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The Herschbachdv. Chem. Physl966 10, 310) classification of XY{) potential energy curves is updated.
Using three independent binary metrics, there are eighto(@ves, expressed in a symmetrical notation as
follows: M(m) and Dfn), m = 0 to 3, where D and M signif{pissociation andviolecular anion formation

in a vertical electron impact, amd is the number of positive metrics. The metrics are the individual adiabatic
and vertical electron affinities and the energy for dissociative electron attachment. Examples are the anions
of: Hz [M(0), D(0)], Oz [M(2,1), D(0)], R [D(3,2)], Na[M(2); D(1)], and bk [M(3); D(3,2)]. Improved Morse

curves for H(—), Xz(—), and Q(—) are calculated based on more accurakg: A, 3.02+ 0.01; C}, 2.40

+ 0.01; Bp, 2.53+ 0.01; b, 2.52+ 0.005; and @ 1.07+ 0.07 (all in eV). The A, for the main group
homonuclear diatomic molecules are supported by periodic trends.

Introduction specifically cited come from ref 10. The random uncertainty is
indicated by the subscripted integer. The systematic variation
of the relative bond orders @ ,(—) and E; will be examined

to support the experimental .

The electron affinitiesk,, (positive for exothermic reactions)
of many homonuclear diatomic moleculeEy; have been
measured but few Morse potential energy curves, MPEC are
available. In the 1960s, Person and Herschbach estimated the )
Morse parameters for the halogen diatomic aniong—X1? Morse Potential Energy Curves
This paper is a part of a series in which curves for thé=X,
the rare gas positive ions, Kg) and Q(—) were calculated
from diverse data3~7 This series was inspired by the clas-
sification of the Herschbach lonic Morse Potential Energy
Curves, HIMPEC. Nine types of X¥) potential energy curves, U(X2) = —2D(X,) exp=p(r — 1)) +
were identified based oM olecular anion formation obis- 2D (X )exp28(r —ry) (1)
sociation in a vertical transition, the sign of tBg.a = E4(X)
— BDExy and verticalE,, VEa.. The VE, are the differences in -~ _ - _
the energy between the anions and the neutral in the neutraIU(X2 ) = ~2KDo(X5) explkghlr = ro)) +

The Morse potentials for the neutral as referenced to zero
energy at infinite separation and the HIMPEC are given by

geometry. TheéE, are the differences for the states in their most KrDe(X2) exp(=2kgB(r — 1¢))
stable form. The larged, is the ground state or adiabaifig,
AE,. Due to ionic polarization forces, it is positive bl and —E,(X) + E(X*) 2

VE, can be either negative or positive.

The HIMPEC will be updated by adding the sign of the E \harepy(x.) is the spectroscopic dissociation enengjs the
as a classifier. This gives®2= 8 possible curve, described in a internuclear separatioms = r at the minimum ofU(X») and

symmetrical notation: Mt) and D), m= 0 to 3, wheramis E(X*) is the excitation energyg = ve(272u/DeXa]) V2 u, is

the number of positive metrics. With tliée—)-XY separation the reduced massc and. k- is a dimensionless constant
as a third dimension, eight subclasses iMcand Dc(m) can i ke, ke

be defined based on th€rossing of the polarization and

- L 2
covalent curves to givMolecular ions orDissociation. Im- De(X; ) = [Ka Tkg] De(X5) (3)
proved Morse curves for multiple states of(H), X2(—), and

(=) will be presented. re(Xo) = [In (kelk)keBX] +1e(Xz)  (4)

According to W. E. Demig “ A systematic uncertainty or
bias is never discovered, nor has any meaning, unless two or

more distinct methods of observation are compafethie AE, vo(Xy ) = [Kaka/ka2 ve(X5) (5)
for H, and N\, are small but positive since the ground state is a

polarization anion. The B, of many of the group 1A, 1B, It —VE.=D(X.) (1 — 2k. + — EAX)+E(X*

VI, E,, have been measured by anion photoelectron spectros- a olX2) ( At i) AX)+EX)

copy, PES. However, only the following have been measured —12 v (Xy) (6)

by a second techniquey, 12.52, C;, 3.% eV, Sk, 2.2 eV and

S, 1.6, V910 The AEL(eV): R, 3.0 Cly, 2.4; Bry, 2.5 The Herschbach metridgea E» and VE, give ka andkg using
determined from the isoelectronic principle and, Q.0 egs 3 and 6. A value of the frequencyrergiveskg from eqs
determined from ion beam onsets have also been confithhed. 4 or 5 to define the HIMPEC. From eq 3 the relative bond order
The E, for O, range from 0.4to 1.0, eV.7.10-14 All data not is De(X27)/De(X2) = [KaZKr].
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NS .
postulated theoretical and current “best” HIMPEC are shown for H
D.Me F. TABLE 2: Morse Parameters, Dimensionless Constants for
De Neutral and Anion Morse Potentials for X,
le (-)exwa

Lz (~)excted O (-)emito —VE; E(abs)
- (Jenerns

Do le v
species ko ks kr (eV) (pm) (cml) (eV) (eV)

F» neutral 1.00 1.00 1.00 1.60 141 917
F,mAZ " 169 057 3.60 1.28 186. 462 —1.25

D.De He(Joe B2z, 056 066 2.76 018 259 140  1.10 1.63
B[y, 045 056 258 012 267 119 116 171

Coll, 040 066 357 007 340 72 284 267

b (e b (Jomme Colly, 046 060 3.89 009 322 8 318 262

Naz (-)eciss D 254" 0.51 045 5.64 0.07 355 74 592 3.67
Clyneutral 1.00 1.00 1.00 2.52 199 565
; : ; : i Cl,-AZ,* 1.05 0.61 2.13 131 256 248 —1.05
Elgurehi. Rhed:Jced Morse potential energy curves illustrating modified B 2ITgar 042 063 229 019 334 99 258 163
erschbach Classes. B 2[g12 0.26 0.76 2.00 0.08 331 79 266 1.64
C Alyar 0.32 0.64 3.22 0.08 376 65 547 240

TABLE 1: Morse Parameters, Dimensionless Constants for C Ay 044 060 359 0.14 371 79 597 265
Neutral Cation, and Anion Morse Potentials for E, D 25, 0.39 065 4.88 0.08 391 65 951 3.32
. - B tral  1.00 1.00 1.00 2.00 228 323
species  kn ks ke De(eV) re(pm) v(cm™) Ea(eV) BroAZSt 120 061 283 118 285 162 —137

Hat 25+ 0.84 069 1.26 279 106 2250 B gz 0.43 0.60 1.90 0.20 354 61 073 1.19

Het 23, 1.11 0.62 240 2.58 108 1964 B Mg 0.29 055 2.06 0.08 412 36 1.63 1.62

25t 0.16 0.49 1.38 0.08 190 300 C lyz2 0.35 0.64 3.32 0.07 410 39 395 187

H; neutral 1.00 1.00 1.00 501 754 4395 Coly, 058 0.61 441 015 398 55 566 241

H~ polarization 1.00 1.00 1.00 5.1 75.4 4395 D 224 051 060 577 009 436 41 867 318

i I;Neutral ~ 1.00 1.00 1.00 1.60 267 215

> 1.07 053 214 258 145 1700 a

25 012 056 089 005 280 285 l;” A1(1/2) 1.18 0.65 223 1.01 321 110 -1.70

9 : : . : A1(1/2) 1.20 066 228 101 321 112  -1.65

0,35, 1.00 1.00 1.00 521 121 1580

272 B 1(3/2) 0.46 066 151 023 365 53 -0.52 0.84

Q2 ATy 1.09 0.85 130 4g 129 1280 1.9 B 1(3/2) 058 0.68 2.40 023 380 55 053 0.5

2 105 082 126 446 131 1210 0.9 B 1(1/2) 022 056 2.02 0.04 480 19 1.07 152

11, 1.05 0.77 1.38 44 134 1089  0.45 B 1(1/2) 0.25 057 2.32 0.04 480 20 1.47 159

11, 1.05 0.77 138 44 134 1089  0.43 C1(3/2) 0.38 0.66 2.88 0.08 434 32 1.95 1.64
C1(3/2) 0.40 0.68 3.18 0.08 434 33 237 171

Results and Discussion C 2(1/2) 0.62 0.60 3.13 0.19 413 45 255 222

C2(1/2) 0.66 0.63 359 0.19 413 48 3.14 250

. . _ D 2(1/2) 049 045 3.62 0.11 508 25 3.73 3.07
Herschbach described the HIMPEC as follows: “A convenient p 2(1/2) 053 047 4.15 0.11 504 26 4.48 3.22

qualitative classification of the types of X¥{ potential energy

curves which may occur are given in (Figure 1) The category HIMPEC for covalent and dipole bound states of cytosine and
I'or Ilis determined from the sign of thes& In both cases A thymine have been calculated from experimental data.

and B, the free anion is bound, but for B as well as the unbound Reduced Morse Potential Energy curves r-HIMPEC illustrates
case C, the vertical transition leads to dissociatiihtie “C” the original classifications in Figure 1. The reduced curves are
curves are slightly bound due to polarization forces. These areobtained by dividing the Morse potentials by the dissociation
stronger than the attractions in Héut weaker than the  energy of the neutral and the radius by the internuclear distance
interactions responsible for dipole bound anions of molecules of the neutral. Multiple curves are shown fof+) and Q(—)

such as cytosine, thymine, and uracil. Pseudo two-dimensionalto illustrate the relationship between the various classes. The
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Figure 4. Morse Potential Energy Curves for,@nd Q(—).

bold curves are the specific class. The ground state(ef) lis
A[l+]. The three G(—) and ground-state £-) areA[ll +]. The
excited states of &—) are A[ll =] and C[lI-].

In Figure 2 the modified classifications are illustrated. All
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The Na(—) crossing is below the dissociation limit making it
Dc(1)1° The Morse parameters and experimental data are in
Tables 1 and 2.

Negative lon States of H

The first step in assigning the experimeriglto electronic
states is the determination of the number of theoretical states.
The H, anion has a polarization ground state and two covalent
states. The ground state is a “neutral molecule plus free
electron”. Morse parameterB(r, v); 0.9 eV, 190 nm and 135
cm~1and 0.16 eV, 300 nm, 600 crhwere calculated for the
bonding and antibonding states in 1936 and 1956, respectively.
The frequency in the 1956 curve is adjusted to give the
experimental \E,. In 1967 and 1981 improved bonding curves
were calculated but the dissociation energy remained too small.
The Hy(—) like Hex(+) and H(+) has one bonding electron
giving De = 2.65 eV. The curves shown in Figure 3, use the

of the M curves are Mc curves but some of the D curves are calculated frequency and internuclear distance with the predicted
Mc curves. The ground-state HIMPEC for Group IA are M(2,3) De for the bonding and polarization statés!®
and Mc(2,3). The first excited states have been predicted and The ESR spectrum of the valence state anion has been

are D(1). For Ly(—), the polarization curve crosses the first

recently observed in irradiated solid,P Two peaks are

excited-state curve above the dissociation limit and is Mc(1). observed in the production of H{. The first has an abrupt
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Figure 5. Morse Potential Energy Curves for(¢) calculated from experimental data.
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Figure 6. Morse potential energy curves fardnd b(—)calculated from experimental data--I( distributions calculated by the reflection method
and experimental distributions from ref 26.

onset at théEqea3.75 €V, whereas the second an onset at 7 eV 2.2 7
and a peak at 10 eV. Electron scattering data givegaof

—2.8 eV for the lower state giving: = 153 pm andve 1300

cm 12! The size of the H{) is obtained from the, —r(H) =

145-38 = 107 pm. The H{) distribution and an assumed 1.8 1
dissociation energy of 0.05 eV are used to calculate the excited
valence state Morse potential. The bonding curve is an M(0)

curve, whereas the antibonding curve is a D(0) curve. The
similarity between the modified predicted and the “current best”

curves shown in Figure 3 is striking.

Relative Bond Order
o

The Negative lon States of @

The superoxide anion was the first homonuclear diatomic
anion to be observed. The experimeriglare: [methodE,
(eV) and dates] photodetachment, §).1958; charge-transfer
complexes, 04 1961-71; electron swarm, 0s41961; electron
beam, 0.6, 4, 1961-71; alkali metal beam, 0.2,0.3, 0.5, 0.8,
1.3, 1970-77; ion beam, 14 70; PES, 0.43, 0.45, 19#B5
and ECD, 0.4 0.5, 0.9, 197620021014 |n 1981, Michels Row N
calculated 11 Eand predicted 24 stateX (2Z47(2), 22,7 (2), 0.2 . ) i . . !
2g(2), 2u(2), 2 Zgt, 22, 2t 20T) T [PIg(2), AAy(2), . , T
4 4 2N 2A AN 4 ; Figure 7. Relative bond order for homonuclear diatomic anions versus
114(2), “I1u(2), and A_ [*Ag, “Ay, *Ag, *Ay]) leading to the th inth iodic table. Th dicted bond ord h

P 31 30_2 1.7'[)4(1.7'5)3 (30)0 e.rowmleperlo IC tanle. e pre |ce. ond ort ersargs own as
lowest limit>* The ground stat 9_( 9% ( w),” (Tg)”, (90U horizontal lines for the Group | and VI, 0.5; Group 1V, 1.25; and for
or 2430 has af,, 1.0, €V which gives the dissociation energy.  the Group Ill, 1.5.

The frequency and radius were obtained from the electronic

emission spectrum in solidd.The E. 0.9 eV is assigned t0  The higheII curve crosses the neutral curve at the internuclear

the X state. The data give the Morse parameters 4.66 eV; 131 djstance of the anion. It is a D(0) curve because all three metrics

nm and 1230 cm'. TheEx: 0.43, 0.45 eV is assigned to the  are negative and the vertical transition leads to dissociation.

2340 ?[1 state. The Morse parameters are well established. However, itis a Mc(O) curve because the Crossing with the

Morse parameters for the higher 1431 or 138 state have  polarization curve(not shown) leads to a molecular ion. Curves

been reported. It has dy of —2.8 eV for the twenty four states of ) will be calculated in a future
The ground and the first excited-state curves fef-€) cross part of this series.

the neutral in the inverted Marcus region explaining the large

activation energy. These are M(2) becauseBhend the \E, Negative lon States of %

are positive but th&geais negative and the molecular ion will

be formed. The 2341 curve and the ground-state neutral cross ~ Four primary negative ion states are predicted fo(-X.

near the internuclear distance of the neutral. It is M(2) or M(1). These are split into six states by spiorbital coupling. The
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six anion curves are split into twelve at the internuclear distance attachment as independent metrics. Eigh} (ssible curves
of the neutraf>2% The procedure for obtaining the halogen are expressed in a convenient symmetrical notationm\and
curves has been described previoidsi¥ The bond dissociation  D(m), m = 0 to 3, where D and M signify immediate
energies are obtained from the dissociation energies of theDissociation andMolecular anion formation in a vertical
isoelectronic Rg(+); the frequency has been measured and the transition, andm is the number of positive metrics. Eight
internuclear distance can be calculated from tHg.V subclasses can be defined as Mcéand Dc() by considering
Twelve curves can be obtained fof(+) because of the thecrossing of the polarization curve with a covalent curve to
precise Morse parameters for the ground state, the large-spin lead to Molecular ions or toDissociation. The following
orbital coupling and the resolvedH] distributions. The excited-  anions: H[M(0),Mc(0);D(0),Dc(0)]; Li. [M(2),Mc(2), D(1),-
state curves are determined from the experimental dissociationMc(1)]; O, [M(2,1), Mc(2,1,0),D(0),Mc(0)]; k [D(3,2), Dc-
energies of the Rg+), the VE, and theEy,s In addition, the (3,2)]; N& [M(2),Mc(2); D(1),Dc(1)]; and 4 [M(3),Mc(3),D-
other Morse parameters for the R¢) can be used as reference (3,2),Dc(3,2)] illustrate the classes. New ground and excited-
points. Figure 6 shows the agreement between the calculatedstate curves for ){—) and Q(—) and the X%(—) are calculated
and experimental distribution®® The ground-state curves for  based on improved data including the followingAF,, 3.02
Bry(—) and k(=) are M(3) and Mc(3), whereas those fo(F) 4+ 0.01; Ch, 2.40+ 0.01; Bp, 2.53+ 0.01; b, 2.52 and Q,
and Ch(—) are D(3) and Mc(3). Except for the first excited 1.07 + 0.07(eV). The A, for the Main Group homonuclear
states of J(—) the excited-state curves are D(2) and Dc(2). diatomic molecules are supported by periodic trends and simple
molecular orbital concepts. However, the bond orders of many
Systematic Variations in Morse Parameters of the anions relative to that of the neutral are greater than

There are a number of consistencies in the dimensionlessPredicted.
constants for the HIMPEC. In the ground-state curves kghe
is greater than 1.0 indicating an increased attraction in the anion.
However, the repulsive ternkg is increased more than the (1) Person, W. BJ. Chem. Phys1963 38,109.
attractive terms giving a smaller bond dissociation energy when (g) '(":ﬁrSChé’agh; \I/D\/ RtAd”at?f‘i/f/"‘Engim'cagﬁ h#i'g?ésgglgbggo'
the electron is added to an antibonding orbital. In the ground §4g Dogﬁ,’n, 3. G gﬂewn?rE_‘C_;'Wéan;'th, VS_ E.Phys. Chem A.

state of G(—) where the electron goes into a bonding orbital, 1996 100, 9649.
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