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This theoretical study reports calculations on the fine and hyperfine structure parameters of the metastable
X332~ (0%7?) state of CIH" and BrH". Data on the repulsive P system are also included for comparison
purposes. The hyperfine structure (hfs) coupling constants for magnedic Aé,) and quadrupole (eQq)
interactions are evaluated using B3LYP, MP4SDQ, CCSD, and QCISD methods and several basis sets. The
fine structure (fs) constants (zero-field splittingand spin-rotation coupling) and electron-spin magnetic
moments ¢-factor) are evaluated in 2nd-order perturbation theory using multireference ClI (MRCI) wave
functions. Our calculations find fofCl of CIH?* Ajs/Agip = 11086 MHz; eQq = —59 MHz; 21 = 20.4

cm™%; go(v = 0) = 2.02217; ang’ = —0.31 cn1! (to be compared with the available experimentay/Aqiy=

162/-30 MHz). For®BrH?*, the corresponding values are 36@00 MHz; 368 MHz; 362.6 cmt; 2.07302;
and—0.98 cm! (experimental 2 = 445(80) cnT). We find g5(CIH?") to increase by about 0.0054 between

v = 0 and 2, whereas the experimental effectiwechanges drastically with vibrational excitation. Nuclear
quadrupole coupling constants for halogen atoms X are found to be as large as correspap@)s,A
indicating that both terms may have to be included in the Hamiltonian used to interpfét iiderfine
spectra. A novel finding relates to the bound character of tae(&r7%0*) state in FH*, as already known

for CIH?* and BrH*, but having a deeper potential w&lk ~ 4000 cn! (versus 1000 crt in the heavier
radicals). Vertical ionization potentials for formation of XHtrications are also discussed.

1. Introduction spectroscopy, electronic excitation froni3X, is of no use since
transitions into 1A and 2=* are forbidden, whereas allowed
triplet—triplet transitions involve upper states of repulsive
character.

During the last two decades, the study of double-positive
diatomic hydrides, XA, has been the topic of numerous

experimental and theoretical publications. To date, however, o . . . .
experimental workshave provided information mainly about A metastable XH" state is assumed to arise by the interaction

energetics (via ionization potentials (IP) or kinetic energy Detween attrative (X+H) and repulsive (X-+HT) channels.
releases (KER)) and less about the properties of metastable state&S discussed elsewhefé,the parameten\IP= [IP(X*) —
(geometries, vibrational/rotational constants, charge-(spin)- IP(H)] |nd|cat(_es the possible existence of meta_stable states: the
density distributions, etc.). Such an unfavorable situation relates €/0S€r IP(X) is to 13.605 eV the more stable is XH In the

to three major drawbacks generally affecting X¥ions: (a) ~ XH?" series (%= F, CI, Br), the correspondingIP's are 21.4,
extremely low densities in laboratory formed specie$1I¢ 10.2, and 8.0 eV.The AIP(FH) value is prohibitively large
cm-3vs 109 cm3 for gases at atmospheric pressure); (b) high t© induce sta_b|I|ty, and all known P potentials are repul-
reactivity (very short lifetimes due to unimolecular decomposi- Sive:***That is not the case for Cf# and BrH*, each having
tions and/or environmental interactions); and (c) few2<y ~ one bound (i) and three metastable states’(X, 1'A,
potentials have local minima. Not surprisingly, high-resolution, 1'=%).*27?Considering the first three rows of the periodic table,
rotationally resolved spectra have only been reported 8t N AIP amounts to ca. 1121 eV from B to F, 3-10 eV from Al
NO2+, CID2+, and hyperfine structure (hfs), and electron-spin 0 Cl, and 2.5-8 eV from Ga to B They support the

g-factors are known for just one of them (GID).2 The zero- experimental observation that B to F (Ne) do not generate
field splitting (zfs) for X<~ of BrH2*/BrD?* has been measured ~Metastable XA" ions, whereas atoms from higher rows%®.

in three different double-ionization studi&s3¢ making them Ab initio studies on dications are important not only because
the only XH* species for which fine structure (fs) data are they give insight about potential barriers, tunneling lifetimes,
experimentally available. etc. in metastable stafésl’20 put they are also crucial for

The hyperfine/Zeeman spectra 8$3CID2" have been interpreting experimental data for repulsive stdfels. A
partially assigned:> Two fs parameters were, and still are, literature survey reveals that such studies have focused on
unknown, the zfs constaitand spin-rotation constapt making standard spectroscopic properties for metastable states (geom-
the assignments with assumiedndy values questionable. Also  etries, vibrational frequencies, etc.), whereas calculations of
unknown remain nuclear quadrupole contributions. Optical hf/hfs parameters or electron-smiffactors/rotational coupling
constants are practically nonexistent, except fordgtactors
* Corresponding author. Fax-1-506-453-4981. E-mail: fritz@unb.ca.  of BeH2™ 23 and X8=~ zfs data for CIH*/BrH2+.16.17
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The main goal of this study is to evaluate the fs and hfs
parameters, and the magnetic momegifattors), for the Xz~
ground states (GS) of CHi and BrH*. It will also shed some 4 -
light on the bonding features of Y. Formation of a metastable
X3=~ minimum implies that some amount of electron-density i
has been transferred from*Xo H* in order to overcome their (eV)
mutual Coulomb repulsion. Most importantly, the mixing
between (X+H") and (X*+H) structures should be seen in
the hf parameters of each nucleus, which offer the opportunity
of quantifying the relative weight of both structures, in particular
the amount of charge density at the H center. Previous
studie$?~15 found P=~(0m20*) of CIHZ* and BrH* to be 21
bound, whereas othéfg118hwere interested in the IPs for XA
ions. The stabilities of 3=~ in FH?" and of all three trications
will also be investigated here.

2. Technical Details

The hyperfine coupling constants (hfccs) and nuclear quad-
rupole coupling constants (ngccs) are calculated using the spin-
and charge-density distributions (SDD and CDD) provided by 0 -
Gaussian 03 (G03) by means of spin-unrestricted ab initio
(MP4SDQ, CISD, CCSD, QCISD) and density-functional theory
(DFT) procedures (B3LYP, B3PW91). Different basis sets were
used, e.g., Pople’s 6-3H-G(2df,2pd) and Dunning’s aug-cc-
pVTZ/pVQZ. For brevity, we only report here the median value
of the various hfs parameters. Matrix elements of SO ¢spin
orbit) and L (electronic angular momentum) operators are T T T T '
evaluated with multireference Cl wave functions (MRDEI) 2 4 6 8 10
and 6-31%#+G(2d,2pd) basis sets. The SO matrix elements R [CI-H] (bohr)
include all one- and two-electron terms from a Breit-Pauli Figure 1. Potential curves for low-lying electronic states of EtH
Hamiltonian?® The ClI calculations on XH are carried out in (MRDCI, correlating 6 electrons).
Cz, symmetry, mostly using spin-restricted#X (0%7%) SCF-
MOs. Those on %=~ (07%0*) states, however, are based on an hydride, but FRI* apparently has nor&:2° Experimental
parent MOs. The accuracy of SO improves if inner shells are studies suggest thafCIH2") strongly depends oR, and to
also correlated!?® In line with this, CIH* and BrHF" were test the validity of such statement, we have calculated the low-
studied correlating 12 and 22 electrons, respectively2&s lying potential curves of CIA", which are displayed in Figure
frozen core for Cl and 22g2pf3¢ for Br). The FH* 1 (they look alike to those in the literature refs 12, 14, 20, and
calculations correlate 6 valence electrons (VE), with{F)skept 22). It also came to our attention that two experimental spectra,
frozen. ThelL values correspond to the origin of coordinates one on FH (Augéfd and the other on CIH (electron-imp&iy,
placed at the electronic charge centr&idUnless specified  dealt briefly with triply ionized XH, for which theoretical data
otherwise, SO and values cited in the text and tables are for are scarce (see below). For the sake of completeness, vertical

-1

the Cartesian representation. IPs from XH into XH", XH2*, and XH* will be calculated as
well.

3. Results 3.1.1. XH* Vertical Excitation EnergiesTable 1 lists vertical

The results below include (i) relative energies for XHons excitation energies\Ey) for low-lying XH?* states, along with

(section 3.1); (i) magnetic/electric hfs parameters from G03 Published data. For FH, we useR = 2.20 bohr, which lies
calculations (3.2 and 3.3); and (iii) fs data agpdiactors at the ~ between 1.9 bohr for X1 and 2.3 bohr for A=* in FH" (NB:
MRDCI level (3.4 and 3.5). A prior theoretical stidpn FH, Re = 1.73 bohr for the GS of FH is much shorté?)The
CIH*, and BrH reproduced quite well the corresponding Re(X°Z7)’s for CIH** and BrH* (Table 1) are those reported
experimental fs/hfs data, and the same is expected here for thdn previous optimization&?~15.200

lesser known XH" dications. The AE,’s of CIH?"/BrH?" show a common ordering3%~
3.1. Relative Stabilities and Energies.Diatomic (XY) < 1!A < 115+ < 1800 < 1M1 < 2'=*, or 0%1? < on® < 7% in

potential curves are (a) stable, or bound, if there is at least oneterms of configurations. Correspondidg=, values differ by

local minimumEn(Re) at the equilibrium distancB, < R = o no more than 0.5 eV. The state sequence is different it FH

and it lies below the (%) products; (b) metastable, as in case [two triplets below all singlets] but agrees with that expected
(a) but with En(Re) lying above (%+Y); and (c) unstable, or  for (F"+H™) products, where the fs’p*) states follow the
repulsive, if the only minimum is &E(R = «). Practically all ordering®P(X3=~, 18[T) < ID(1!=F, 1M1, 1*A) < 1S(Z=T), with
states of a dication are repulsive and very few may be metastablecorrelating XH* states in parentheses. Although*@r*
(the existence of just one already becomes relevant). Exception-certainly has the same state pattern s stabilizing effects
ally, the GS is bound, e.g., C&HX2=*) with 1 valence electron  operating in CIH* and BrH* but not in FH*, due to mixings
(VE).8 See ref 1 for several examples of dicationic potential with X2*(4S < 2D < 2P) + H(2S), are ultimately responsible
surfaces. for the stability differences at shoR

CIH2" and BrH* have one bound $£-) and three metastable All theoretical studies find similaAE,’s (Table 1). Most of
states each &, 11A, 1!=1), a remarkably high stability for ~ them focused on XH— XH?2" ionization, and therefore
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TABLE 1: Vertical Excitation Energies AE, (eV) Relative to X3¥~(¢%7?) for Relevant XH?" States (X= F, Cl, and Br), and

Comparison with Literature Data?

XH2* refs LA (6%77) 13 (0%7?) 1311 (07%) 11 (o7%) 215+ (%) 153~ (o7%0*)
FH2+ tw 2.86 4.39 2.29 4.92 8.61 17.33
11 2.95 5.84 3.35 6.37 11.33
11k 2.73 5.47 3.16 6.02 10.74
11¢ 3.00 4.60 3.40 6.30 11.20
expt. 16 (0.00) (1.93) (7.36)
CIH?" tw 1.72 2.96 3.32 4.66 9.11 9.34
18a 1.74 2.99 4.00 6.71
18b 1.80 3.00 3.90 5.50 10.60
20d 1.72 3.87
12 and 14 1.54 2.84 3.86 5.26 10.24 ~10.5
200 1.52 2.85 3.19
164 1.78 3.12 3.86 5.44 10.57
expt. 12 1.50 2.70 5.00 9.60
18d 1.62 2.77
18e 1.49 2.75
BrH 2+ tw 1.58 2.76 3.52 4.65 9.60 8.15
13 and 1% 1.62 2.57 3.87 4.97 10.10 9.72
17 1.68 2.94 2.48
expt. 191 1.47 2.70 2.57
expt. 3 1.10 2.40
1.36 2.62

atw = this work. MRDCI data aR(X3Z")'s [bohr] of 2.200 (FH"), 2.752 (CIH*) and 2.954 (Bri"). Corresponding X~ energies [au]:
—98.5047 (6 's)—459.0485 (12 €'s) and-2572.1910 (22 e'sp HF/STO,RF= 1.7329 bohr (FH GS). Spin-adapted HFRF. ¢ Direct MRDCI,
RF. ¢ Auger spectrum (triplets not detectetCASSCF-CI, R°®= 2.409 bohr (CIH GS)? MRDCI, R°. " CASSCF-MRDCI,R = 2.74 bohr.
i Relativistic Cl;%IIo- and!A; sublevels relative to lowesE;~ (all v = 0 data).J Double-charge-transfer spectrum. TPEsCO specfitfimds

1.49/2.75 eV for 1A/11=*, *MRDCI [nonrelativistic, RE’

2.66 bohr (BrH)]. AdiabaticAE’s for 1'A/1'=": (i) 1.19/2.61 eV [nonrelativistic,

R(X3Z™) = 2.71 bohr]; and (ii) 1.57/2.67 eV [relativisti® = 2.69 bohr].! Relativistic results (1st entry: Dirad=ock; 2nd: MRCI), forI1,, 1A,,
and =;" sublevels relative t62:(all »=0 data). The’[lo- sublevel lies at 3.47 eV (DF) or 3.28 eV (MRCI) Auger spectrum, difference
between adiabatic (double-ionization) IP"sAuger spectrum, energies relatives®®~ sublevel.

TABLE 2: Relative Energy (AEy) to Dissociation Products 1lI, Stabilization Energy ( AEe) and AIP Parameter for

Low-Lying Electronic States of XH?" (X = F, Cl, and Br)ab

FH2+ CIH2+ BrHz*

state —AEq AEq AlPe —AEq AEq AlPe —AE, AEq AlPe

X3=~(0%1?) I(a) 8.98 3.39 21.4 4.26 5.63 10.2 2.98 6.23 8.0
(9.78) (2.52) (4.60) (5.09) (3.69) (5.36)

13(07%) 1(b) 11.28 1.09 25.6 7.58 2.31 12.4 6.50 2.71 9.9
1'A(0%72) 11(b) 9.12 3.25 23.0 4.37 5.52 11.1 3.08 6.13 8.9
115+(0%72) 11(c) 10.65 1.72 23.0 5.60 4.29 11.1 4.26 4.95 8.9
11T1(07%) 11(b) 11.18 1.19 25.2 7.30 2.59 125 6.15 3.06 10.4

215+ (0%12) lI(m) 11.99 0.38 >40 9.87 0.02 >25 9.34 -0.13 >22

aMRDCI Data, in eV.AE4(R) = [E(e0) — E(R)], whereE(w) stands for the energy of corresponding dissociation chanfglis D for metastable
and KER for repulsive stateR distances as in Table 1 (tw). Values in parentheses are derived using CID data from ref 33 (seARXD) =
[1/R + AE4(R)], electronic stabilization energy relative toRlpotential.© Channels I< Il < lll: X ($’p*) states’P < 1D < 1S, +H*. Ch.a<b
< ¢ X% P states'S < 2D < 2P, +H. Channelm: [X?"(M) + H(?S)], where M is?D(sp*) for F?*, and 8p?d/Sp?skya for CI2* and BE.2 d1(a)
indicates that | (repulsive) aral(attractive) generate &~ state each. Similarly, 16) shows that I=" is generated by Il, and'2" by c, etc.¢ AIP
= [IP(X*) — IP(H)], where IP(X) involves X'/X?* states generating in a given type of electronic state, Ali,for 1'=* [II(c)] stands for
E[X?7(?P) 4+ H] — E[X"(*D) + H™]. Experimental datd Note that listed asymptoti&IP(R = »)'s are about 6.8 eV=£1/R) smaller atR = 4 bohr,
for examplef —AEy4 (KER) of 6.78 eV for £I1, 6.42 eV for 1 (calc) and 6.84 eV for 311 (expt).!? Our values are slightly smaller because

Re(X3Z7) was used.

Re(X1=T) of XH was used for reporting\E,(XH2")'s. Accord-
ingly, our results aR(X3Z")’s show some discrepancies with
previous data, which are minor for CiHBrH2" but larger for
FH2" becauseR = 2.2 bohr used here is 0.5 bohr longer than
in the GS of FH° Experimentally, the FH Auger spectfavere
assigned to three FH singlet states (A and 1,23"), with
the lowest $=-, 1811 states remaining undetected. For this
reason, the experimentAE,’s are relative to A of FH2" (data
in parentheses, Table 1). A measurel, of 1.93 eV between
the 0?72 states 1A — 113+ (Table 1) is in moderate agreement
with MRDCI results (1.53 and 1.60 eV).

3.1.2 Relative Stabilities of Triplets and Singletgletastable
XY 2+ potentials can be characterized via the paramdigiR.,
e, Be, Dg, etc., as done for bound states, plus the IPs with
respect to XY or XY". For repulsive X¥" potentials, solely

the same footing by specifying the energR) of a particular
XY 2 potential at distanc® relative to two reference ener-
gies: (i)E(R = ), the energy at dissociation and (\:ou =
1/R, the repulsive Coulomb potential between two positive
charges. For this purpose, we defigq4(R) = [E() — E(R)]
andAE.(R) = [1/R + AE«(R)] = [1/R + E(x) — E(R)]. Here,
E() is via MRDCI data for (X+H™) at R = 200 bohr, and
their total energies shifted down byl/R = —0.005 au.

Table 2 summarizes the parametaisy, AEq, andAIP =
[IP(XT) — IP(H)] characterizing the lowest six X states
generated by the atomic staté(l) < D(Il) < 1S (lll) of
XT(s?p*),? plus H". As stated before, channel | correlates with
1(X)3=~,13[1 of XH2*, channel Il gives rise to'\, 11, 11>,
and channel Ill correlates with'2". Further, the attractive
channels (X™+H) labeleda, b andc, respectively, combine

IP data can be given. However, all states can be described inthe X?*( $%p3) states'S < 2D < 2P with HES)? The XH* states
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generated by them are channgf2~ and £=~; channel [2!A,

231, 21, 13A, 32 and £2-; and channel 612+ 3BT and
135+, Underlined are the (attractlve) states which can interact
with (repulsive) states of the same symmetry generated by
channels | to Ill. Thus, only five repulsive states of types |, I,
and Ill, from a total of six, have attractive counterparts in
channels a, b, and c. The exception correspondsti,2a
strongly repulsive potential in all cases (see below). Similar
arguments were presented recetiti)cfor CIH2" and BrH",
where the reported potential curves reproduce well the litera-
ture data (IPsR:'s, we's, Franck-Condon factors, tunneling
lifetimes). The semiempirical procedure used in both st&thés
combines together, and substantially improves, semiquanti-
tative arguments previously advanced in the literature about
the stability of dication§-8:321t should be noted, however, that
most of the properties studied here (fine and hyperfine struc-
ture, nuclear quadrupole couplings, etc.) lie beyond the cap-

abilities of the semiempirical approach applied to &IH
BI’H2+.3C'20C

We first considePAE4(R), which is negative throughout (Table
2), i.e., all states destabilize relative to *(kH*). For a
metastable potentialAE4(R) can be identified with (i) the
dissociation energyDe = AE4(R), for the minimum atR =
R., and (ii) the kinetic energy release, KER |AE4(Ry)|, for
the maximum at the barrier geometR/= R,. On the other
hand, for a repulsive potentia] AE4(R)| is the KER value
detectable via XH— XH?" ionization if the parent neutral
geometryR = Ry(XH) is chosen. As expected, the absolute value
|AE4(R)| decreases along the series, from about-4D.3 eV
in FH?*, t0 4.3-7.3 eV in CIH*, and to 3.6-6.5 eV in BrH+.

At shortR, the repulsive &*(*) potential retains its asymptotic
structure X' (!Sy+H*, and accordinghAE4(R) ~ —1/R in all
XH?" ions (see Figure 2 in ref 16b for thé> potential versus
1/Rin CIH?"),

AEg(R) is always positive (all states lie below the repulsive
potential 1R). Such stabilization relates to the shift of electron
density into the internuclear region due to the mixing between
repulsive (X+H™) and attractive (X"+H) structures. For a
metastable state, the largeEe(Re) the deeper the potential well.
As discussed in several papers on multiply charged*AiBns
(Bex?t, Bx2T, BN2F, Al%T, and BNF),32 the AE¢(R) function
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TABLE 3: Equilibrium Data (MRDCI) for the Bound 1 5%~
States of XH*+ (X = F, Cl, and Br), Including Magnetic and
Electric Hyperfine Parameters

1527(01'[20*) 19FH2+ 35C|H2t+ a 798rH2t b
R. (bohr) 4.34 5.50 5.91
we (cm™) 670 390 410
De (cm 1)° 3850 1290 1150
Te (eV) (11.9) 5.7 4.9
AE, (eV) 20.9 10.0 7.9
AE; (eV) 57.8 41.1 37.1
AEy (eVY 475 31.6 ~27.7
X center
Aso(MHZ) 50(100) 35(10) 15(100)
Adgip(MHz) 4.0(25) 0.4(1) 1.2(5)
q(au) 0.05(3) 0.06(1) 0.08(1)
H center
Aso(MHZ) 308(10) 316(5) 320(10)
Adgip(MH2) 6.6(2) 3.3(1) 2.4(2)

q(au) —-0.022(2) —0.012(1) —0.010(1)

aMRDCI: R.=4.93 bohrwe = 772 cnt?, andD, = 2100 cnrl.1214
b MRDCI: weakly bound, by less than 500 cki®!5 © Dissociation
energy into X (*SHH(%S), usingE(1°=") atR = 500 bohr.4 Relative
to XT(®P) + HT, based on atomic dafaand presenbDe's. ¢ Ad. IP(7?
— o) relative to XH (XZ*, » = 0), based on atomic d&tand
Do(XH).20 fAd. IP(? — =) relative to (B,V}=" ion-pair state in XH®

Recently, Huang and ZR# have described XH (X =
halogen) and CIR" potential curves via a general expression
of type V(R) = Veoul(R) — [Vus(R)|, which obviously coincides
with ours written in a slightly different terminolog\E4(R) =
Veou(R) — AE«(R). They calculated th¥/(R)[AE4(R)] potential
at the single-reference, double-excitation ClI (CID) level, using
triple-¢ polarization basis sets for F/Cl and effective core
potentials/smaller bases (LanL1dz) for Br/l. The tevins(R)
[—AEqR] was represented by the (Murrel-Sorbie) analytical term
Vus(R) = —[Do (1 + azp + agp 2 + agp®)] exp(—ayp), where
o stands forp(R) = (R — rg); the constant®,, a, andrp were
fitted to the CID potentials. Using the reported d&aye
calculate—AE4(R) andAE¢(R) for the X3=~ potentials of XH"
(also for ¥=~ of CIH3", see 3.1.4) at the geometries used here.
As seen in Table 2, the single-reference CID potentials are more
repulsive than those at the multireference level (eWWE(/AE
values are smaller/larger, by up t0.9 eV, due to a more
flexible description of repulsive-attractive mixings).

associated with a metastable state looks like a regular bound 3 1 3 BoundiSs~ State Tables 1 and 3 list data orf3l-,

potential curve’? and the same applies to present X3 (as
shown for FH+ and CIH* in ref 33).

Metastable X=~, 1'A have similarAE/'s, on average 5.6
eV in CIH?* and 6.2 eV in Bri*. The third metastable state
(11=") has in each case AEg ~ 1.3 eV smaller. Next, one
finds 2311 with an averagé\Ee ~ 2.7 eV. Finally, AE¢(2'=")
~ 0 throughout, i.e., =7 is repulsive at alR’s (channels ac
generate only one structure {%-H™), which preferentially
stabilizes the =" potential instead).

Taking into account electronic configurations, the degree of
stabilization in CIH*/BrH2" ranges from strong fordf20%r?
(metastable: X&=7,11A,11>2%) to medium for 22072 (moder-
ately repulsive: %1I) to rather weak for &z* (strongly
repulsive: 2=%). Thus, maximal occupation of the210 leads
to metastability, whereaso? results in a repulsive state; that
is, this MO is of bonding character. Asand H™ come closer
together, and assumingo2is occupied, such ngX)/1s(H)
mixing allows for some charge density orf %o be transferred
to H*; that is, E(R) is less repulsive than B/ or even locally
bound (metastability). Regarding double-ionization from XH
[X1=T(20%7%)], metastable XK" states are thus selectively
generated upon extraction of two nonbondimglectrons.

whereas Figure 2 shows corresponding potential curves. As
guidance for future experimental characterization®f1 Table

3 lists (besidesTe) some other energy differences relative
to E(157) at its Re minimum, namely, (i)AE, relative to
E[X*(®P)}+H™], the lowest dissociation channel of XH (ii)
AE; relative to the GS of neutral XH (i.e., adiabatic
IP[XH(X1=",027%) — XH2H (152 ,0:1%0*) +-2€7], a triple-excita-
tion process), and (iiiAEy, relative to the long-range mini-
mun%31 of the ion-pair excited stat&™(or%0*) in XH (i.e.,
adiabatic IP[XH{ZT,0%*) — XH2H(1527,07%0*)+2¢€7], a
double-excitation process).

We find, for the first time, that this quintet state is bound in
FH2*, like in CIH2+/BrH2+,12-15 3 rather peculiar situation since
all other FH* potentials are repulsive. (By contrasb>1 is
repulsive in NH, PH, OH, and SH ,31aradicals isovalent with
present XH'.) 152~ correlates with channel a BX(*S)+
H(2S)], which also gives rise to®2~ (moderately repulsive in
CIH2"M).1214 Both =~ states are described by the configuration
om?c*, which can be formally partitioned interZ[X2+(*S)] plus
o*[H(2S)]. Such a structure (two S states weakly interacting
with each other) is reflected in the hfs =L (Table 3): A,
Agip, andq values are all small (cf with atomic or molecular
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Figure 2. Potential curve of the boundfd (o%0*) state in FHT,
CIH?*, and BrH* (MRDCI data, correlating 6, 12, and 22 electrons,
respectively).

data for 3p°, Sp* or 0?72 states, sections 3.2 and 3.3), except
for Aiso(H) having a common value of ca. 315 MHz in the three
ions. This represents about 22&#) character, i.e., slightly
below 25% for a normalized SDD.

Relative to X=~ (Tables 1 and 3),5E~ lies very high in
FHZ" but much lower in the other ions, about 17 vs 9 eV,
vertical, or about 12 vs 5.3 eV, adiabatic. The vertical IP[XH-
(X1Z*) — XH?%(1527)] is calculated (in eV) to be 70.5 for FH,
46.5 for CIH, and 42.1 for BrH, which also represent energy
thresholds for generating gX+H) products (see 3.1.4).

The =~ potential is relatively well bound in FH (De ~
3900 cnT!, we = 670 cnTl) but much less so in the other
dications (on averageDe ~ 1220 cntl, we ~ 400 cn1?).
According to theRe data for X=T(XH) and =~ (XH?") from
Tables 1 and 3, their potential minima differ from about 2.6 to
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and 0.7 bohr in CIR"/BrH2". Thus, due to more favorable
Franck-Condon factors, the existence ¢&L(XH2") could be
proved via double ionization from the ion-pair {Z) state of
XH. The AEy, data (Table 3) show that such IPs requir&0
eV less energy than from the GSs. Double-ionizatiBr— o
operating in both processegr*(X1=") — 0%72(X3Z") and
omo* (1= M) —om?0*(5Z7) should take place with comparable
ionization cross-section<’

3.1.4. Stability of Triply lonized X¥ lons.Table 4 lists the
single, double, and triple IPs from 1X*(¢27%) of XH at
Re(expt.}0 into the ionic states: (I) K1(z—w) of XHT, (II)
X327 (n2—w) and PZ-(7%—w,0—0*) of XH2", and (lll)
12T1(n3—w0) and ¥=~(om?>—o0) of XH3*. Also included are the
stability parameteraEy(Re) = [E(0) — E(Re)] and AEe(Re) =
[2/R + AE4(Re)] for the trications.

As seen in Table 4, corresponding IPs in the CIH/BrH series
are not too different from each other (about 1 eV forXte 7
eV for XH3"), whereas the differences between FH and CIH
are much larger (3530 eV). Vertical IPg?—~)'s into
X3Z7(XH?%) of 47.50, 35.02, and 32.08 eV for FH, CIH, and
BrH, respectively, are in good agreement with experimental
values of 35.9t 0.2/35.59 eV for CIH and 32.4 0.4/32.9 eV
for BrH. For each family of hydrides, it approximately holds
that the double (ll) and triple (I1l) IPs are about three and six
times the value of the single IP (l), respectivélySince
IP(XH3") ~ 2 IP(XH?"), an experimentélIP(IH?T) = 30.0+
0.5 eV for iodine hydride would suggest IPAH ~ 60 eV
(unknown), which, as expected, lies somewhat below IP{ByH
= 65.44 eV (Table 4).

We have studied for XBf the states “© (o7?) and
1°T1(0%xY), which respectively correlate witt§ < 2D of X2F,
plus H". At R(XH), their relative ordering is*E~ < 12[1 in
FH3*, 143~ ~ 1?[1in CIH3", and ¥=~ > 121 in BrH3" (Table
4). All trication states are expected to be repulsive. At the
R.'s considered (Table 4), the repulsive potentiglgy =
(02)(q")/Re = 2/Re are 31.4, 22.6, and 20.5 eV for the F, Cl,
and Br series, respectively. Th&Ey| values are always smaller,
indicating that both 4=, 12IT lie below the correspondiny
values listed above. Like for X# ions, some electronic charge
density is thus transferred from2X into the bonding region
(toward H"). AE¢(R) gives a more quantitative picture: between
FH3™ and BrHt, it ranges from 4.8 to 7.4 eV forIl(c20%1Y)
and from 3.3 to 4.6 eV for“E~(0%07?). A larger stabilization
in 1211 relates to this state having one extraelectron: the
charge distribution?s%7! is more effective for screening nuclear

3.3 bohr for the three systems; that is, there is little chance for repulsion thar?os?.

detecting the ™=~ minima via ionization from the GS of XH,
due to extremely unfavorable Frane€ondon factors. As well,
the triple-excitation character of the proces&X—153" (4+-2¢e")
would be of very low efficiency. In short, experimental detec-
tion of 153~ via (vertical or adiabatic) double-ionization from
X1ZT(XH) seems quite unlikely.

Two calculation&'®€on FH place #1 slightly above 100
eV, close to our result of 102.67 eV (Table 4). Both studies,
however, overlooked the*I" state, which is~2.7 eV more
stable atRs(XH). Theoretical results are available on Gfi3
but apparently not on Bri4. The experimental energy threshold
for formation of (X¢*+H) products has been reported for G

There exists, in principle, a more favorable mechanism for and BrH°¢ whereas that for generating {X+H") is known

generating $=~ via ionization from another neutrdE™(XH)

for CIH only 18"We are unaware of similar information for FH.

state, namely the (ion-pair) excited-state known from emission The first process is assumed to take place vi& lof XH?"

studies as B(2E' in FH/CIH, and as V=" in BrH.303!
According to the literaturé®-31all neutral X=*(0%7*) GSs are
highly ionic (X"HT) at equilibrium. Along the path toward
X(?P)}+H(?S) products, however, the contribution to the GS of
o%7* [X"HT, attractive] decreases whereas thatafo*[X °H°,

dissociating into X™(*S) + H(S), whereas the second one
involves PIT of CIH3" correlating with X (2D) + HT. Our
IP(152~, XH?*)'s of 46.5 and 42.0 eV for CIH and BrH",
respectively, are in good agreement with experimental energy
thresholds for CI*/Br?* formation, 46.8+ 1.5 and 40.2: 0.4

repulsive] increases. An avoided crossing between these diabati@V (a recent value of 42.8& 1.1 e\A8 for CI2* formation via

potentials results in strongly ioni&* excited states witlRe's
of 3.95, 4.75, and 5.1 bohr for FH, CIH, and BrH, respec-
tively,3%-31which are shorter thaR,(1°=") by 0.4 bohr in FH*

1537(CIH?") is not supported by our results). Also, IP(Clifs
calculated at 72.25 eV ) and 72.72 eV (£=7) nicely agree
with 72 4 2 eV, expt8 Although both CIH* states could have
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TABLE 4: Vertical (Single, Double, and Triple) lonization Potentials IP (eV) of XH, and Relative EnergiesAE4(R) and AEg(R)

for XH 3* Trications (MRDCI Data) 2

FH CIH BrH
tw lit.P tw lit.b tw lit.b
IP IP IP

XH X1zt (0%7%) 0.00 0.00 0.00
XH* X1 (0?75) 15.91 16.06 12.44 12.74 11.53 11.67
XH2+ X33 (0%72) 47.50 35.02 35.59 32.08 32.4(4)
XH2* 155~ (om20*) 70.50 46.50 46.8(15) 42.00 40.2(8
XH3* 1211 (0%7Y) 102.67 100.3% 72.28 72(2)f 65.44
XH3+ 145~ (o7®) 100.00 72.72 66.25

—AE4(Re) AE(Re) —AEq(Re) AEe(Re) —AE4(Re) AEe(Re)
XH3* 121 (0%h) 26.6 4.8 15.6 7.0 13.1 7.4
XH3* 143~ (07?) 28.1 3.3 18.3 4.3 15.8 4.7

(19.3) (3.2)

2 Calculations aR. (bohr) of 1.7329 (FH), 2.41 (CIH), and 2.66 bohr (BrH), eXpNumber of electrons correlated, from XHto XH: 5—8
(FH), 11-14 (CIH), and 21-24 (BrH). X!=* energy (au)—100.1914,-460.3297, and-2573.3595 (left to right)AE4(Rs) = [E(0) — E(RJ)], and
AEe(Re) = [2/R 4+ AE4(Ro)], whereE(w) is E[X 2" (*SHH™] for 1=, andE[X?*(?D)+H™] for 12I1 of XH3". P Selected experimental results (except
for FH3*, footnote g).° Reference 30¢ Reference 18e. Others: 35%and 35.4(6}% ¢ Reference 19c. OtherdY"): 32.91° 32.67¢%,"),% and
32.61%°¢ fReference 18h. An expti threshold for Ci* formation of 42.8¢1.1) eV not supported by our dattASCF data?a IP(XH3*, 12I1)=

102.8 eV, calculated usingE[1211-X32"]= 55.3 eV (MRDCI}*¢ and our
calculated here using V(R) potential (CID level) from ref 33.

calculated IP(XH, X3=7). "Ground state' Values atR = 2.41 bohr

TABLE 5: Reference Calculations on the Magnetic and Quadrupolar Parameters of X and X Atomic Species

XIX* lp(0)I” (au) Asso (MHZ) [°d(au)  Adp (MHz) %l (au) q (au) leQd (MHz)

19F atom &P)
(MP)[2s2p] 34 [12.53] [52870] [8.766] [1760]
(FZP)[2s2p] 35 [11.36] [47935] [8.126] [1632]

36b 0.0470 198 7.963 1599 6.880 2.752

36¢ 0.0496 209 7.950 1596 6.852 2.741

36d 0.0692 275 7.935 1593 6.867 2.747

36e 8.019 1610 6.907 2.763

tw 0.065(40) 275(170) 7.97(25) 1600(50) 7.13(25) 2.85(10)
expt. 36a 0.0717 302 8.14 1634
19F+(3p) tw 0.047(36) 200(150) 9.09(25) 1825(50) 8.35(25) 3.34(10)
35Cl atom ¢P)
(MP)[3s3p] 34 [12.81] [5723] [8.389] [176]
(FZP)[3s3p] 35 [10.46] [4673] [7.884] [165]

37c 0.034 15.2

tw 0.035(20) 16(9) 7.26(5) 122(1) 6.80(50) 2.72(20) 52(4)
expt. 37d 0.079(4) 35.3(18) 7.917(23) 165.7(5) 7.15 2.86 55
3CIH(3P) tw 0.15(1) 67(5) 8.12(5) 136(1) 7.95(25) 3.18(10) 61(2)
7Br atom €P)
(MP)[4s4p] 34 [24.47] [27480] [15.25] [818]

37c —0.053 —60

tw —0.26(1) —292(11) 12.82(28) 620 12.51(25) 5.01(10) 368(7)
expt. 38c (0.13%) (1320 14.18 686 13.09 5.24 385
9Br+(3P) tw —0.428(125)  —480(140) 14.46(28) 698(14) 14.31(25) 5.73(10) 421(7)

2 References 28 and 39Weltnef*38reports these isotropic data from gas-phase stdté¥Aiso(matrix)= 1433 MHz.¢ Agg= —148 MHz

(gas) and—-505 MHz (matrix)3438d

been generated in the ionization chamber, predissociation
interactions will result in the formation of [EI(*S)}+H*]
products exclusively (since?lll is crossed by ‘=~ at largeR).

As seen by theAE4/AEg data (Table 4), the CID potentidl

for 14 (CIH3") seems to be too steep, like as for XHons
(3.1.2).

3.2. Magnetic Hyperfine Coupling Constants: Ajs, and
Agip. 3.2.1. Atomic State$Ve analyze the quality of our results
by reporting in Table 5 the hfs parameters for #&X) and
3P(X™) atomic stated?3° They are (i) in atomic units, the
s-spin-densityp?(0), the expectation values 3 and i3
evaluated with SDD and CDD, respectively, and the electric
field gradient (efg) parametey= (2/5)1 3[4 and (ii) in MHz,
the magnetic term8sic= (871/3)K¢?(0) andAdgip = (2/5)KH 34
(with K = gegnB¢8n)3* and the electric quadrupole parameter
(eQq (please note tha® = 0 for 1%F). Neither experimental
nor theoretical hfs data are currently available for EIT, or

Brt, to the best of our knowledge. Experimental hfs are known
for all three neutral atom®¥-3° Regarding theoretical data, F is
the only atom for which all its hfs parameters have been
studied®® whereas solelyp?(0) andAis, have been calculated
for Cl and Br37.38

Adgip(X™) should be larger thafgig(X), and alsag(Xt) > q(X),
sinced—3lincrease¥*%as the electronic cloud becomes more
compact upon ionization X> X *. Although hfs’s have not been
measured for these *Xions to confirm such a trend, it is
indirectly supported experimentally by the fact tiigx™*) >
&(X), where the atomic spinorbit coupling constant is
proportional toi—3C* Finally, the isotropic ternfso(X"™) O
¢?(0) is expected to increase withas well.

Atomic reference daf43% of magnetic hf parameters fois
and np orbitals in neutral X are also given in Table 5. (Our
[f~30d and Agip correspond tdfi—3Cand (2/5p in ref 34.) The
standard Morton and Preston (MPYyalues are systematically
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TABLE 6: Hyperfine Coupling Constants Aisd/Adgip and A, /Ap (in MHz) Calculated for XH 2 (X32~), and Comparison with
Similar Data for XH * (X2IT) lons (X Isotopes®F, 3°Cl, and 7°Br)

X atom 1Ha
state ref Aiso (bF) Adip (c/3) A (b+c) A (b) Aiso (bF) Adip (c/3)

X33~ (0%7?) state

FH2 tw 230(50) —900(5) —1570(60) 1130(55) —36(2) 37(1)

CIH2* tw 110(15) -86(1) —62(17) 196(16) —54(2) 13(1)

expt.3CID?+ 4 167(25) (positive) [—52F

expt.35CID2* 3 162(30) F30(25)F [~102(70)} [192(55)F

BrH2* tw 300(50) —400(5) —500(60) 700(55) —57(3) 10(1)

XI1(0%73) staté

FH* 28 630(5) —810(5) —990(15) 1440(10) —79(4) 52(1)
theor. 575 —832 —1089 1407 —69 61
expt. 549(96) —769(31) —088(158) 1317(127)

CIH* 28 85(15) -81(2) —77(19) 166(17) —64(2) 14(1)
expt. 132(46)

BrH+ 28 300(30) —374(2) —448(34) 674(32) —67(2) 9(1)
expt. 155(108) —470(28) —784(5) 625(82)

aA/A; (MHz), tw: 38(4)~73(3) for FH*; —28(4)/~67(3) for CIH*; and —37(5)~67(4) for BrH*. See ref 28 for corresponding XHlata.
b Scaled LSF data ranging from4 to +204 MHz. ¢ Estimated here usinig=(?H)= —16 MHz calculated at the UQCISD level¢ Estimated using
¢/3= —75(21) MHz for3’CID?*. € Calculated here with givebr andc data.f See ref 28 for theoretical and experimental references.

150

too large, as noted by Fitzpatrick et al. (FZP)We also found

that the conversion factor from?(0) [au] to Aiso [MHZ] used A
in ref 34 for™Br is incorrect, i.e.p?(0) = 24.47 au corresponds (MHz)
to Aiso(7°Br) = 27 480 MHz rather than to 32 070 MH?2.

All experimental data agree in thait 3d is larger tharii—3[, Aiso(Cl)
by about 10%. Regarding the isotropic contribution, the 100 -
experimentalAso(°P, $p°)’'s are up to 2 orders of magnitude
smaller than the reference parametersrfsiorbitals, making
the calculation of accurate igs difficult.#> The s(X/X™)
densities lie below 1% and should be similarly low on X of
XH2*; that is, not too much can be learned about bonding from 50 -
Aiso(X), in contrast to the key role played Byso(H). Similarly, CIH2+
Agip(X) and q(X) give a realistic picture about bonding. Since
the structure (X™+H) is stabilizing, a trend between molecular

and atomic data can be established for a given hfs parameter Adip(H)

(PX) on atom X, namely B(XH2) = pX(XT) > p*(X). Here, \
p* stands for the magneticAfip(X)] or quadrupole electric 01

[eQqX)] coupling constant (if 9 is negative, this relationship

applies to its absolute values). Aiso(H)

3.2.2. Molecular Dicationic States.is6 Adip, Ai, andAg (or
b, b, andc)3443-44for X3~ (XH2") are listed in Table 6, along
with data for XH" ions (studied by us using similar method%). 50 -
Note the equivalenciesiso = br = (b + ¢/3); Agip = ¢/3; A =
(Aiso + 2Adgip) = (b + ¢); and A= (Aiso — Adgip) = b3

The halogenAsy(X)'s lie below 700 cml, quite small Adip(Ch
compared with “atomic’s(X) values from 5000 to 50 000 MHz ﬁ
(Table 5). Agig(X) is negative in XII(o%7%) of XH* and 100
X327 (0%7?) of XH2*, in line with 7-SOMOs having their SDD i ) "‘ ; ; 10
maximum perpendicular to the bond. Due to the sigl(X)'s
but large (and negativedin(X)'s, the ESR spectra of these R [CI-H] (bohr)
XH?"'s should be quite anisotropic, as manifested by the Figure 3. A, and Ag; values for the X~ state of35CI'H?* as a
opposite signs of(X) and An(X) constants (Table 6). function of bond length (QCISD/cc-pVTZ data, correlating 6 electrons).

The H spin-density is small for both XHand XH* since
the z-type SDDs are mainly localized on X. Relevant is the Aiso(H) changes gradually from a zero valueRat= « to —54
fact, however, that the H hfccs in X4 are different from zero ~ MHz (about 4%1s(H)) aRe (X3=7). The smallAgip(H) arises
and, therefore, proving the transfer from halogen SD to the from the proton being placed in a strongly anisotropic spin-
“proton”. Taking Aiso(1s, H) = 1420 MHz as referenc¥®,the density region due to Cl(in general Aip(H) ~ 0 in all diatomic
average hydrogenic contributions are not higher than 6%. Pleasenydride radicals reported in the literatuféys

note that negativéiso(H)'s are characteristic for XH’s with2z™ 3.3. Quadrupole Hyperfine Coupling Constants: eQq(q
GSs, as found experimentaify*3 for X2I1 radicals [CH (n = = Electric Field Gradient). Experimental and theoretical efg
1), OH (m = 3)] and X=~ (m = 2) systems [NH, OH]. and ngcc datag(andeQq respectively) are available for XH

Figure 3 displays the variation witR of the magnetic hfccs ~ (X1=F) and XH" (X2I1, A2Z1)28 but not for XH (X327)
of 35CIH?". Clearly, Agip(Cl) differs little from asymptotic dications (X= F, Cl, and Br). Magnetic hfccs allow us to
CIT(®P), wherea®\so(Cl) increases slightly at shoR. Further, investigate structural changes between™ahd XH+, whereas
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TABLE 7: Electric Field Gradient ( g) and Nuclear Coupling
Constant (€Qg Calculated for the XH, XH™*, and XH?"
Systems (X= 19F, 35Cl, and 7°Br)2

) eQqX) oH/D)  eQq(D)
staté° (au) (MHz) (au) (kHz)
FH XISt 2.67(5) 0.56(2)  376(13)
FH* X1  0.18(10 0.258(4)  170(2)
8.98(4) 0.065(1) 43(1)
AZST 7.40(15) 0.105(5) 69(3)
FH2* X33~ 4.90(10) 0.098(2) 66(1)
CH  XIX* 3.30(5) -63.3(9) 0.292(5)  196(3)
CIHt X221  0.65(2) —12.5(4) 0.210(1)  138(1)
8.83(3) —169(1) —-0.038(1) —25(1)
AZSt 8.50(20) —163(4) 0.107 70(10
CIHZ* X33~  3.08(10) —59(2) 0.071 46(2)
BrH  XIIt  7.0(1) 514.8(74) 0.230(5)  155(3)
BrH* X2IT  2.00(15)  147(3) 0.175(2)  115(1)
16.8(3) 1236(22) 0.029(1) 19(1)
AZSt 17.0(50)  1250(40) 0.082(2) 54(1)
BrH2* X35~  5.0(2) 367.7(127)  0.080(10)  53(1)

aNuclear spin,l = 3/2 for Cl and Br, and = 1 for D(H), with
corresponding conversion factocs (au) to eQq (MHz): 19.1818,
73.5429, and 0.657%.The isotopesH and '%F haveQ = 0. P First
entry (all states):go = .~ 0?V/9°z. Second (XI1): 0 = (Gxx — Cyy)
= VI — 9?VId?y. © See ref 28 for detailed comparisons and literature
references for XH/XH states.

g's and ngcc’s are defined for the whole series XHXH™ —
XH2+ (except for X= 19F with nuclear quadrupol® = 0).

Table 7 lists the median values calculated for the efg
parameteq; (i = 0 and 2) and corresponding ngcc’s. Through-
out, the first entry corresponds to the parallel comporggnt
[=q.d = 3?V/9%z. For X211 states, a second (perpendicular)
component is neededg, [=(0w — Gy)] = PV —
02V/3%y].2844 The same distinction applies ®Qq. The ngcc
componeneQq (MHz) for a nucleus with spih > 1 is obtained
multiplying q; (au) by 234.9647 times the nuclear quadrupole
momentQ (barns)?8

A previous discussid on theq (ngcc) values of X/X and
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experimental hf data on X# (X3Z~) requires a Hamiltonian
in which both magnetic and electric terms are included. The
same situation applies to the hyperfine spectra of Xéhs28

3.4. Zero-Field Splitting (zfs): Splitting Constant 4. The
spin—spin operator describes the interaction between (electron-
spin) magnetic moments involving unpaired electrgifs:*5In
a two-electron open-shell state liRE~(:z?), such interaction
results in theS, spin-componen® = 2-Y4(a8+Ba) being more
stable than the two degenerate spin-compong&nts ao. and
S_; = 3. The energy separatiohEr = E(’(Z+1) — E((Z ()
is reported by experimentalists as, 2vherel is the so-called
spin—spin fine structure constant. Up to 2nd-orders the sum
of two terms Asg1st)+ Aso(2nd). Studies in the literatud@*+45
have shown thatsq1st) is of a few cm? in first-row atoms
but negligibly small in heavier atoms, i.e., compared with
Aso(2nd). The 2nd-order contribution tol f a X3~ state is
given by the cumulative contribution of three different sum-
over-states (SOS’s), namelygX3=7] = =, SPE(n=T) + =,
SPE(rell) — =, SPE(NIT), where SE(n'XT) stands for(X3Z~
SO NIZFP x [E(MZF) — E(X3Z7)] 7L, etc. The 25X 327]
value is dominated by the coupling witHX1 states, as the
contributions from triplet and singldfl states partially cancel
each other (their total contribution should be small and
positive)*®

The calculated B (= 24, values are listed in Table 8,
together with SO and\E data for 1=, 1°I1, and 1I1. Each
zfs is here governed by the coupling between 4fe? states
X3=~ and 2£=*, which represents about 72% for FiHo 97%
for CIH?"/BrH?*. The cumulative contribution from other states
is less than 1 cmt. Dso increases by 1 order of magnitude
between FA™ and CIH*, and between CIH and BrH*. The
first increase is due to a larger SO and a smaNérin the
Cl-dication, whereas the second is mainly caused by the large
SO(Br) value.

A Dso = 23 cnt! for CIHZ2"(X3Z") estimated from
experimental PH/SHdata is quite realistic compared with 20.4

XH/XH* pairs has shown that corresponding experimental cm* calculated here (which is expected to be ca. 10% too small
values were well reproduced by our calculation methods, and because of underestimated SO vali€€ur Dsg's for CIH*
in the absence of any literature results to compare with, the and BrH* are also in good agreement with recent experimental

same trend is expected here for the 2XHons.

Excluding FH", halogeng(X) is smaller in XH(c%72) than
in XH(o%7%; that is, the asymmetry of the CDD at nucleus X
is reduced upon double-ionizatiom®>— o (Table 6). The
opposite behavior is found for XH wheregy(X) of X2IT [or
go(X) in A2=*] is about 2.5 times larger thap(X) in XH; that
is, the CDD(X) asymmetry increases upon single-ionization,
—>00 O g—00,

Theqi(H)'s lie below 0.6 au, resulting ieQq(D) < 0.5 MHz
for all XH"™ ions, to be compared with halogen ngcc’s of 60
MHz (%*Cl) and 370 MHz (°Br). Such small ngcc(H)'s are

and/or theoretical results (see footnotes in Tablg'?}’

3.5. Electron-Spin Magnetic Moments ¢-Factors) and
Spin-Rotation Constants {). 3.5.1. Electron-Spin g-Factors
The g-shift components calculated for®X~ are summarized
in Table 9. Theg-shift is defined ad\g = g — ge, Wherege =
2.002319 is the free-electrapvalue (also known ags). For
linearX radicals, theg-factor (or shift) is specified by both the
parallel and perpendicular components. In a perturbation theory
description (up to second-order), eath component is given
by the sum of 1st and 2nd order contributions. Here, the 1st-
order term (negative and not higher than 500 ppm in magnitude)

understandable since the efg asymmetry at H, with no valenceis evaluated using ROHFEX") wave functions'® whereas

p-AQ’s of its own, is actually created by atom X, via its nuclear
charge angb(X) orbitals. Not surprisingly, neutral FD exhibits
the largest experimentalQg, for a D-containing species (340
+ 40 kHz)28 due to the influence of the most electronegative
F atom. The parallap(H/D) values follow a simple trend: (i)
largest for XH, 0.23-0.56 au; (ii) medium-large for XI(XH™),
0.18-0.26 au; and (i) very small for AT(XH") and
X3Z7(XH2%), up to 0.11 au.

2nd-order terms for £~ are given by the SOS expansions
Agy(2nd) = =, SLE(re=") and Agn(2nd) = =, SLE(rPIT). In
these expressions, SLE stands for the produck BOAE!
(similar to that used for calculating zfs'’s, section 3.4), arid
the transition magnetic moment betweef>X and F=/nIT
excited states.

The MRDCI data for the perpendiculgsshifts (Table 9) are
obtained including 6 VEs as well as inner shells in the

A comparison in each metastable dication between magneticcorrelation treatment of 2nd order SOSs. Bgy;, however, only

and electric hfs's for X=~(XH?") reveals thatAgip(X) and
eQqX) are of similar magnitude, as pointed out Byi/eQq
values (in MHz) of about-86/-59 for3°Cl and of —400/368
for 7Br (Tables 6 and 7). This feature implies that fitting of

1st-order terms are considered since those for the 2nd-order
coupling X=~—n3=* should be negligibly small, due to high
AE and smalL.*6 One MRDCI (6 VESs) calculation for the3X—-

(0273 —13=*(0m?0*) coupling in CIHT givesAE, L, and SO
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TABLE 8: Zero-Field Splitting of X 3X~ States in XH*, as Given by the 2nd Order ParameterDs, = 24 (in cm~1) and MRDCI
Data, Including SO (cm™1) and AE (eV) for Relevant Coupled States

radical Deg(112+) (SO/AE) Dsy(1%IT) (SO/AE) Dsf(11IT) (SO/AE) 15+ B[1/M12 Deo Dso (2nd) (total)

FH* (6e) 2.46 1.27 -0.52 0.17/0.03+0.04 3.37
(295.2/4.39) (152.8/2.29) (143.0/4.92)

CIH2* (6e) 17.70 2.70 —2.07 0.12/0.4440.51 18.38
(653.0/2.99) (269.8/3.34) (279.2/4.67)

(12e) 19.57 3.04 —-2.32 0.14/0.46+0.51 20.38
(683.7/2.96) (285.3/3.32) (295.3/4.66)

BrH?* (6€) 306.90 37.19 —-31.42 1.22/7.5949.37 312.11
(2619.5/2.77) (1031.7/3.55) (1088.2/4.67)

(22e) 353.15 45.84 —36.97 1.30/9.12+9.86 362.58

(2802.9/2.76)

(1140.2/3.52)

(1177.6/4.65)

a Cumulative contributions t®s, from higher lying'=", 31, andI1 states? Relativistic calculation$® find 2/ = 24.2 cn1? (3 meV). ¢ Expt.:
4454 80 cntt (55 4+ 10 meV)32 Auger spectrum; 379 cm (47 meV$P and 405 cm? (50 meV§e, both TPEsCO spectra. Theoretical: 387¢m

(48 meV), relativistic calculations.

TABLE 9: Electron-Spin g-Shifts (ppm) and Curl's Spin-Rotation Constantsy (cm~!) Calculated for X3£~ of XH?* (X = F, Cl,

and Br) (ROHF Data Used for 1st Order and MRDCI for 2nd Order Contributions)

XH2" Ago(2nd) BIT (SOL/AE)? AgeP (NIl Ago (Lst) Ags (total) Agy (Lst) AgE
FH?* (6e) 16289 (152.8/0.983/2.29) —100 —516 15670 —562 10250
CIH2" (6e) 19087 (269.8/0.954/3.34) —879 —276 17933 ~312 11850
(12e) 20340 (285.3/0.955/3.32) —936 —276 19128 —312 12650
ye -0.31
BrH2" (6e) 67875 (1031.7/0.941/3.55) —4918 —139 62818 —-79 41850
(22e) 76097 (1140.2/0.946/3.52) —5257 —139 70701 —79 47110
y ~0.98

aS0 in cnTt, L in au, andAE in eV. ® Cumulative contribution from highéll states¢ Isotropicg shift, [Agl= (2Agn + Ag;)/3. ¢ See text for
vibrationally averages:3°CIH?" (12e results)! "BrH?" (22e results).

values of 13.2 eV; 1.% 1075 au and 15.2 cmt, respectively,
resulting inAg (2nd)~ 107° (i.e., 5 orders of magnitude smaller

thanAgy(1st), Table 9).

Correlation of inner-shells leads to more accurate SO values,
whereasL and AE change little (Table 9). The extended
calculations giveAgg's of 19 130 ppm for CIR* and 70 700
ppm for BrH#*, approximately 7 and 13% larger than with 6
VEs. Clearly,Agp is governed in all cases by the coupling of
X3=~(0%7?) with 1°[I(on3) where, as expected, the excitation
o — m of type DOMO (doubly occupied MO)> SOMO gives

a positive contribution ta\gn.

It is instructive to compare th@?%7?| SO |ox®matrix element
for X3=~/1311 coupling in XH* with correspondindd?73 SO
|or*for X2I1/12=* in XH™. Both can be formally reduced to
a common matrix elemeni| SO |z[] For each of the series
FH—CIH"—BrH"", the SO values (in cri) are 120.6, 250.4
and 1015.6 fon=128 versus 152.8, 285.3 and 1140.2 fer2
(Table 9). Contraction of the CDD upon ionization XHXH2"
is clearly reflected in the increased SQO'’s for each ™ kH?2"
pair. Most importantly, the spirorbit constant A(XIT) O
|23 SOo*] previously calculated for XH using similar
method$8 reproduces quite well the experimental data (ours are
about 6% smaller), and the same accuracy is expected for present

SO(XH) values.

The variations withR of SO, L, and Agy were studied for
X3=~(CIH?") since experimental evidence indicates that the

effectiveg-factor changes drastically with vibrational excitation.

This was assumédo result fromX3Z~| SO |1°I[10depending

600 +
SOxL
(cm-1 au)
SOxL
550
500
SO
(cm-1)
400 SO
CIH2+
350 T T T T T T
3 4 5 6 7 8

R [CI-H] (bohr)

Figure 4. SO and SG&.L values between 3~ and 2I1 of CIH?" as
a function of bond length (MRDCI, correlating 6 electrons).

Ago shows a regular, steadily increasing behavior Ras

increases (Figure 5), in contrast to the nonstandard profile of

strongly onR. Our main results are shown graphically in Figures the X3=~ potential (Figure 1). Up to about 3 bohr, the variation

4 and 5, where SO antl are +/2 times the corresponding
Cartesian values. The absolute val8€} grows by about 10%
betweerR = « andR ~ 3.1 bohr, which we interpret as being
caused by admixture of &IH° (with larger@—3[g)) in the wave
functions. On the other hand,changes very little, practically
retaining its asymptotic valu@p,-Cl| L |3p,-CIC= +/2 at short
R, that is, $,-Cl mixes only slightly with 1s-H.

is practically linear, whereas thereafter it grows rapidly (mostly
caused by the decreaseAE(’Z~ — 1°[1)). Selected\gy values
atR= 2.4, 3.1, 3.4, and 4.0 bohr are 15 300, 22 300, 27 000,
and 43 400 ppm, respectively. The vibrationally averafygds

are 18550, 20570, and 23520 ppm for= 0, 1, and 2,
respectively. The data correlating 12 electrons should be about
7% larger (as suggested by the results in Table 9), so that our
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Figure 5. Total 2nd-ordeAgq-values of CIH* as a function of bond
length. (MRDCI, correlating 6 electrons).

4.5

bestAgp(v) estimates, in ppm, are 19 850 for= 0, 22 000
for v = 1, and 25 200 fow = 2.

3.5.2. Spin-Rotation Coupling Constan®url’s expression,
Agn = —yl2B, states that the perdendiculgrshift and y
constant are proportional to each otheBince the rotational
constanB is easily accessible from experimental or theoretical
studies, one can estimat&égg knowing y, or vice versa.
Adjusting B, dat&® for the neutral pairs®*CIH/3°CID and
79BrH/"BrD by the Rg(X3Z~, XH?") values from Table 1, one
obtainsB's (cm™1) of 8.114/4.174 and 6.932/3.477 for the
respective XH" ions. The total 2nd-ordetg's (Table 9) lead
to Curl y’s of —0.31 cnt! in 35CIH2" and —0.98 cnt? in
79BrH2*. Considering vibrational dependency, the b&gt(v)
estimates foP>CIH2" give y,’s of —0.32, —0.36, and—0.41
cm™! for v = 0—2. Further,y’s are —0.16 cn1! for 35CID?*
and—0.49 cnrt for 7°BrD?", i.e., about (1/2)(XH?*). Abusen
et al* analyzed thé>CID?" spectrum assuming~ —0.1 cnT?,
which is ca. 60% smaller than calculated here. Obviously, their
choicey < 0 implies a positiveAgy value, as found by us.

4. Comparison with CIH2" Experiments

Abusen et al. studied for3&—(CIH2") its rotationally resolved
infrared spectrui¥@and magnetic hféwhile Cox and McNab
analyzed the Zeeman splitting (effectigefactors)® the only
experimental studies to date dealing with the hf/hfs of dicatfons.
Infrared absorption was assigned to the= 2 — 1 band?%
The hfs-resolved infrared spectiaf a "Q.3(N"') branch gave a
Fermi contact constars (Aisg) = 167(25) MHz for3°Cl. The
value of the dipole constamtcould not be established (from
—4 to +204 MHz for different combinations df’ = 7—11).

J. Phys. Chem. A, Vol. 110, No. 14, 2006015

ngcc’s €Qg, Aiso, andAgj, for H/D isotopes, were not resolved
either (to our understanding, zero values were assigned to them
in their fitting hyperfine Hamiltonian).

Two main points of dissent arise regarding the above three
articles. First, thee constant is reported to be positive, which
seems to be incorrect. According to experimental studies on
XH radicals withz-type SOMOs (and al-MO's closed), the
c(X) constant describing the axial dipetéipole interaction is
negative (as long as the nuclear magnetic moment0), as
found forc(X) in the X2I1(0%73) state of FH/CIH/BrH* ions’®
or in the X2~ (0%7?) state of NH, PH, and AsH speciésin
all examples where the maximum of the SDD is perpendicular
to the bond the dipolar tensoif4 + Tyy) is positive, and
accordingly,T;, = —(Txx + Tyy) has to be negative.

Second, the strong dependenceX#=~| SO |13I10with R
is difficult to reconcile with X=~ being mostlyo?7? (CIT+H™)
at all geometries (with some admixture @i?c* (Cl2t+H) at
shortR) and EI1(o7®) mainly retaining its asymptotic structure
(CI*+H™) at all Rs (small AE¢(1%IT), Table 2). Since a
similarly weak R-dependence holds fdr, one concludes that
any sizable variation ofAgn (= SOxLxAE™!) for the
X3Z~—1311 coupling should relate tAE. Obviously, the value
of AE = [E(1°IT) — E(X3=, v)] is larger forv = 1 than forv
= 2, so that it should hold thajn(v = 2) > go(v = 1). Our
best data lead to vibrationally averaggévalues of 2.02217,
2.02432, and 2.02752 fov 0—2, respectively. d, lies
close to 2.00200 throughout, Table 9.) As said above, the
experimental effectivgy-factors follow the opposite behavior
(they decrease witl). At this moment, it is not clear to us
whether such a trend results from the (angular-momentum
coupling) factors relating our calculated absolute to the reported
effective go-factors.

In a recent papet,new experimental results o¥fCID%"/
87CID?* were sketchily presented. The new Cl-data include
(i) for 37CID?", br = 140(21) MHz,c = —75(21) MHz and
eQqg= undetermined and (ii) fot°CID%", br = 162(30) MHz,
with both ¢ and eQgq undetermined (using isotopic relations,
c(33Cl) was estimated to be—90(25) MHz). These values are
in better accord with our results, although no details were given,
and it is puzzling what changes in the spin-Hamiltonian were
done, if any, to revert the sign af from positive in ref 4 to
negative (correct) in the most recent publicatfon.

5. Summary and Concluding Remarks

This theoretical study reports fine and hyperfine parameters
for metastable X2~ of CIH2* and BrH* (repulsive FHT is
also considered for comparison purposes), including magnetic
(Aiso, Adip) and electric-quadrupoleeQg coupling constants,
zero-field splittings {), electron-spin magnetic moments
(g-factors), and spin-rotation constanig.(Experimental data
are restricted td. of BrH2t/BrD2*, Aiso(3>3'Cl), and Agip(37Cl)
of CID?*, and the effectivey-factors for they = 1,2 levels of
35CIH2*. No theoretical values were available before, except

Later, Zeeman splittings were used to more accurately assignfor the A’s of CIH?"/BrH?*.

the spectrum as 8Q,3(6) fine structure transitioh.Further
analysis led to effectivg values of 1.85+ 0.05 for the lower
(v,N,2)= (1,6,5) level and of 1.0& 0.04 for the upper (2,5,5)

Our calculations find\iso = 110(15) MHz andAgi, = —86(1)
MHz for 35Cl in CIHZ" vs 162 and—30 MHz, experimental.
Further A = 363 cn1? calculated here for Brif compares well

level. As said before, the authors related such (unusually) largewith a relativistic result (387 cm),!” both values being

difference in effectivey’'s between two adjacent levels to a
strong dependence 6X3=~| SO | 1°[10on R. The (X€=7) hf
constantsg andy were not determined in the mentioned papers.
The analysis of the spectrum was done fixihg= 11.5 cn1?
andy = —0.1 cntX. Our calculated values are 10.2 an6.16
cmt (35CID2"), respectively. Other hyperfine interactions,

somewhat smaller than 44580 cn1?, experimentaf.Our best
estimates fogp(v) of CIH2" are 2.02217, 2.02432, and 2.02752
for v = 0, 1, and 2, respectively; that is, the electron-spin
magnetic moment increases with vibrational excitation. Experi-
mentally, the effectivg(v) varies from 1.85 fow = 1 to 1.00

for v = 2 (it is not clear to us whether such a decrease could
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arise from differences in the (angular-momentum coupling)
factors, not specified in the original artideaffecting each
hyperfine level). For Bri", our best single-point calculation
(Table 9) givesgn 2.073, which taking into account
underestimation in the SO(Br) matrix eleméftsould lead to
a more realistic estimate gf ~ 2.083 ¢0.003). Making use
of Curl's approximation, our best-values are-0.32 cnt? for
35CIH2* and —1.10 cn1? for 79BrH2*,

As expected, the hfs values for the X atom in th&X states
of XH?t (X = F, CI, and Br) are close to those for the
XF(+H") product in its3P state. The theoretic#s(H) data

~
=~
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Interestingly, FRT is found to have a boundI~ state, like
previously known for CIB™ and BrH, but with a dissociation
energy &0.5 eV) substantially larger than for the other two
dications. This quintet state also has a sizahig(H) corre-
sponding to about 25% s-H character, in line with its four-open
shells configuratiomz2[4S,X?+]o*[ 2S,H]. Experimental detec-
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favorable Franck Condon factors).
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here. As a matter of fact, we have repoffddr X2IT and A2="
of FH*, CIH*, and BrH" the complete set of parameters for
spin—orbit (A), A-doubling ©,0), spin-rotation coupling(),
magnetic §,b,c,d), and electric quadrupoleQg couplings and
the g-factors for the orbitally degenerate?l state. The
experimental data on XHwere well reproduced, and the same
should apply to the present results.

It is expected that our results will be helpful for future high-
resolution spectroscopy works on CliHand particularly for
the less studied Brit. Now, experimentalists have at hand all

needed structural parameters to carry out a global fitting of their

recorded spectra. We found, for instance, that the nqeQsi$)

for the ClI and Br nuclei are of comparable magnitude to the
corresponding dipolai, terms; that is, both have to be
included in the fitting spin-Hamiltonian (although the ngcc

contribution was discarded by experimentalists when dealing

with the CIH+ hf spectraf*

Acknowledgment. The authors thank NSERC (Canada) for
financial support.

References and Notes

(1) (a) Tsai, B. P.; Eland, J. H. Dnt. J. Mass Spectrom. lon Phys.
198Q 36, 143. (b) Mathur, D.; Andersen, L. H.; Hvelplundt, P. H.; Kella,
D.; Safvan, C. PJ. Phys. B.: At. Mol. Opt. Phyd995 28, 3415. (c)
Schraer, D.; Schwarz, HJ. Phys. Chem. A999 103 7385. (d) Price, S.
D. Phys. Chem. Chem. Phy8003 5, 1717. (e) Mathur, DPhys. Rep.
2004 39, 1.

(2) Cox, S. G.; Critchley, A. D.; Kreynin, P. S.; McNab, I. R.; Shiell,
R. C.; Smith, F. EPhys. Chem. Chem. Phy2003 5, 663.

(3) (a) Putner, R.; Hu, Y. F.; Bancroft, G. M.; Aksela, H.; amiste,
E.; Karvonen, J.; Kivimki, A.; Aksela, S.Phys. Re. A 1999 59, 4438.
(b) Yencha, A. J.; Juarez, A. M.; Lee, S. P.; King, G.Ghem. Phys. Lett.
2003 381, 609. (c) Alagia, M.; Brunetti, B. G.; Candori, P.; Falcinelli, S.;

G.; Avaldi, L.; MacDonald, M. A; King, G. C.; Hall, R. J. Phys. B: At.
Mol. Opt. Phys1994 27, 271. (f) Yencha, A. J.; King, G. C.; Lopes, M.
C.; Bozek, J. D.; Berrah, NChem. Phys. Letfl999 315, 37. (g) Critchley,
A.D. J,; King, G. C.; Kreynin, P.; Lopes, M. C. A;; McNab, I. R.; Yencha,
A. J. Chem. Phys. LetR00Q 349, 79. (h) Harper, S.; Calandra, P.; Price,
S. D.Phys. Chem. Chem. Phy2001, 3, 741. (i) Alagia, M.; Biondini, F;
Brunetti, B. G.; Candori, P.; Falcinelli, S.; Teixidor, M. M.; Pirani, F;
Richter, R.; Stranges, S.; VecchiocattiviJ-Chem. Phy2004 121, 10508.

(19) (a) Shaw, D. A.; CvejanoVi®.; King, G. C.; Read, F. Hl. Phys.

B: At. Mol. Phys1984 17, 1173. (b) Wannberg, W.; Svensson, S.; Keane,
M. P.; Karlsson, L.; Baltzer, RChem. Phys1989 133 281. (c) Alagia,
M.; Boustimi, M.; Brunetti, B. G.; Candori, P.; Falcinelli, S.; Richter, R.;
Stranges, S.; Vecchiocattivi, B. Chem. Phys2002 117, 1098 (see also
comment in ref 3c). (d) Eland, J. H. DChem. Phys2003 294, 171.

(20) (a) Olsson, B. J.; Larsson, M. Phys. B: At. Mol. Phys1987, 20,
L137. (b) Bennett, F.; McNab, I. RChem. Phys. Letfl996 251, 405. (c)
Teixidor, M. M.; Pirani, F.; Candori, P.; Falcinelli, S.; Vecchiocatti@hem.
Phys. Lett.2003 379, 139.

(21) Pope, S. A,; Hillier, I. H.; Guest, M. Fraraday Symp. Chem. Soc.
1984 19, 109.

(22) Nefedova, V. V.; Boldyrev, A. I.; Simons, lht. J. Quantum Chem.
1995 55, 441.

(23) Lushington, G. H.; Bruna, P. J.; Grein, E. Phys. D At. Mol.
Clusters1996 36, 301.

(24) Frisch, M. J.; et al.Gaussian 03 Rev. B.04; Gaussian Inc.:
Pittsburgh, PA, 2003.

(25) (a) Buenker, R. J.; Peyerimhoff, S. D.; Butscher, Mal. Phys.
1978 35, 771. (b) Buenker, R. J., iBtudies in Physical and Theoretical
Chemistry. Current Aspects of Quantum ChemjsBarbgq R., Ed;
Elsevier: Amsterdam, 1982; Vol. 21. (c) Marian, C. M. Ph.D. Thesis,
University of Bonn: Bonn, Germany, 1981. (d) Hess, B. A. Ph.D. Thesis,
University of Bonn: Bonn, Germany, 1981. (e) Chandra, P.; Buenker, R.
J.J. Chem. Phys1983 79, 358.

(26) Hess, B. A.; Marian, C. M. Relativistic Effects in the Calculation
of Electronic Energies. I€omputational Molecular Spectroscoplensen,
P., Bunker, P. R., Eds.; Wiley: New York, 2000; pp 169.

(27) Bruna, P. J.; Peyerimhoff, S. Bdv. Chem. Phys1987 67, 1.

(28) Bruna, P. J.; Grein, AViol. Phys.2006 104, 429.

(29) Luzanov, A. V.; Babich, E. N.; Ivanov, V. VJ. Mol. Struct.
(THEOCHEM)1994 311, 211.

(30) (a) Huber, K. P.; Herzberg, ®lolecular Spectra and Molecular
Structure: V. Constants of Diatomic Molecul&an Nostrand: New York,



Dications and Trications of FH, CIH, and BrH

1979. (b) Di Lonardo, G.; Douglas, A. Ean. J. Phys1973 51, 434. (c)
Ginter, D. S.; Ginter, M. L.; Tilford, S. GJ. Mol. Spectrosc1981, 90,
152. (d) Ginter, D. S.; Tilford, S. GJ. Mol. Spectrosc1981, 90, 177.

(31) (a) Bruna, P. J.; Hirsch, G.; Buenker, R. J.; Peyerimhoff, S. D. In
Molecular lons: Geometric and Electronic StructureBerkowitz, J.,
Groneveld, K.-O., Eds.; NATO ASI Series B: Physics, Vol. 90; Plenum
Press: New York, 1983; p 309. (b) Bettendorf, M.; Peyerimhoff, S. D.;
Buenker, R. JChem. Phys1982 66, 261. (c) Bettendorf, M.; Buenker, R.
J.; Peyerimhoff, S. D.; Ruoelt, J.Z. Phys. A: Atoms Nuclei982 304,
125.

(32) (a) Bruna, P. J.; Wright, J. 8. Chem. Phys199Q 93, 2617. (b)
Bruna, P. J.; Di Labio, G. A.; Wright, J. S. Phys. Cheml992 96, 6269.
(c) Bruna, P. J.; Wright, J. Sl. Phys. B: At. Mol. Opt. Phy4.993 26,
1819. (d) Mawhinney, R. C.; Bruna, P. J.; Grein, JFPhys. B: At. Mol.
Opt. Phys.1995 28, 4015. (e) Mawhinney, R. C.; Bruna, P. J.; Grein, F.
J. Chem. Physl995 103 8948. (f) Bruna, P. J.; Mawhinney, R. C.; Grein,
F. Int. J. Quantum Chem. Symp995 29, 455.

(33) Huang, Z.; Zhu, Z. HJ. Mol. Struct.200Q 525, 123.

(34) Weltner, W.Magnetic Atoms and MoleculeBover: New York,
1983.

(35) Fitzpatrick, J. A. J.; Manby, F. R.; Western, C. 81.Chem. Phys.
2005 122, 084312.

(36) (a) Harvey, J. S. MProc. R. Soc. London, Ser. 1064 285 581.
(b) Schaefer, H. F.; Klemm, R. A.; Harris, F. Ehys. Re. 1968 176, 49.
(c) Schaefer, H. F.; Klemm, R. A.; Harris, F. Bhys. Re. 1969 181, 137.
(d) Hay, P. J.; Goddard, W. AChem. Phys. Letl971, 9, 356. (e) Larsson,
S.; Brown, R. E.; Smith, V. HPhys. Re. A 1972 6, 1375.

(37) (a) King, J. G.; Jaccarino, YPhys. Re. 1954 94, 1610. (b) Brown,
H. H.; King, J. G.Phys. Re. 1966 142 53. (c) Bagus, P. S.; Liu, B;
Schaefer, H. FPhys. Re. A197Q 2, 555. (d) Altan Uslu, K.; Code, R. F;
Harvey, J. S. MCan. J. Phys1974 52, 2135.

(38) (a) Goodings, D. APhys. Re. 1961, 123 1706. (b) Desclaux, J.
P.; Bessis, NPhys. Re. A 197Q 2, 1623. (c) Luc-Koenig, E.; Morillon,
C.; Vergss, J.Physical973 70, 175. (d) Bhat, S. V.; Weltner, W.. Chem.
Phys.198Q 73, 1498.

J. Phys. Chem. A, Vol. 110, No. 14, 2006017

(39) Lucken, E. A. C.Nuclear Quadrupole Coupling Constants
Academic Press: London, 1969.

(40) Fraga, S.; Karwoski, J.; Saxena, K. Mandbook of At. Data
Elsevier: Amsterdam, 1976.

(41) Richards, W. G.; Trivedi, H. P.; Cooper, D.&pin—orbit Coupling
in Molecules International Series of Monographs in Chemistry; Clarendon
Press: Oxford, 1981.

(42) Engels, B.; Eriksson, L. A.; Lunell, .dv. Quantum Chenil996
27, 298.

(43) Frosch, R. A.; Foley, H. MPhys. Re. 1952 88, 1337.

(44) (a) Hirota, EHigh-Resolution Spectroscopy of Transient Molegules
Springer: Berlin, 1985. (b) Brown, J.; Carrington, Rotational Spectros-
copy of Diatomic Moleculeambridge University Press: Cambridge, 2003.

(45) (a) Kayama, K.; Baird, J. Cl. Chem. Phys1967, 46, 2604. (b)
Horani, M.; Rostas, J.; Lefebvre-Brion, i&an. J. Phys1967, 45, 3319.
(c) Palmiere, P.; Sink, M. LJ. Chem. Physl976 65, 3641. (d) Langhoff,

S. R.; Kern, C. W. IlModern Theoretical Chemistrschaefer, H. F., Ed.;
Plenum Press: New York, 1977. (e) Lefebvre-Brion, H.; Field, RThe
Spectra and Dynamics of Diatomic MolecylB$sevier: Amsterdam, 2004.

(46) (a) Lushington, G. H. Ph.D. Thesis, University of New Brun-
swick: New Brunswick, Canada, 1996. (b) Lushington, G. H.; Grein, F.
Theor. Chim. Actal996 93, 259. (c) Lushington, G. H.; Grein, Ft. J.
Quantum Chem. Symp996 60, 1679. (d) Lushington, G. H.; Grein, B.
Chem. Phys1997, 106, 3292.

(47) Curl, R. F.Mol. Phys.1965 5, 585.

(48) (a) Abusen, R.; Bennett, F. R.; McNab, I. R.; Sharp, D. N.; Shiell,
R. C.; Woodward, C. AJ. Chem. Phys1998 108 1781. (b) Bennett, F.
R.; Critchley, A. D.; King, G. C.; LeRoy, R. J.; McNab, I. Rol. Phys.
1999 97, 35.

(49) (a) NH: Ubachs, W.; Ter Meulen, J. J.; DymanusCan. J. Phys.
1984 62, 1374. (b) PH: Klisch, E.; Klein, H.; Winnewisser, G.; Herbst, E.
Z. Naturforsch.1998 53a 733. (c) AsH: Fujiwara, H.; Kobayashi, K.;
Ozeki, H.; Saito, S.; Jaman, A.J. Chem. Soc. Faraday Trank997, 93,
1045 and references therein.



