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396 Chapter 13 | Electronic Structure of Diatomic Molecules

13.16 VB Treatment of Heteronuclear
Diatomic Molecules

Consider the valence-bond ground state wave function of HE. We expect a single bond to be
formed by the pairing of the hydrogen 1s electron and the unpaired fluorine 2po electron.
The Heitler—London function corresponding to this pairing is [Eq. (13.117)]

beoy = | - Lsi2pog| — |-+ - Tsu2pos| (13.126)

where the dots stand for 1splsp2sp25p2pT p 2p 5 27,5 2p7r . This function is essentially
covalent, the electrons being shared by the two atoms. However, the high electronega-
tivity of fluorine leads us to include a contribution from an ionic structure as well. An
ionic valence-bond function has the form ¢,(1)¢,(2) [Eq. (13.109)]. Introduction of the
required antisymmetric spin factor gives as the valence-bond function for an ionic structure
in HF:

¢iun = | o .2P0'F2PUF|

The VB wave function is then written as

¢ = cld’cov + C2¢icm (13127)

The optimum values of ¢ and ¢ are found by the variation method. This leads to the usual
secular equation. We have ionic—covalent “resonance,” involving the structures H—F and
H'F™. The true molecular structure is intermediate between the covalent and ionic struc-
tures. A term c;\ I.SHE| corresponding to the ionic structure H"F" could also be included
in the wave function, but this should contribute only slightly for HF. For molecules that
are less ionic, both ionic structures might well be included.

For a highly ionic molecule such as NaCl, we expect the VB function to have ¢; => ¢.
It might be thought that NaCl would dissociate to Na™ and CI™ ions, but this is not true.
The ionization energy of Na is 5.1 €V, while the electron affinity of CI is only 3.6 eV.
Hence, in the gas phase the neutral separated ground-state atoms Na + ClI are more stable
than the ground-state separated ions Na* + C1™. (In aqueous solution the ions are more
stable because of the hydration energy. which makes the separated ions more stable than
even the diatomic NaCl molecule.) If the nuclei are slowly pulled apart, a gas-phase NaCl
molecule will dissociate to neutral atoms. Therefore, as R increases from R,, the ratio ¢» /¢,
in (13.127) must decrease, becoming zero at R = <. For intermediate values of R, the
Coulombic attraction between the ions is greater than the 1.5-eV difference between the
ionization potential and electron affinity, and the molecule is largely ionic. For very large
R, the Coulombic attraction between the ions is less than 1.5 eV, and the molecule is largely
covalent. However, if the nuclei in NaCl are pulled apart very rapidly, then the electrons will
not have a chance to adjust their wave function from the ionic to the covalent wave function,
and both bonding electrons will go with the chlorine nucleus, giving dissociation into ions.

Cesium has the lowest ionization energy, 3.9 eV. Chlorine has the highest electron
affinity, 3.6 eV. Thus, even for CsCl and CsF, the separated ground-state neutral atoms
are more stable than the separated ground-state ions. There are, however, cases of excited
states of diatomic molecules that dissociate to ions.

1080 3905 1> 1,15 e Sawl 495> S g podes sl 051 4 Alad 13 LIS oo SSE puanilKo a0 Jlgw Lol

o sl ey piY () oyt yed 38 1500 (elos 53 o Jbx 56 55 1, NaCl g Sy Jb ol



31 it s Sy 355 5] 03900 > (S5l ol 4 el ase 8L e 0.332aU iy o] a5l
L sl a8 by Olsesl aelgs b ogSwg iSml Cou 13 s (Syo yg9 09de 4> il atily oo il NaCl
ORE g (o0 s e (B> plee JISIl g9 5l g WS (0 paTiiie |y (998l Sl e (192 Egiee
Pl dtnl ceepr g o5 L Jletol b ggion lo g g 2] o Gl @y (S g YU Sl b b sla
G g Sl yim o sl g Sy jlxe Sl e )3 & S o le 9l SIS Jol 05 )b ) s
Ll 5 S 29 0l Wl o ol ol 51 Gl s ial3al b g sl oy Sy ol oyl atdl o Lol 8 >
ot PV goges Sl a5 S 3 |y Sl el Gl g s390s b g Syt 0092 e
9 039 Jbme CulS py 095 Lrola o 4 Cannd w5l g il 15 Camdg 5100550 il byl 4 salgs oo g adly
2l b Sl catSil 5l g 81 g 208 (e b bl 4 (b9 w5 g ) (6550 0ol s 1L 9,

Iy 3y90 dws Jl> 3gu5 jbme 0,b9d yias U Sile salgd el 15 50 ,ail g5l Wil degion ins 45 34 buls

fod yo o )

w5l s Cames -1
558l <o 53 030 o A -2

Dgw ol dais Jg> IS g mod Loy wslS )8 g dalely -3

I sl wl 05 sl - S awglis 2 L g o> (gl 42> 1500 5300 (slos 93 3 1) el 4w cnl sl
Cama 93 G Sld o p Sl oy g oy SISl Bl (gl oS oo oalisl Lo Sl (sl STd 08 L]
a> g5 4l .l pglS300 slos ply odie 9.8 59us 1500 (slod 13 Cumen yo (1055 Gubo cpwijee (oS |,

Dgd (o0 03} e Caumed JS 40y 0.0045 dqu5 a5Sily Cuned 395 4,59 Cuslpiines Cums (pl &5 Solo yi

OB JSE1 50l b bl At SV g g odzn & o)l pegilsS Saltny Sluslome 4 L5 pgd pa] (a5 (ol

o ol Ay Bl e 05 el cpl lp B e K leine (e JemSle logimes Cund g it

los 4y 1 Lo G 0lg5 (o0 o352 JguSTle alail) Bubo 93,5 dlone |) laimon i L]y e dogs b3 )l



S jof dog (o e Gib a5 o8 (o Al ]y sl @l Bpo 5 o o (iP5 con als SYob

ol polS 4513300 (glos ply 6.75405 1500 (slod jo s Sl
oo 39 YU clry laas 0l ; ©Mas dlass L 1y lael (Slogs alolee 2l 9 3)l5 0939 (ol 00l (e pow il (gl
cd aul &S ¢l desgd s g Unharmonicity =1.52 cows b sl 50 <S5 sl o bol 0 S0 Jlas )

) Olwg by 13 20316 5 Glug (ulS)8 3 il p 4.8 Sl cunl (B g3090 (et ln Jy 3> o5

£55] Cawdy

iSOl 5 o155 o S |, L] el IS L ol ppa

ol ply ygdes 9.8 Lo 4l cunes> 1500 (los

ol plp 0.7 45Kl Cured pos dow

ol 0y 30316 o logs aiald g plp 4.8 wl clls oy ey

oMb gt Jlaiol sl yskay Sl o sy (gl a s bl selgd g (gulS Slp Jol i w355
telgs cnl 1 S psdl STiuls a5 S Vb bl (o GRIBI (oly ok (3 4l Sl 4y i8S
S g (NSl bl sl e Sl as ded Lol al b U sle asSly b S5l
Now 59 398 o caw MuUtiplicity s cpl e LIS 550 0 9 3 & 1 ;I multiplicity

b ol G )d Ngn Cansid 9 ddld dm Cute dae oyl S s +46.6kj/mol « -377.5kj/mol
b > (Seolidge i blod Sl e )15 095 dtenS Kgn g 023 593 o2 SIS g e o1 93 398 (0 o

o ool Mol a5



E 4 zo; ¢ multiplicity s i 1) g9, pl,SL>

M=1 )15903 U"l

~+

2SSl ol gad e by plidgs lug <8

90 4y 5 0Ad 50 o 5l Csyw 4y (5531 HIdges (655l

) Ngh o SSEH LS 5 e o

g Gl gasge s Heai lp Soled g (Sl

&S 290 (0 Al S 4 s S atsly &5 v LS JIS g ot 92 90 45T (698 D> (S S HoaS Canl

S5 ol o3 4 g ot conw MUILIPHICITY o oS o o Ly Lol 3945 o o 1 w31 93 (35 593 oms

oS sy MUILIPLICItY yoss 5l am o L3 1) )5 5 muiu el Cundy duly cllas ol () sl S35 o0

ool ool 1) IS 5wy oyl as

Cutput Cutput
contributions for 1 NaCl-1pop.out contributions for 1 NaCl-3pop.out
Group by : "Atomic orbitals"” Group by : "Atomic orbitals"”
Min value = 0.05 Min value = 0.05
MOFilter: MOFilter:
Number of HOMOs = 30 Number of HOMOs = 30
Number of HOMOs = 10 Number of HOMOs = 10
Contribution type : "Simple" Contribution type : "Simple"
1 -2848.909 7 (C11-1s) 1 -2855.343 7 1.00 (CT1-1s)
2 -1102.733 7 (Naz-1s) 2 -1101.676 7 1.00 (Naz-1s)
3 -283.749 7 (C11-25)  0.07 (C11-1s) 3 -290.182 7 0.93 (C11-2s) 0.07 (C1i-1s)
4 -214.850 7 (C11-1pz) 4 -221.805 7 1.00 (Cli-1py)
S -214.833 7 (C11-1px) 5 -221.126 7 1.00 (Cli-1pz)
6 -214.833 7 (C11-1py) 6 -221.104 7  1.00 (C11-1px)
7 -77.250 7 (Naz-25)  0.05 (Na2-1s) 7 -76.349 7 0.95 (Naz-2s)  0.05 (Na2-1s)
B -42.475 7 (Naz-1py) 8 -41,583 7 1.00 (Naz2-1pz)
9 -42.475 7 (Naz-1px) 9 -41.472 7  1.00 (Naz-1lpy)
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————————————————————————————————————— 15 -4.410 7 0.62 (Naz-4s5) 0.26 (Na2-3s)
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Table 1. Reactions in the Copper-Chlorine Cycle

Reaction Conditions

(1) 2CuCl(a) + 2HCl(a) + 2H,0O — CuCl,-2H,0(a) + Hax(g) 100°C, 24 bar
(2) 2CuCly(s) + H,O(g) — Cu,OCly(s) + 2HCI(g) 400°C, 1 bar
(3) Cu,OCly(s) — ¥ Ox(g) + 2CuCl(s) 540°C, 1 bar
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Status of the Development Effort for the Thermochemical Cu-Cl Cycle
Magali Ferrandon®, Michele Lewis', David Tatterson’, and Alan Zdunek’
(1) Chemical Sciences and Engineering Division, Argonne National Laboratory, 9700
South Cass Avenue, Argonne, IL 60439.
(2) Orion Consulting Co, 1240 Gilbert Avenue, Downers Grove, IL 60515.
(3) Center for Electrochemical Science and Engineering Chemical and Biological

Engineering Department Illinois Institute of Technology Suite 127 Perlstein Hall 10 West
33rd Street Chicago, Illinois 60616.
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