolation procedure

of Ref. 1 is followed.
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FIGURE TITLE

Figure 1. Potential energy curves for Nt NOS°) + •glop),
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