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Electron-Spin Magnetic Moment (g Factor) of X2X* Diatomic Radicals MX®) with Nine
Valence Electrons (M= Be, B, Mg, Al; X =N, O, F, P, S, Cl). An ab Initio Study
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The electron-spilg shifts (magnetic momentss) of X2X+(17%30) radicals MX*) with nine valence electrons

are calculated at their equilibrium geometries, using second-order perturbation theory, a Hamiltonian based
on Breit-Pauli theory, and correlated (MRCI) wave functions. Eighteen diatomics have been studied: BeF,
BeO, BeCl, MgF, MgO', and MgCl (class 1); BE, BCI™, AIF*, and AICI" (class II); and BO, BN, BS,

BP, AIO, AIN—, AlS, and AIP (class Ill). Most radicals have smallg, values &—100 ppm) and large
negativeAgs values (-800 to —8500 ppm), except for AIN and AlP-, which have positiveAgy values

(1400 and 10 000 ppm) due to the quasi-degenera&y /X°I1;. The sum-over-states expansions Aay, are
dominated in classes | and Il by the coupling witHI}, and in class Il with both AT, and 2I1,. The
°I1,(30—2n) state always contributeggatiely, whereaglIT,(1r—30) contributegositively for most radicals

but negatiely for the boron series BO, BN BS, and BP. Experimentalg shifts, which are available for

eight of the radicals studied here, are generally well reproduced bigh@lues calculated &.. However,

for radicals having a very-low-lying?Il; state, such as AINand AIP, our study suggests that future
calculations should include vibrational averaging to describe the (unknown) experimental data correctly.
Theoretical and experimenigyd shifts are compared with those estimated from-spatation coupling constants

y, via Curl's equation.

Introduction on Breit—Pauli theory, and correlated (MRCI) wave functions,
. . . . e.g. B % Lix", Li,", B’ By',5 CO'" MgF2 C,7, CSi,
One of the main purposes of theoretical chemistry is the Si," 919F,~, Cl,~ 11 and FCF .12
characterization of the bonding in molecules. One possible way A vast series of isoelectronic systems KiXare those having

to achieve this objective_ Is to_cal_culgte the electric moments of nine valence electrons (VESs), which constitute the topic of this
the total charge density d|.str|but|on, such as d!pole and paper. To facilitate later discussions, these MX systems are
quadrupole moments, for which only the wave function of the divided into sets A-C: in sets A and C. both atoms M and X
electronic state under consideration is required. belong to the first or second row, respectively, while in set B
Add|t|0na| |nf0rmat|0n about the bond|ng n radlca|S can be the two atoms are from d|fferent rOWS. Further, each set |S
obtained from spin-density distributions (either calculated or gypdivided into five classes, from | to \VV, where class | is the
measured via electron-spin resonance (ESR) spectroscopy), SinCgost ijonic and class V the most covalent. The radicals
they are very sensitive to the localization of unpaired elecfrohs. investigated are listed in Table 1.
The ESR parameters include the hyperfine coupling constants  preyious studiéd have found thaall MX® radicals of sets
(hfcc’s) and electron-spig factors. The isotropicAjs,) and A and B gien in Table 1 hae Xe+(17430) ground stategor
dipolar (Agip) hfcc's relate to the amount of s and p, d, ... X255+ (1,*20) for C,~ and No*]. However, the situation for

character, respectively, of the open-shell molecular orbital(s). set C js slightly different: the GS of the polar radicals from set
The hfcc’s are first-order quantities, like the electric moments. ¢ | 1o set C.IIl is also X=+. but for the covalent. or nearly

Theg factor, which depends on the amount of p, d, ... (non- covalent, radicals SiS* SiP 15 and B*,136it is X2[1(173302)
s) character associated with open-shell MOs, parametrizes theor XA (L2042 for P,Y], whereas Si has a
electron-spin magnetic momem = —usgS (Whereug is the X225t (Lr,*204) ground staté? like C,~. Radicals with a XIT
Bohr magnetong a second rank tensor, aBdhe spin angular- ground state escape ESR detecfiéh.
momentum operator). A givefig value Ag = g — ge) describes For a linear moleculeAg decomposes into one paralléld|)
the change of the factor (us) of a radical relative to that a  gnd two perpendicularAg-) components. In second-order
free electron, withge = 2.002 319. In a perturbation theory perturbation theory,Ag depends on the spirorbit (SO)
treatmentAg is evaluated as the sum of first- and second-order coypling of the GS with particular excited states, as well as on
Contrlbutlonsz Since the latter include the COUp|Ing with excited their energetic Separa“OmE) and magnetic d|po|e transition
states, their calculation is not as straightforward as for the hfcc’s. joment L, the expectation value of the orbital angular-
In previous work done in this laboratory, tlefactors of momentum operator), according to the expres#igril (SO)-
several radicals M¥) with a 254" ground state (GS) have  L/AE for each coupled stafe® The total second-order contri-
been calculated using perturbation theory, a Hamiltonian basedbution is given by a sum-over-states (SOS) expansion.
The Ag, component of X2+ radicals, usually very small and
*To whom correspondence should be addressed. E-mail: fritz@unb.ca. varying little between compounds, is determined by first-oder
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TABLE 1: Selected List of X?X" Radicals MX® with Nine
Valence Electrons (M and X from the First and Second
Rowsy

clas$ set A setB setC
| BeF, BeO BeCl, MgF, MgO MgClI
1l BF+ BCI, AIF+ AICI*
1 BO, BN~ BS, AlO, BP, AIN~ AlIS, AIP~
\Y CO*, CN CSf, SiO*, CP, SiN Sig, SiP
Vv Co, N2Jr CSi, NP Si,™, PzJr

aCaF was studied in ref 20.Classes+11l are investigated in this
work, while classes IV and V are discussed in ref 19.

contributions; i.e., the coupling with excited states is weak.
Because of their relatively low physical contefigy, values will
not be analyzed in detail.

On the other handAgn depends on the coupling with the
2IT manifold, therefore giving valuable insight into the structure
of such excited states. FoPX"(20%17*30) radicals, as will be
shown later, the SOS expansions fagy depend mostly on
the coupling with?IT;(20%1:7%30?), theinverted?I1 state gener-
ated by the excitation/i— 3o, and?I1,(20%17*27), theregular
21 state generated by the excitation 3~ 27.

In the above, 3 is the GS singly occupied MO (SOMO),
and 2z the 7* LUMO of valence character. HereafteflI;-
(172302 and 21,(17*27) will be abbreviated asIl;(1x) and
2I1(27), respectively; please, also note that in this work only
VEs are numbered.

The variation ofAgy among MX radicals partly depends on
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orbitals (NOs) were employed for the correlatgshifts, using
a multireference configuration interaction (MRCI) mett8d.

The frozen-core approximation has been used; i.e., there are
no excitations from core MOs (Land 18222 for first- and
second-row atoms, respectively) and the complementary virtual
orbitals are discarded. In the first step, nifié states were
calculated simultaneously, and thereafter more refined calcula-
tions were done by selecting one or téld states only. In the
latter, the use of a smaller selection threshold allowed for better
wave functions.

Details about the theoretical study of electron-gpfactors,
using perturbation theory up to second order and a Hamiltonian
based on BreitPauli theon? are given in previous papefd324
In short, eachAg component is given by the sum of (1) a first-
order term, evaluated as an expectation value over the GS wave
function (presently at the uncorrelated ROHF level), and (2) a
second-order term, or SOS expansion, requiring the evaluation
of AE, and off-diagonal SO antd matrix elements (between
X22* and low-lying?IT states in the case dfgp). This term is
calculated with MRCI wave functions.

In second order, theAg, component of a X+ radical
depends on the magnetic coupling wifR~ states. MRCI
calculations on CO7 and MgFP have shown that these
contributions toAg, are practically zero. For this reason, they
are not included here.

The theoreticag shifts are calculated &, the GS equilib-
rium geometry (experimental values if knowhyIRDCI values
for BN~26 and AIP,2” and results from MP2/6-3HG(2df)

the changes in the spin-density distribution taking place between gptimizationg? for BP~ and AIN-, this work). The electronic

X2z and?IT;, 2[1,—with such density being generally localized
on M, X, and M, respectively. In addition, when passing from
class | to class V, the energy ordering of fié states r and i
changes from < itor~itoi <r. As well, between sets A
and C,AE generally decreases am¥2="|SO2l10increases,
both changes favoring larger shifts for heavier diatomics.

In short, the second-order couplingX‘/n’IT (n=1, 2, ...)

charge centroid® calculated at the ROHF level, is taken as the
origin of coordinates.

General Trends for AE, L, and SO Parameters

We discuss below general trends for the quantities determin-

should vary markedly among sets and classes, and in fact, plentying the second-order contribution #g-(MX): the vertical

of ESR g data for nine-VE radicals prove our statemént.

AE(?IT) and the matrix elementX2="(30)|L|2[10and X2="-

Evidently, a comparative analysis of the experimental data (30)|SO??I1[]) with 2IT standing for?[Ti(1x) or 2[1(27).

appears to be very difficult without having detailed information
on the parameters governigdactors. AlthoughAE values are
often available from optical spectroscopy, practically nothing
is known about off-diagonal and SO values. A theoretical
study thus appears to be of help in rationalizing experimental
factors.

An additional goat-besides the calculation @ shifts per
se—is to relate the changes in bonding tg. While the

Vertical Excitation Energies. Table 2 compares the vertical
AE values of2I1; and 21, as calculated at the MRCI level,
with experimental and theoretica} values from the literature.
The GS bond distancefd) are also specified.

Our AE values reproduce th&. data very well, particularly
if one notes that verticaAE values have to be slightly larger
than the corresponding adiabatic values.

No theoretical work had been done on the excited states of

connection between hfcc’s and bonding has been reported forBCIT. A CCSD(T) study reported some GS daR, (we, and
several of these MX systems, very little work has been done IP(BCI)).2° We place the 141 states at 4.45 and 5.32 eV

on their magnetic moments.

In this paper, we focus on MX) radicals from classesllI,
all having pronounced ionic bonding. Radicals of more covalent
character (IV and V) will be discussed separafélyn a
preliminary accourt? theg shifts calculated for BO, AlO, CQ
SiO*, and MF (M= Be, Mg, Ca) were compared with those
of other first- and second-row systems,(Q0S,, F~, Clo,
and FCI).

Methods

The AO basis sets used are 6-313(2d) for first-row
atom@laand McLean-Chandler for those of the second ré,
as provided in Gaussiang®The GS SCF MOs were used for
the uncorrelated (GSTEPS4 calculations. The GS natural

(vertical). In contrast with other MXions, the two?IT states
of AICIT are relatively well separated: in the vertical region,
according to ref 30, AT; and 211, lie at 2.95 and 4.65 eV,
respectivley. These values are well reproduced here.

Among class Il radicals, the current knowledge onBand
AIP~ is based solely on ab initio resuf%2” nothing has been
reported for AIN- and BP". Further, an SCF/CI study on BS
reported aTe(1%I1;) of 3.83 eV3! largely overestimating
experimental results, bt.(22I1;) was better described (Table
2).

The 2T17J; state of AIO hasle = 0.67 eV, much smaller than
Te~ 2 eV for BS (a set B radical like AlO) but similar to 0.57
eV reported for AIS (set C). These data indicate that AlO has
an anomalously smalhE(121T;).

When comparing radicals within a given set, it is seen that
AE(12I1) generally increases along the classes<ll < Il. In



3330 J. Phys. Chem. A, Vol. 105, No. 13, 2001

Bruna and Grein

TABLE 2: Ground-State R Values and Excitation Energies (eV) for the Lowest-Lying?Il State$

radical Re(XZZ") 1 21

(set, class) (bohr) AE T AE TP
BeF (A, 1) 2572 4.35 4.12 7.90 (7.8) [T34]
BeO 2.579 2.37 3.54
BeCI (B, I) 3.396 3.61 3.47 5.75
MgF 3.310 3.59 3.45 6.28 {B)
MgO~ 3.390 0.70 2.47
MgCl (C, 1) 4.156 3.33 3.29 456 (4.4) [T67]
BE* (A, II) 2.336 6.48 7.85 (7.6) [T68]
BCI* (B, Il) 3.018 4.45 5.32
AIF+ 3.022 5.26 (5.21) [T30] 5.65 (5.5) [T30,T32]
AICI* (C, ) 3.849 2.93 (2.95) [T30] 4.67 (4.65) [T30,T33]
BO (A, ) 2.276 3.53 2.97 7.39 6.86
BN~ 2.440 0.88 0.78 [T26] 5.98
BS (B, IIl) 3.041 2.47 1.99 5.07 4.83
BP~ 3.140 1.19 4.16
AlO 3.057 0.99 0.67 4.22 4.11
AIN~ 3.132 0.32 3.15
AIS (C, 1lI) 3.834 0.89 0.57 [60] 3.85 3.73
AP~ 4.089 0.18 0.08 [T27] 3.02 2.13[T27

a AE, vertical (this work, MRCI data)T,, adiabatic? Experimental dat& Vertical AE given in parentheses, and theoretical studies a%|[T

¢ AE(17IT) = 0.23 eV, andAE(22T) = 2.89 eV.

set A, for example AE(12IT) of BO, BeF, and BF is ca. 3.5,
4.3, and 6.5 eV, respectively. The same holds for BS, BeCl,
and BCI" of set B, withAE values increasing from 2.5 to 4.4
eV. As expectedAE(121) decreases from set A to set C.

It is worth noting thatAE(12IT) values below 1 eV for BN,
MgO~, AlO, and AlS—and particularly for AIN" and AlP-, with
AE = 0.3 eVFare significantly smaller than for all other
radicals, a feature which should be kept in mind for later
comparisons ofAgp values. Also, AE(1%I1) increases ap-
proximately by a factor of 2 between BO and BBut decreases
by a factor of 4 between BO and BNThis illustrates, from an
energetic point of view, how sensitive tigefactor could be to
replacing O by the isovalent ion"For N™.

As seen in Table 2, thAE values for 2IT are more uniform

with unprimed and primed labels corresponding to centers M
= blpw + b'Zplrr

2r=cp, —Cp,

and X, respectively. For bond distances closB{X%=+), both

3o and 2r are largely localized on the less electronegative atom
M (Be, B, Mg, Al), with the 3 SOMO consisting mostly of an
Sp, lone pair and 2 corresponding to gM). Complementarily,

1z is mainly composed of pAOs on the more electronegative
atom X (N, O, F, P, S, CI).

The localization of the electron density is almost complete

within each class, and are reproduced fairly well by averages for the strongly polar classes | and Il, where a given MO is

of 7.7, 5.3, and 4.6 eV for sets#C, respectively.

mainly described by Mr X AOs. Very little charge density is

The actual picture is more complicated than sketched abovefound along the bond. On the other hand, in class Il the valence

since the ordering of th&1, and?I]; states is not the same for
all classes. According to the literatufethe PIT state corre-
sponds tdI1(2x) in class |, to?IT(1x) in class Ill, and to either
one in class I, depending on the radig&i?33Complementarily,
2711 correlates witifITi(1x) in class |, but wittPI1,(27) in class
II. (In class | radicals, A1 is actually of Rydberg character,
while the valencelIl state occupying 2(7*) lies somewhat
higher. See, for example, the study on BeF by MatfdRydberg
states, however, do not contribute to théactor839).

One should also note thafI,(27) is a boundstate for all
radicals from classeslll, whereas?IT;(1x) is repulsive in
classes | and Il buboundin class Ill. (These features might be
of relevance when vibrational averaging is included in ghe
factor calculations.)

L Parameters The magnetic coupling of 2" (17*30) with
I1;(173302) and 21,(17*27) is ultimately determined by the
compositions of 8, 1z, and 2r. These MOs correlate, respec-
tively, with 204(p,4p, plus some $s), lry(p.+p.), and
Lry(pr—px), of homonuclear M (In Dy Symmetry,oq couples
magnetically only withzy.) For heteronuclear MX, thed3 1,
and 2r MOs are described by less symmetrical linear combina-
tions, namely

3o=astap, —ass —ap,

MOs arepolarizedtoward either M or X, but the net charge
transfer M— X is not as extreme as for classes | and Il. In
fact, in class Il radicals there is a substantial charge density
within the bonding region, due to covalent contributions.
Because of this more balanced charge delocalization # |l
particularly for Ir showing bonding characteristics close to those
of 1m,—the excited statéll;(1r) has a bound potential. This
behavior contrasts with its repulsive character in classes | and
I.

The X2=*|L|2I[I0parameter relates the2X* spin-density
distribution to that of th&Il state ¢IT; or 2I1,). It is large when
both lower and upper states have equivalent spin-density
distributions, i.e., when rotating the wave functifi(xX?=")
about an axis perpendicular to the-M bond leads to an
optimal overlap with¥”(2IT). Considering the relative stabilities
of the two?I1 states and the MO compositions discussed earlier,
L should be generally large for the coupling ofX(30) with
’I1(27), i.e., PII in class | and T in class Ill, but much
smaller for the coupling witRTT;(1x).

SO Parameters.To rationalize the SO data, it is useful to
relate[(X2="(30)| SO to matrix elements involving AOs. At
the monodeterminantal levelX2>"(30)|SO2I1;( 1) lis repre-
sented by the matrix elemefo|SO/1xzl] which in terms of
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TABLE 3: MRCI Values of AE (eV), SO (cnt?), L (au), and Ag (ppm) for the X2X* State of MF, MCI, and MO~ Radicals (M

= Be, Mg) of Class P

g shift BeF BeO® BeCl MgF Mg MgClI
Ag(tot) —50 —36 —55 —54 —49 —-61
Agn

1211(27)

AE 4.345 2.372 3.607 3.585 0.695 3.330
SO —6.785 10.894 20.438 13.683 19.939 25.532
L 0.905 —0.288 —1.126 —0.796 0.009 —1.096
Ag —720 —657 —3249 —1548 122 —4278
22T(17)
AE 7.900 3.542 5.749 6.280 2.467 4.558
SO 6.390 —3.021 48.206 —12.124 —12.723 —53.339
L —0.080 0.641 0.089 0.150 0.830 —0.066
Ag —33 —271 381 —147 —2124 392
(3—9)a1
SAg —-31 —552 —238 —94d —492 —385
2(2nd) —784 —1480 —3106 —1789 —2494 —4271
1st -39 —24 —22 —20 —-17 7
Agr(tot) —823 —1504 —3128 —1809 —2511 —4264
[AgE® —565 —1015 —2104 —1224 —1690 —2863

aSee ref 20 for CaP? 2[1,(27) corresponds to the’Hl state.© 32I1. 9 (2,4—9)1. ¢ Isotropic shifttAgl= (Ag + 2Agn)/3.

AOs becomes

Bo|SOr= b{a,8]|p,H alp,lp,0— a58||p,0—
a,lp,lp. 0 + b {8 p 0 ap,lp U= aslEp 0
a’4m,0||plﬂ[ﬁ

where|| stands foSO. Under the conditions thas|SO/p, .
= 0, and matrix elements involving two different atomic centers
are negligible, it follows that

X2 (30) SO (L) O~ a,b, [, ISOIp, L —
al o, ,1Sop’, 5 (1)

Similarly, the coupling with?TT(27) can be approximated as

X*2*(30)|SOIL,(27) & ay,c,[p,ISOIp, L +
a,cLp lSop. L (2)

According to eqgs 1 and ZX2="(30)|SO/2I10simply corre-
sponds to the linear combination of matrix elements involving
the p, and p; AOs at each center. Further, the relative weight
of center M in[Bo|SO 1xlis given by the product o&, and
b;-the amount of M) and p,(M) character in 8 and 2,
respectively-while that of center X is given by the equivalent
producta’4b’,.

If there were no p(X) contribution to ¥ (i.e., a4 = 0), the
Bo|SO Lrlvalue would be given bgybi [y SO p,Lh. Assum-
ing that p,|SOp,Lk is proportional toA(M), the spin-orbit
constant of atom M;30|SO Lz should be approximatelsbiA-
(M). Similarly, [Bo|SO2z0would correspond t@yciA(M).

According to the above approximations, the SO matrix
elements betweenZX+(30) and the’IT;(1x) and?I1,(27) states
are expected to lie close to the atomi®/1) values. For the M
atoms Be, B, Mg, Al, etc/ is positive and small, ranging from
about 2 cmi? for Be to 75 cn1! for Al. On the other hand, the
A(X) values of F and Cl are negative and much large269
and —587 cnT?l, respectively?&37

Class I: BeF, BeCl, MgF, MgCl, BeO, and MgO~. As
seen in Table 3, the totahgy values are governed by the
coupling with2I1;, which contributes negatively. Such predomi-
nance relates to the largke| values 1 au), as 8 and 2r are
both mainly localized on M. The?PIi(1x) state contributes little
because # is mostly p,(X), resulting in smalllL| (~0.1 au).

Previous studies have found that the s(M) charactercof 3
increases from 48% in BeF to 60% in BaF, while the p(M)
contribution, or sg(M) hybridization, complementarily decreases
along this serie&38 As well, for the fluorides and chlorides
BeX and MgX, the spin density is large for Be and Mg
(~0.975), and smalbut not zero(~0.025) for F and C#é40

Thus, at equilibrium these radicals mainly have an ionic
composition M (30)X (20217, with some admixture of the
covalent structure M@)X(201x%). Each open-sheti MO has
s and g contributions, with s(M) dominating inBand p,(X)
in 20.

The Ag values of B& and Mg", which only depend on first-
order contributions, are isotropic and smal55 + 5 ppm).
First-order contributions tahg, and Agn of MX are also small
(—20 to —60 ppm), practically retaining the atomic values.
However, second-order contributions A are large {800
to —4300 ppm), providing some measure of thepntributions
to 3o.

Substitution of F by ClI results in an increase|afgg| by a
factor of 3.7 for BeF/BeCl and of 2.3 for MgF/MgCI. The
principal reason for such an increasgfy| is (X2="|SO12I1,[]
which according to Table 3 increases approximately by a similar
factor of 3 between BeF and BeCG}t6.8 vs 20.4 cm?) and of
2 between MgF and MgCH{13.7 vs 25.5 cm?). This matrix
element, which is essentiallc| SO 2z[] would have remained
almost the same between BeF and Be@ between MgF and
MgCl—if p AOs only on M were contributing to@3and 2.
Since this is not the case, p AOs on X also contribute.

According to the atomic daf&;*"the ratioA(F)/A(M*) is very
large for Be (~300), but significantly smaller for Mg (~3).

As shown later, both SO values are generally somewnhat largerReplacing F by Cl, these ratios practically double. Thus, a small

thanA(M), an indication that 8 has s and pcontribution from
M and X.
Results for g Shifts

The g shifts calculated for classes-lll radicals are sum-
marized in Tables 35, respectively.

admixture of p(F,Cl) into 8 and 2t results in much larger SO
values than expected if both MOs had been localized on M only,
which in turn is reflected in the highey; shifts. This effect is
obviously more important for BeX than MgX systems.

Metal substitution Be~ Mg — Ca also causes an increase
in |Aggl, but on a smaller scale than halogen replacement, by
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TABLE 4: MRCI Values of AE (eV), SO (cnt?), L (au),
and Ag (ppm) for the XZx+ State of MF™ and MCI*
Radicals (M = B, Al) of Class Il

g shift BF* BCI* AIF+ AlCI*
Ag(tot) —108 ~117 ~109 ~118
Agn

12012

AE 6.477 4.447 5.256 2.930
SO —24.954 —79.387 46.726 88.040
L 0.942 0.635 —0.812 —0.061
Ag —1848 —5778 —3676 —932
211P
AE 7.850 5.323 5.649 4.673
SO —23.352 3.798 12.326 43.466
L —0.261 0.995 0.367 —1.206
Ag 395 362 407 —5713
(3—9YI1
2Ag —111 —157 54 58
2(2nd) —1564 —5573 —3215 —6587
1st —69 —47 —49 -3
Agr(tot) ~1633 5620  —3264  —5490
[Agd —1125 —3786 —2212 —4433

a2[](2x) for MF* and 2ITi(1) for MCI*. P 2[Ti(17) for MF+ and
’[1,(27) for MCI*.

a factor of about 2.2 for BeF/MgF, 1.6 for MgF/CaF, and 1.4
for BeCIl/MgCI.

The AE values for BeO and MgO', both anions being stable
upon electron detachmetitare smaller than for BeF and MgF,
respectively, resulting in totalgy values about-700 ppm lower
than those for the fluorides (Table 3).

In summary, the SO values calculated for the couplifg*™X
(30)/1211,(27) in class | radicatswhich are larger than the
atomicA(M) values—indicate that & has sp contributionsfrom
both centers M and Xas already known via the hfcc®§:40

There is only one theoretical study allowing for comparisons.
For the A doubling of BeF, Cooper et &%.reported for 31,
absolute values of 6.01 cthfor SO and of 1.28 au fok+ (at
R = 2.6 bohr, close t&, Table 2). Our MRCI results are similar
to theirs 6.79 cnT! and 0.91 au, Table 3). Note that| =
(2)71/2|_+.

Class Il: BFT, BCI*, AIFT, and AICI*. According to Table
4, theAg, values of MX' cations lie near-110 ppm. They are
essentially the same as foPBand AP", both being~—105
ppm (about twice the values for Band Mg, reflecting the
larger Ze in M2%). This simple comparison corroborates
previous studie®32 indicating that X=* near R. is mainly
described by the ionic structure 230)X (174, equivalent
to that prevailing in class I.

However, since the lowest dissociation limit of MXs M*-
(8D + X(pd), the structure M(c?)X(ox*) may also contribute
to the bonding. Due to the open shell in X, mostly gX), this
structure should enhance the SO values of M3s for MX
radicals from class |I.

The largest contribution toAgn(MX™) arises from the
coupling with 2I1, except for AICI, where 211 dominates. In
all cases, such coupling involvéd,(2x). This feature confirms
expectations (see above), and is in line with what is known from
the literature®

According to experiment& and theoretical studie8;32the
relative stabilities of théIT;(1z) and?I1,(27) states depend on
the identity of MX": in passing from set A to set CII;
becomes gradually more stable tHth; e.g., the ordering is
1201, < 2201; for BFF but 22IT; < 22[1, for AICIT (the only MX"
radical with a discrete band in the spectriilso, in class I
the energy separation betwedli,(bound) ancII(repulsive)
is generally small (and smaller than for class |, Table 2). The
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strong mixing of bound and repulsive potentials in"'BBCI,
and AIFt explains the absence of structured bands in their
chemiluminiscence spectfa.

The strong interaction betweéH,(30—27) andIT;(1r—30)
implies that both states should contribute Agn(MX ™) (in
contrast to class | radicals, where this mixing is very weak in
the Franck-Condon region). Such interaction is reflected in the
mixed L values calculated for the twAl states of BE, AIFT,
and BCI" (Table 4). For AICt, the situation is clear: a large
IL| ~ 1.2 au for ZIT reveals an unperturbedT(30—27)
composition.

A total Agp = —1633 ppm calculated for BFis dominated
by the BIT contribution (1848 ppm). The same holds fAig;
of AIF* (—3676 vs—3264 ppm) and BCl (—5778 vs—5620
ppm). The 21T coupling is small, positive, and around 400 ppm
(Table 4).

In contrast, aAgr(tot) of —6590 ppm for AICI is dominated
by 2211 (2211;). The 211, state, despite its small magnetic overlap
(L = —0.061 au), contributes to the totay about 15% {-930
ppm), due to a large SO88 cntl) and relatively lowAE
(2.9 eV).

Substitution of F by Cl leads to an increase|&gq(tot)| of
about 4000 ppm~340% change) for BX, and of 2200 ppm
(70%) for AIXT. On the other hand, when replacing B by Al,
Agr(tot) decreases by about1600 ppm 1630 vs—3260
ppm) in the fluorides, but increases slightly by ca. 100 ppm in
the chlorides £—5600 vs—5500 ppm).

Class lll: BO, BN, BS, BP, AlO, AIN —, AIP—, and AIS.
The g shifts of these radicals are more versatile, and therefore
more difficult to rationalize, than those from classes | and II.
There are several features which make class Il radicals so
distinctive.

(a) The SOS expansions Afj; have large contributions from
both PIT; and 211, (whereas onlyI1, contributes strongly in
classes | and II.) Thél| values are small for2LI; (<0.3 au)
but high for 2I1; (~1 au), in line with their spin-density
distributions. Despite this, the?Ml; coupling may be quite
substantial wheAE and SO are simultaneously small and large,
respectively, a condition practically fulfilled by all AIX radicals
of class Il (Table 5). Also, as pointed out earlier, in class IlI
the 27, state lies belowI],.

(b) The 211, contributions toAgg are negative throughout
(as in classes | and 1), whereas those frofjlare compound
dependent: they areegatve for boron but positive for
aluminum radicals. Since the couplings witHTl. and 211, are
both negatve for BX but, respectivelypositive and negatve
for AlX, it is understandable why for class Il radicals a general
trend in thegp shifts cannot be established on a qualitative basis.

(c) The largest contributions tg are due to 1, except
for BN~, AIN~, and AIP". Because of the smallE(1°IT;) values
in these anions (0:20.9 eV), the 2IT; coupling is stronger than
that with 2I1; (at variance with the behavior shown by most
other nine VE radicals).

(d) The totalgy shifts are negative, with the exceptions of
AIN~ and AIP-, which surprisingly have positivg; values. In
both anions, due to the energetic quasi-degeneracy between
X23*+ and 21T, the positive contribution from?2LI; surpasses,
by far, the negative contribution fronf,. For BN~, however,
both states contribute negatively, so that the total perpendicular
shift remains negative.

(e) Replacing O by S leads to a substantial increasAof,
by about 6550 ppm for BO/BS and 4240 ppm for AIO/AIS.
Surprisingly, AlS has a smallegy shift than BS (6915 vs
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TABLE 5: MRCI Values of AE (eV), SO (cnt?), L (au), and Agy (ppm) for the X2X* State of Boron and Aluminum Radicals

MX ) of Class 1lI
g shift BO BN~ BS BP- AIO AIN ~ AlP~ AIS
Ag(tot) —99 —94 —114 —109 114 —226 —142 —117
Agn
12IT;(17)
AE 3.530 0.881 2.474 1.188 1.000 0.322 0.177 0.895
SO 16.929 7.937 —65.088 40.155 26.644 7.357 46.856 84.334
L —0.259 —0.251 0.235 —0.216 0.165 0.404 0.156 0.079
Ag —631 —1150 —3154 —3620 2181 4572 20492 3813
221,(27)
AE 7.394 5.978 5.068 4.155 4.202 3.147 3.019 3.854
SO 16.426 7.569 43.920 —34.236 —37.596 —23.823 53.364 —64.554
L —1.069 —0.889 —1.181 1.131 0.945 0.782 —1.126 1.198
Ag —1209 —-573 —5212 —4621 —4193 —2936 —9874 —10 222
(3—9)11
SAg 2 —249 —34 5 —221 —185 —520 —491
2(2nd) —1838 —1972 —8400 —8236 —2233 1451 10 098 —6900
1st —61 —-59 —49 —57 —51 —-20 —144 —-15
Agr(tot) —1899 —2031 —8449 —8293 —2284 1431 9954 —6915
[AgO —1300 —1385 —-5670 —5565 —1560 880 6590 —4650

—8450 ppm), contrary to what one would have expected for a
second-row radical.

(f) The largeAgn(BS) is caused by the negative contribution
from 12I1; (—3150 ppm), a state with smadll (0.235 au) but
large SO £—65 cnTl). On the other hand, for AIS theT;
contribution is quite similar to that of BS byositive (3800
ppm). Although in AlS the negative coupling witRIZ, is about
twice as large as for BS{10 200 vs—5200 ppm), the different
sign of the T, couplings results inAgn(BS)| > |Ago(AlS)].

As seen in Table 5, thg shifts of BN~ are comparable with
those of BO, and the same holds for BS and BP

Unfortunately, few studies are available on off-diagonal
matrix elements of. and SO for comparison with our results.
Sennesal et af who carried out SCF plus limited CI calcula-
tions of the spin-rotation constanf BS, reported for theT;-

(1) coupling|L| and|SQ values of~0.20 au and 113 cr,
respectively, to be compared with MRCI results of 0.24 au and
65 cnTl. For 2I1,(27), theirL and SO data are 0.88 au and 55
cmtvs 1.18 au and 44 cm (MRCI, Table 5). The authors
justified the large SO@AT;) by a 5% contribution into @ from

p, of the S atom (largel), besides 37% s and 58%, p
contributions from B (smalk).

According to ref 31,y(BS) is dictated by thenegatve
coupling with #IT; alone, and the same would then apply to
Agn. On the other hand, CNDO results by Brom and Welther
found that the 4IT; coupling is small angbositive, while that
with 22IT,(27) is large andnegatie. In fact, our calculations
show that botRII states contribute substantially Amp (—3155
and—5210 cnT?), so that a two-state coupling scheme is needed
for Agn andy of BS.

A similar shortcoming is found in the calculations)qfAlO)
by Mahieu et al%* where only the 2T, coupling was consid-
ered. They reported for this state SO39 cnt ! andL; = 1.2
au (L ~ 0.85 au), similar to ours. The interaction witRII
was not included because they argued thdt gbould be small
(due to different spin-density localizations), an assumption
corroborated by us~0.1 au). However, such a low value
alone does not suffice to neglect the overalllicoupling since,
as the MRCI results in Table 5 show, this state has a sizable
contribution toAgo—mainly through the lowAE—and, there-
fore, toy(AlO) as well.

An experimental estimate folX2="|SQ12[1,00of AlO is
available. Analysis of local perturbaticfdetween close-lying
vibrational levels AIT;(v')—X2=%(v"") found such a matrix
element to be-53 cnt! at theR. centroid (which is usually

much larger tharR(X2=")). Further, taking a constamt, =
0.5381 au, and combining the SO value above with a second-
order treatment for the (experimental) vibrational dependence
of y(AlO), it was found that SO varies almost linearly with
R(AI-0). For example, aRe SO(PIT;) is about—8 cni?,
indeed substantially less than53 cnt?, due to a shortening

of R by only 0.5 bohr. AtR., we calculate SG+ 26 cn1! and

L ~ 0.15 au.

Similarly, Coxon et af® extracted SO(#I1;)| = 60.7 cn1?
from the optical spectrum of BO. This “experimental” value at
R ~ 3.3 bohr may be compared with our MRCI result of 17
cm ! at Re (~2.3 bohr), suggesting that SA[1) also varies
strongly with bond distance.

Apart from covalent contributions, two ionic structures are
relevant to describe the bonding of class Il radicals, namely,
M*X~ and M*"X2~47 Obviously, ionic structures containing
X2~ do not contribute to the MX) halogenides of classes |
and II.

For neutral radicals of class Ill, the lowest dissociation limit
M(2P,gp) + X(3P,2p* correlates, among others, with?X",
1201, and 211, of MX. Here, in contrast with classes | and I,
the M atom supplis a p orbital to the bonding, an important
factor to achieve an effective magnetic coupling at that center.

On the other hand, the ionic products #S,8) + X~ (?P,$p°)
generate the MX staté&*(0%on?) andI1;(c%0%73), while the
double-ionic channel BT (2S,s)+ X2~(1S,8pf) gives rise t="-
(ola®x*) only. Other higher-lying ionic channels include*M
(3P,sp)+ X~ and MF+(3P,p) + X2, both generating=" and
211 states of MX. This simple analysis indicates that the bonding
in the X2=* and 1,211 states of class Ill radicals is expected to
be quite polar.

Indeed, ab initio studiés on AIO have found that &+
changes its structure from &IO?~ to AITO~ betweerR = 3.0
bohr andR = 4.0 bohr (note thaR. = 3.057 bohr, Table 2).
Extensive calculations by Zenouda et*akeported electric-
dipole ue values (D) of 4.24, 1.45, and 3.18 forPX", 1711;,
and ZI1,, respectively, i.e., a highly polar bond ir’X" and
2711, but a less polar one in?I; (all with AI)OC) polarity).

In any case, the polar bonding explains why tREistates in
class Ill radicals have bound potentials (whereas they are
repulsive in classes | and Il). The values of BO follow the
same trend® The radicals BS and AlS, for which such ab initio
data are not available, probably also have largeéSM and
M2t~ contributions.
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TABLE 6: Summary of Theoretical and Experimental Ag
Data (ppm) for Classes | and Il Radical$

radical ref Agy Ago [Agd
Class |
BeF tw -50 —823 —565
exptPF®  —900+ 500 —900+ 500 —900+ 500
BeO tw —36 —1504 —1015
BeCl tw —55 —3128 —2104
exptP?  —1300+ 1000 —43004 1000 —3300+ 1000
MgF tw —54 —1809 —1224
8 —-59 —1447 —984
50 —60 —2178 —1472
5la -20 —1314 —869
exptP®  —300+ 500 —1300+ 500 —950+ 500
MgO~ tw —49 —2511 —1690
MgCl  tw —61 —4264 —2863
CaF 20 —42 —2980 —2001
exptP®  —300+£500 —23004+ 1000 —16004 1000
Class Il
BF" tw —108 —1633 —1125
exptP —1100+300 —1900+ 300 —1600+ 300
BCI*  tw —117 —5620 —3786
AlF* tw —109 —3263 —2212
exptP®  —800+500 —2300+500 —1800+ 500
AICIT  tw —118 —5490 —4433

aResults for CaF are also included. twthis work.

TABLE 7: Summary of Theoretical and Experimental Ag
Data (ppm) for Class Il Radicals?

radical ref Agy Adgno Ag
BO tw —99 —1899 —-1299
50 -72 —2298 —1556
exptPsa —8004+ 300 —1100+ 300 —10004 300
exptPst —3004£ 400 —1700+ 300 —12004 300
BN~ tw —94 —2031 —1385
BS tw —114 —8449 —-5671
50 -83 —9974 —6677
expth® —700+ 100 —8200+ 100 —57004 100
BP~ tw —109 —8293 —5565
AlO tw —114 —2284 —1560
50 —142 —222 —195
exptl, Né’2  —8004+ 300 —1900+ 300 —1500+ 300
exptl, A2 —9004 300 —26004 500 —2000+ 300
exptl, Kr’a  —30004 500 —50004 500 —44304 500
exptl, Né™  —3004 200 —12004200 —9004+ 200
AN~  tw —226 1431 880
AlS tw —121 —6915 —4649
AP~ tw —142 9954 6589

atw = this work.

In brief, low-lying states of class Il radicals are described
by a mixing of MX, M*X~, and M#*X?~ configurations. Since
the SO () matrix elements between GS and fi¢ manifold
depend on the relative weight of each configuration but such
weights vary substantially witfR(M—X), the strong distance
dependence of SOI;) observed experimentally for AlO is
understandabl®. The same behavior is expected for other
diatomics of class IlI.

Discussion of the Calculatedy Shifts

Table 6 summarizes the theoretieda) values (from this work
and the literature) for classes | and Il radicals, while Table 7
collects those for class Ill. Experimental data (rare-gas matrix)
are also included. The MRCI isotropic shifidgd= (Ag, +
2Agn)/3 of neutral and positive ions are displayed diagram-
matically in Figure 1. Since all theoreticAly, values are rather
small, eachiAgllis practically equal to (2/3gn.
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Figure 1. Diagrammatic representation of the MRCI isotropic shifts
[Agfor radicals MX® from classes+lll. The set labeling A-C is
given at the top of the figure.

The theoreticallAg[ values (ppm) increase in the following
orders.

class | £570 to—2865): BeF< BeO < MgF <
MgO™ <BeCl<MgCI[A <A <B<B<B<(]

class Il 1125 to—3790): BF < AIF" < BCI" ~
AICIT[A <B <B~C(]

class Il (—1300 to—5670);: BO~ BN < AlO < AIS <
BP ~BS[A~A <B<C<B=~B]

AIN~ and AlP~, with [AgCvalues of about 900 and 6600 ppm,
respectively, behave anomalously, and have been excluded in
the above comparison.

For classes | and Il the ordering @kgOwith respect to sets,
A < B < C, can be considered as the normahd expectet
trend, with the isotropicAg value for mixed-row radicals of
set B lying between those of sets A and C.

However, the ordering for class Il is somewhat abnormal.
For instance, AIS from set C has a smalldgthan those of
BS and BP (both set B), contrary to expectations, since the
atomicA values increase by about 1 order of magnitude between
B(+.2+) and AK1+2+) 36.37|n fact, BS and BP have the largest
negatve [Aglivalues among all radicals investigated here.

The different behavior of BX and AlX radicals of class Ill is
evident: while BO and BN from set A have similafAg
values—and the same holds for BS/BRrom set B—the pair
AlS and AIP- from set C have very little in common, as pointed
out by [AglCivalues of opposite sigr4650 vs 6590 ppm, Table
7).

Further trends regardinghgUare the following.

For each set|[Ag[ generally increases along the class
sequence t= Il — Ill, namely, BeF< BFt < BO for set A,
and similarly for the triads starting with BeCl (set B) and MgCl
(set C). However, the different ordering MgF & AIO (l11)
< AIFT (Il) from set B indicates thatAgg| is either too small
for AIO or too large for AIF. However, as seen in Figure 1, a
quasi-linear relationship for thé\gCivalues of BF, AIF*, and
BCI* suggests that AlFbehaves normally, and therefore, AlO-
(1) seems to be out of place.
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TABLE 8: Comparison of the Spin-Rotation Constantsy and Agy Values for BO, BS, AlO, AIS, and MgCl As Obtained via

the Curl Equation@

radical

exptly, (cm™1) [estimatedAg'n, ppm]

estimateg’o (cm™2) [Ago, ppm]

BO (B = 1.556 cnl)

BS B =0.707 cn?)

AIO (B = 0.593 cn?)

AlS (B = 0.255 cnr?)

MgCl (B = 0.248 cn?)

ath = theoretical. tw= this work.

o= 0.005 96 [-1915] mwf®

0= 0.003 62 [-1160] opf®
v, = 0.0065 [-2090] opt*

0= 0.004 91 [-1580] opt®

y' = 0.0034 [-1100, exptljs2
y' = 0.0053 [-1700, exptfjea

y' = 0.0059 [-1899, th] [tw]
y' = 0.0072 [-2298, th}°

y1=0.005 06 [-1625];y,= 0.005 33 [-1715];
y3=0.005 11 [-1645];y, = 0.005 65 [-1815]

o= 0.0132 [-9300] mw?

¥o=0.013(2) [F9200+ 1400] opf

¥o=0.0136 [-9600] opt®

o= 0.001 73 [-1460] mv1a
Yo =0.001 723 |-1450] mvf®

¥o=0.0050 [-4200] opt*

0.0116 [-8200, exptf
0.0120 [-8449, th] [tw]
0.0141 [-9974, th}?
0.0127 (ab initidY)

0.002 25 [-1900, exptl}’
0.003 08 [-2600, exptl§’a
0.0156 [-5000, exptlf’
0.001 42 1200, exptl}™

y1=0.0061 [-5140];y,= 0.0060 [-5060]

¥o=0.001 723 |-1450] mwfs

y' = 0.002 71 [-2284, th] [tw]
' = 0.000 26 [-222, th}°

y1= 0.000 530 {-445]; y,= 0.001 05 [885]

o= 0.001 723 {-1450] opf?

1= 0.000 033 [30]y,= 0.000 66 [-560]

ys=0.002 91 [-2455]

o= 0.002 20 [-4315] mw#®
o= 0.0043 [-8430] opt*
¥o=0.002 20 [-4315] opf®

y' = 0.0035 [-6915, th] [tw]

y1=0.001 00 [-1960];y,= 0.000 15 [290]

3= 0.000 50 [-985]
y0=0.002 22 [-4475] muf2
Yo =0.002 12 [-4275] mw#®

For each class, chlorides and sulfides have laiygrivalues
than the corresponding fluorides and oxides, as expected frommutually cancel in AlX.
their atomicA values. This trend demonstrates again that the
30 SOMO, besides its predominant,8d) composition, also
has an admixture of§X), giving rise to larger SO values. While
such a feature could have been expected for the more covalenhigh as for AlIO and AIS £0.9 eV), then the AT; coupling
radicals of class Ill, it is less evident for those from the ionic- would have been about 5 times smalle#(00 ppm), and\g:-

like classes | and IlI.

Class | seems to be the only one having a “normal” behavior

' = 0.002 11 [-4264, th] [tw]

Thus, the twc?IT contributions enhance each other in BX but
The situation becomes more acute for AlRvhere a very

large positive contribution 0f-20 500 ppm from AI1; domi-
nates, due to a rather smaE of 0.18 eV. If thiSAE were as

(tot) of AIP~ negative. The same argument applies to AIN

with respect to different criteria: First, it shows an almost linear Comparison with Experimental Data
relationship among its members, a feature supported when CaF

is included (Figure 1). Second, the ordering BeFMgF <
CaF—and a similar one for BeCl and Mg€torrelates well

with 4 increasing from Be to Ca.

As seen in Figure IAgCof CaF lies between those of MgF
and BeCl. For the series BeF MgF — CaF, theAgp value
decreases on average bt000 ppm in each step, and for BeCl
— MgCI, by ~—1100 ppm. On the basis of this trentig-
(CaCl) is expected to lie near5300 ppm. Experimental ESR
lines centered a = 1.998(1), ofAgl~ —4300&-1000) ppm,
were tentatively assigned to Catlan assumption supported

by our extrapolated value.

On the other hand, class Il shows a mixed behavior:
substitution of B by Al gives the expected increasgihgl]
for the fluorides (BF < AIF ™), but not for the chlorides (BCI
~ AICI™). Further, while class Ill oxides (B& AlIO) behave
like class Il fluorides (BF < AIFT), the corresponding sulfides
(AIS < BS) deviate from the chlorides, as exemplified by
|[Ag of BS being about 1000 ppm larger than that of AIS

(Figure 1).

In this section, our calculated shifts are compared with
experimental results from ESR studies in matrices (Tables 6
and 7), as well as witihgp data estimated, via Curl’s equation,
from gas-phase spin-rotation constants (Table 8).

Matrix g Data The ESR spectraavailable for about half
of the present 18 radicatshow that theAg, and Agp values
are negative. This trend is reproduced by our results. It is found
to hold as well for those diatomics not yet observed experi-
mentally, except for AIN and AIP-, which are predicted to
have positiveAgp values (about 1400 and 10 000 ppm).

The calculatedAg, values, which are smalk{—100 ppm)
and practically independent of the compound, deviate to a large
extent from the experimental data§00 ppm on average), a
discrepancy also found in previogsfactor calculation§%5!
Matrix effects are partly responsible for such largg values®
It should also be noted that the measured values are affected
by uncertainities up to 50%.

The Agn components are significantly larger800 to—8500
ppm), and change substantially from one compound to another.

Our study reveals the reasons behind the peculiar behaviorThe calculated\gy values generally reproduce the experimental
shown by class Il radicals: 2II; and 211, both contribute
negatiely to Agy of BO, BN™, BP~, and BS, butpositively
andnegatiely, respectively, taAgn of AlO, AIN —, AIP—, AIS.

trends quite well (perhaps with the exception of AlO; see below),
a remarkable agreement since our results do not include
vibrational averaging.
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The ESR spectruffi of BeF givesAg, = Agg = —900 ppm,
with a large error o500 ppm. Due to a discrepancy #4i,-

(*°F) between experiment and theory, BeF was found to be free
rotating in the matrix, as also suggested by the isotropkgf
Our results,Ag; = —50 andAgp = —820 ppm (close to the
observed value), show that theshifts are indeed not isotropic.

For BeCl, within experimental error bounds 68000 ppm,
our calculatedys shift of —3130 ppm seems reasonabte4300
ppm in matrice®). The measured shift is about 5 times larger
than that of BeF; the MRCI calculations reproduce such a trend,
but by a factor of only 4. Because of a large experimenl
of —1300€:1000) ppm, there is a large discrepancy between
measured and calculatédiglivalues.

An ESR stud$® on MgF givesAgn = —13006-500) ppm,
only 400 ppm below that of BeF. The experimenfalg]=
—950500) ppm is reproduced reasonably well by all theoreti-
cal values, ranging from-870 to —1475 ppm.

We are unaware of any experimentaj for MgCl. However,
due to the good performance of our calculations for other class
| radicals, and the quasi-linear variation shown in Figure 1, an
MRCI [Agd~ —2900 ppm is considered to be quite reliable.

For the cations MX of class Il, experimentakg values are
available only for BF 4 and AIF".55 Since these radicals have
a strong mixing?’I1;_2I1, in the Franck-Condon regior®3?the
magnetic coupling is expected to be rather sensitive(d—

X). Taking this fact into account, our calculations Rt
reproduce the experimental observations fairly well.

For BO, there is also good agreement between theory and
experiments$® in particular for the latest reporteigs value of
—1700 ppm (Table 7). The DFT restflappears to be too large.
Similar observations hold for BS.

The largest discrepancy is found for AIO. First, the strong
matrix effects shown byAgn, which, according to a 1971 study
by Knight et al.5"2varies from—1900 to—2600 to—5000 ppm
in Ne, Ar, and Kr matrixes, respectively, should be pointed out.
Also, a Ag, value of —3000 ppm in Kr is not “small”. Such
substantial matrix shifts most probably originate in the high
polarity of AlO (ue = 4.2 D), resulting in an increase in guest
host interactions as the host atoms become more polarizable
Later, a 1997 reinvestigation by Knight et®&t.for AlO in Ne
matrixes reported smallgrshifts,—300 ppm forAg, and—1200
ppm for Agn, combined with a better accuracy-200 ppm).

An MRCI-calculatedAgn(AlO) of —2284 ppm is in good to
reasonable accord with the Ar and old Ne data, but not at all
with the new Ne study, which gives values fagy and [AgL]
about half of ours. (Please note that in the present work we
have used a slightly different strategy than earlier, where we
obtainedAgy = —2675 ppn?® Now, for the NOs and) shifts,
the wave functions of the two lowe& ™ states were calculated
simultaneously.)

The DFT method, as pointed out in ref 49, fails completely
for Agn(AlO): a calculated value of-220 ppm is 1 order of
magnitude too small. As an explanation for such a discrepancy,
the authors speculated about the possible failure of second-orde
perturbation theory when dealing with tigeshifts of second-
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y values of’=" states according to the expressitgy = —y/
2B, whereB represents an average rotational constant f&x
and 1,211 states. Experience from the literatéiP&shows that
the so-calculated\gg lies within £10% of the experimental
value. Interestingly, measurement in the gas phase, @fs a
function of vibrational leveb allows thev dependencyAgn),

to be estimated as well, which is difficult, if not impossible, to
obtain directly from matrix ESR studies.

Gas-phasg values—available only for MgCl, BO, BS, AlO,
and AlS—are compiled in Table 8. The column “exptl” lists
microwave (mw) and optical (opt) values, while shifts (in
brackets) derived frony using Curl’s equation are denoted as
Ag'n. The last column listy values calculated from experi-
mental and theoreticahgy data; they are denoted &5 For
the radicals not covered in Table 8, most of class | and all of
class Il, approximate values can be estimated using thgy
data from Table 6.

Experimentaly values from different sources are in good
accord which each other for BX but not for AlX systems. (mw
studies are considered to give the most accuyataelues.) As
well, they’ values of BO and BS calculated from matrbgn
values cover a range similar to that of the gas-phasalues,
supporting Curl’s equation. This, however, is not the case for
aluminum radicals, for which the ESRgy values correspond
to ' values generally larger than the experimeniglvalues
(Table 8). The possible reasons for such deviations will be
discussed later.

An MRCI value of —1900 ppm forAgn(BO) agrees with
—1915 and—2090 ppm derived from the myyg values and
one optyp value. Two other opticayo values give a smaller
AQ'n (—1160 and—1580 ppm). Overall, these results favor a
matrix Agp value of —1700 ppm over a smaller one 6f1100
ppm. On the basis of a stutfyreportingy, for v = 0—4, Ag'c-
(BO) should change little in that region-1580 to—1815 ppm).

Our theoreticalAgn = —8450 ppm for BS lies within 10%
of Ag's = —9300 ppm; both are in good agreement with a
matrix result of—8200 ppm. The DFT study also reproduces
the experimental trend. For BS, like BO, botfIl and 211,
contribute negatively ta\gn, or positively toy. For AIO and
AlS, contrastingly, their respective contributions are of opposite
sign. Because of thigyo(BS) is 1 order of magnitude larger
thanyg(AlO).

There are no ESR data for AlS, so we can only compare an
MRDCI Agn = —6915 ppm with Ag'n)o ~ —4315 ppm from
a mw work>® Optical studie® indicate thaty, depends strongly
on v, as in AlO, which will be discussed next in some detail.

AlO is more complicated since contradictory experimental
values have been reported forand, as pointed out earlier, for
Agn as well. Two independent microwave studiefound yo
~ 0.001 72 cm? (Ag'c ~ —1450 ppm), much smaller than an
optical valué* of 0.0050 cnt! (Ag'p ~ —4200 ppm). On the
other hand, the matriAgp values range from-1200 to—5000
ppm (' from about 0.0014 to 0.0156 cr, while theory
predicts —222 ppm (DFT) and—2285 ppm (this work),

and higher-row radicals. We have shown elsewhere that suchcorresponding toy' values of 0.000 26 and 0.002 71 thn

an argument is not vali¢f. Since the descriptions of the ground
and low-lying states of AlO require multireference treatméfits,
the DFT approach might not be flexible enough in this case.
On the other hand, the DFT results for BS, a set B radical like
AlO, can be considered as adequate (Table 7).

Agp Data from Gas-Phase Spin-Rotation ConstantsAp-
proximate Agn vallues can be derived from spin-rotation
constantg, and vice versa. Curl’s equatid?? relatesAg and

Certainly, AlO appears to be a sensitive case for both experiment
and theory.

The variation ofy(AlO) with v has been studied (Table 8).
In the mw work?® y, decreasedy 0.002 77 cm' betweenv
= 0 andv = 2, thereby becoming negative for= 2. Using
these data, Curl's equation givesy's ~ 900 ppm forv = 2
versusAg'n ~ —1450 ppm fory = 0. In other words, fow =
2 the positive contribution to Agy from 12I1; surpasses the
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TABLE 9: Contributions of 1 2IT and 2211 to Agy for Selected Diatomics with Nine Valence Electrons, All Having a

X2X*(17*30) Ground State?

BeF, BeO, BeCl,
MgF, MgO-, MgCl, AICI* BO, BN,
BF*, BCI*, AIF* BS, BP AlO, AIS AIN -, AIP~
2[T(17) 2211 121 1211 121
Agn(3IT) small (negative or positive) negative positive positive
—150 to+400 —600 to—5700 20006-3800 4600-20500
I1(27) 1211 2211 2211 2211
Ag(°IT,) negative negative negative negative
—700 to—5800 —600 to—3600 —4400 to—10 200 —3300 t0—9900
Agr(tot) negative negative negative positive
—800 to—6600 —1800 to—8400 —2600 to—6900 1400 to 10000

aNumbers areAgp values (ppm).

negatve one from 2I1.. An optical stud$? finds a similarly
strong vibrational dependency fog(AlO).

As shown by Ito et al*® the peculiary dependency of,-
(AlO) is governed by the coupling with the close-lyingIT,
(e.g., BITi(v=0) lies about 0.3 eV above?X*(v=2)). Because
of the a quasi-degeneracy’X"/12I1;, any changes oAE lead
to large variations inAgn. Also, the SO and. values are
expected to vary substantially with geometry, due to the heavy
mixing of AlO, AITO~, and AP*O?" structures neakRe.

Summary and Concluding Remarks

The electron-spim shifts of eighteen X1 (1730) radicals
MX &) with nine VEs have been calculated using a second-
order perturbation treatment, a Hamiltonian based on Breit
Pauli theory, and MRCI(NO) wave functions. To date, ESR
spectra are only available for eight of these systems. In our
study, besides reporting thg shifts of a larger number of
radicals, we also find some unexpected and interesting results
worthy of future experimental undertakings.

The second-order contributions fgn due to2IT;(17—30)
and 2I1(30—2x), which dominate the SOS expansions, are

second groupmainly BX radicals-the2[T; state is the lowest-
lying [large (AE)~! factor], but its contribution is negative
(contrary to the rule), stgm has two large negative components.
For the third group-AlO and AlS—the lowestI]; contributes
positively, thereby partly compensating for the negative coupling
with the higher-lying 2[1,. For the last groupAIN~ and
AlP~—due to its very low energy, the positi¢El; contribution
outweighs the negative one frofll,, resulting in a positive
Agr(tot), whereas all other radicals have negative values for
such a component.

As shown in previous sections, a qualitative prediction as to
the sign and approximatkgg value is very difficult. Interesting
situations arise. For example, since for BO, BBS, and BP
the PIT; and 2TI, states both act in the same direction
(negatiely), the totalAgg values are comparatively larger than
expected for the atoms M involved. The pair BS/AIO from set
B is a case in point: ESR studf€$’ reported aAgy (ppm) of
—8200 for BS but, depending on the matrix, frorl200 to
—5000 for AlO, despitel(Al) ~ 104(B). In fact, as seen in
Table 9, thegp shifts of BX and AIX radicals from class Il
have very little in common.

summarized in Table 9. These two terms may have the same From a theoretical point of view, AlX (class Ill) compounds

or opposite sign, leading to enhanced or redutgg(tot) values.
Total values can be positive or negative. As shown below,
several factors are responsible for such a varietygn values.

For class lll radicals (BO, AlO, AIN, ...), the invertedI];
is the lowest state of this symmetry, followed by the regular
°II,. In classes | and Il (BeF, BF; ...), the ordering is the
opposite, with the exception of Al€l(class IlI) showing the
same pattern as class Il systems.

The2ITi(Lr—30) contribution toAgp, according to a simple
rule assumed to hold for doubly occupied M& SOMO
excitations, should be positiva/Ve find this to be valid in most
cases, but not for AICI (class IlI) and BX radicals (class Ill),
where it is negative. On the other hand, #i& couplings are
calculated to always be negative, in line with expectations for
SOMO — virtual MO excitations?

Each?IT contribution toAgn is proportional to (SQ)(AE) %
The coupling with?I1,(27) is dominated by its large SO argl
as both & and 2r are localized on atom Mwith AE playing
a secondary role. Contrastingly, th@Ti(1z) coupling is
determined byAE, as both SO anH are generally small because
of the different spin localizations of{X) and 35(M). Only in
class ll-where AE(121T)) is low—is this coupling important.
Models in which only one’IT state was used are certainly
inappropriate for class Il radicafd:*4

As seen in Table 9, for the first group of radicaldass |
and most of class tthe contribution fron?IT; is negligible,
since in addition to small SO arid this state is not the lowest
one. The overalAgg is therefore negative, due #l;. For the

are more difficult to handle because of the delicate balance
between positive and negative terms. (The same holds for
H,CO™(X?B,),5% where a small positivAg,{tot) arises from a
large and positive contribution, due t&B;(z—n), being
counterbalanced by another one of similar magnitude but
negative, due t8B1(n—x*)). The Agg values of the other MX
radicals are easier to calculate since the coupling with just one
21 state dominates (classes | and II), or the couplings with the
two 2IT states have the same sign (BX in class IlI).

In physical terms, for negativg; shifts (here, from-800 to
—8500 ppm), the magnetic moments are smaller than that of a
free electron; i.e., the magnetic coupling of=X with the 2IT
manifold leads to an effective loss of spin angular momentum.
For AIN~ and AIP-, which are predicted to hayeositive Agn
values (about 1400 and 10 000 ppm), the magnetic moments
are larger. The main reason for such “anomalotgy(tot) >
0 lies in the quasi-degenerackk =~ 0.3 eV) of X2&=(17430)
and PIT;(17°30?), with the 3 unpaired electron acquiring
additional orbital angular momentum due to its strong SO
mixing with L.

The Agp values of classes | and Il radicals no only are of
similar magnitude but also behave more regularly than those
of class lll. Besides the reversed order of stabilities between
the 2IT, and TT; states, the differences between class I/ll and
class Il radicals relate to the composition ofZ3X near
equilibrium.

(a) The GSs for classes | and Il radicals are mostly described
by oneionic structure, M (o)X (0?7 and M (o)X~ (0%1%),
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respectively. The lowest dissociation productsgRX(o?) for calculated value of-2280 ppm. As pointed out beforAgp is
class | and M(cd)X(on*) for class Il, also make some particularly sensitive to thAE calculated for 4T;, about 1 eV.
contribution. The similarity in bonding in both classes thus An error of 0.1 eV, within the range accepted for these

justifies the uniformity of theirAgy values. calculations, changes théIl; contribution by about 10% (for
Most importantly, mutual polarization betweentMnd X example AE = 0.9 eV leads ta\gx(tot) ~ —2040 ppm, close

in class I, or between Rt and X~ in class Il, results in 3 to the experimental gas-phase estimate).

having sp contributions from M (lowA) as well asX (large In future studies, vibrational averaging is intended Aq-

2).84 Due to this X contribution, the coupling 02X+ with 12IT,- (AIO),%¢ to compare the theoretical results withgn)o in

(27)—which practically determines the totAf; values in botn ~ matrixes as well as withAgn), obtained fromy, data in the
classes-is somewhat larger than expected for unpaired electrons gas phase. SincAE(12[1;) of AIO becomes smaller at larger

localized at centers with small values (Be, Mg, B, Al). bond distances, its positive contribution gy therefore
(b) The GS in class Ill is described lwo ionic structures, ~ increases, and the overall negative valueXgr will be reduced

M+ (02X ~(o7%) and MP+(0)X2~(0%7%), plus covalent ones from  for increasingv. In fact, a change to positivagy values is

M + X products, ME20)X(7%) and M@20)X(027?). Here, 3, expected at higher levels, as suggested by the equivalent

17, and 2r MOs consist of more balanced linear combinations change in the sign of for v = 2. Obviously, similar large
of M and X AOs than those for classes | and Il radicals, thereby changes in the perpendiculgrshifts with v are expected for
increasing the #X) contribution to the SOMO. Also, the M) other radicals with a very lowAE(1°I1;), such as BN, BP",
atom effectively contributes,fto the MX bond-besides those AN, and AIS.

due to sp hybridization in M"(¢2) and M¢t(0). In brief, the For illustrative purposes, we have carried out model calcula-
enhanced amount of,(M andX) in 3o leads to the largeAgn tions on thev dependency ofAgs(AIO) due to the coupling
values calculated for class Il radicals. with lZHi alone, to be reported in more detail elsewhé&t&Ve

took as input the S®&) andL parameters, and RKR potentials,
used by Ito et at® in their analysis of the experimentga) data.
Our calculations give agn(1211;) value of 1650 ppm aR,
and of 2270 ppm for the vibrational average= O; i.e., the
120T; contribution to Agn),—o is larger than that aR., as said
above. On the other hand, Ito et*afound that 2IT; contributes
—0.001 88 cm? to yo, corresponding toAg'g ~ 1600 ppm,

The importance of pcontributions to the SOMO in deter-
mining the Agp values can be seen by comparing the radicals
studied here with other diatomics. For example, Algg values
for nine VE systems are found to be much larger than those
calculated (ca—100 ppm) for the X= " radicals Ly, Liz™,
and Be™ with one or three VES.Such low gg shifts are
characteristic of SOMOs having a predominant s composition, )
and constituent atoms having smalalues. Contrastingly, the -6 @bout 700 ppm smaller than the directly calculatieghj.-o
presentAgn| values are smaller than those fof2%," dihalogen value. )
anions with fifteen VEs (16 200, 24 000 and 34 400 ppm for It would be of interest to_ rgcord the ESR spectra of AIN
F»-, FCI, and Cb-),!-12whose SOMOs are of pcharacter, and AIP- to prove our predictions of pc_)svagD values. To
and where the atomitvalues are large<{270 to—590 cnr?). the beslt of our knowledge, these anions have. not yet been
The intermediate position taken by the nine V| values is synthesized in the laboratory. An MRCI stddygarried out by

in line with the small to medium pcontributions from both M US indicated that AlP is very stable-about seven electronic
and X to the SOMO. states lie below neutral AtPand therefore worthy of being

Theg shifts calculated for classes | and Il radicals reproduce studied e>_<per_|men;[alrl]y. brational f h
the experimental results quite well. For class Il systems, ESR D?termlnatlon of the vprauona dependency;ofor b.Ot
spectra are available only for BO, BS, and AIO. For BO and AIX ~ anions Woyld be desqable as well. Q\gg calcullat|ons
BS, ourAgs(Ry) values are also in good agreement with the suggest that thewspm-rotatlon constants shogldetgatvefpr
experimental data. For AlO, a calculated value-&¥280 ppm v =0 (an anom_a_lous sign when compared with ot_her nine VE
lies in the observed range, but all measurements have beeryStems) bupositivefor low-lying ». Such a change in the sign
performed in matrixes, which usually add negative contributions of v 1S opposite that measured for AIO and AlS upon vibrational
to the Shift§’65 excitation.

) - . . "
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to Agp values via Curl’'s equation. Experimentalalues have

. . comments.
been reported for all neutral radicals of class Ill. Taking as
reference the most accurate microwave data, for BO our result
Agn = —1900 ppm is compared with1915 ppm derived from
vo, for BS we compare our-8450 ppm with—9300 ppm, for (1) Carrington, A.; McLachlan, A. D.ntroduction to Magnetic
AIO we compare our-2280 with—1450 ppm, and for AISwe  ResonanceHarper and Row: New York, 1967.

compare our-6915 with—4315 ppm. AllAg values derived nanga)- A"(':Zg;rﬂ]a}g',DJr'esEs'Thﬁgrﬁt;fg:kF%%g%"f‘t'ons of Electron Spin Reso-

from yo should be less negative thgm So again, BQ and BS (3) Weltner, W.Magnetic Atoms and MoleculeBover: New York,
look reasonable, but AIO and AlS are somewhat in error. 1983.

Focusing on the particular case of AlO, ESR results show 258(1')27&“”""' P. J.; Lushington. G. H.; Grein, Ghem. Phys. Letd996
that Agn becomes more negative with higher inert gases. Itis —5) | yshington, G. H.; Bruna, P. J.; Grein, Ift. J. Quantum Chem.
—1900, —2600, and—5000 ppm for Ne, Ar, and Kr, respec- 1997 63, 511.
tively. A new experiment in Ne gives1200 ppm. On the other (6) Bruna, P. J.; Lushington, G. H.; Grein, F. To be published.
hand, gas-phase spin-rotation constants at0) lead to about (7) Lushington, G. H.; Grein, Rl. Chem. Phys1997 106, 3292.
—1450 ppm on average. Since the matrix usually adds nega- (8) Lushington, G H.;_Greln, Ant. J. Quantum Cheni996 60, 1679.
tively,3 the latest Ne result seems to be too small. Extrapolating (9) Bruna, b. J". Greinint. J. Quantum Chemgooq 76, 447.

. (10) Bruna, P. J.; Grein, K. Chem. Phys200Q 112, 10796.
from microwavey, values forv = 0—2 to y,, a value of—1800 (11) Bruna, P. J.; Grein, FChem. Phys1999 249, 169.

to —1900 ppm for Agn)e is obtained, to be contrasted with our (12) Bruna, P. J.; Grein, FEhem. Phys. Let200Q 318 263.
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