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The axial asymmetry of the charge- and spin-density distributions in IT states is studied via second-rank
traceless tensors P; (ii = xx, yy, zz), namely, quadrupole moments (®;), electric field gradients (g;), and
magnetic dipolar (7};) hyperfine coupling constants (hfcc’s). In linear molecules, it holds that P,, = Py, = P,
for IT, but P, = P, = P_. for 2, A, ®,..., states. Thus, traceless P; in II states have two independent parameters,
Py=P_ O[3 cos* 6 — 1] and 6Py = IP,, — Py, O [/ sin® 6], with m = 2(®;) or —3(gi;, T;). All linear
states have P = 0, but only IT states exhibit 0Py = 0, as shown by hfcc’s like ¢ = (3/2)T,,, and d = IT,,, —
Ty, as well as g0 = (—¢q;,) and lg2/2| = Ig,x — g,l. Little is known about ©,, and 0Og = 10,, — O,/ in I1
states since most experimental values (gas-phase) are rotational averages, and several theoretical studies have
reported ©.. but assumed 6@ = 0. The diatomics studied here have X*I1,(x') ground states, like CH and
NO, or are of type X*I13,(:7%), like OH, CF, LiO, and FO. The A’I1(ox?) state of NH is also included. Our
Py and OPg values—calculated at the experimental R.’s with the B3LYP/aug-cc-pVQZ method—reproduce
well the available literature data. The properties of the CF and FO radicals are not well-known so that our {c,
d} and {qo, g2} values should help future experimental studies of their hyperfine spectra. Excluding OH, the
complete quadrupole sets {©,,, 0O} are new for all species discussed here. For comparison purposes, ©.,

of a low-lying X state is also calculated for each X*II radical.

I. Introduction

The axially asymmetric charge- and spin-density distributions
(CDD and SDD) of linear radicals in electronic Il states are
studied via three second-rank traceless tensorial properties P;;
(ii = xx, yy, zz). One property describes the interaction between
spin dipoles, as given by T;(X), the magnetic dipolar hyperfine
coupling constant (hfcc) for nucleus X.! The other two are
electric properties: (1) the electric field gradient (efg) parameter
qi(X), related to the nuclear quadrupole coupling constant y;;
= ¢Qq;(X),> Q = nuclear quadrupole moment, and (2) the
molecular quadrupole moment ® with Cartesian components
©;.> The quantum mechanical operators for P; = Ty, qii, ©y
behave equally with respect to (the symmetry operation of)
rotation about the molecular axis z.*

We have recently determined* how many independent
parameters (n) are needed to describe the electric 2'-pole
moments (= P) of linear radicals in different electronic states,
i.e., whether the corresponding CDDs are fully described by
one (Py) or two (P, OPp) anisotropies: X states have n = 1 (Py)
for all [-values, whereas IT states have n = 2 (P, O0Pp) for [ >
2 (quadrupole © and higher multipoles). Interestingly, A states
show a mixed behavior, withn =1 for/=1,2,3 butn =2
for [ > 4.

In general, measured gas-phase multipole moments are
rotational averages, i.e., the asymmetry of the CDD in IT states
(©, = O,,  ©) cannot be verified. As well, experimental
multipoles are scarce for IT states.? Thus, other traceless second-
rank P; = Tj;, g; properties—amenable to experiments and free
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of rotational averaging—have to be considered which provide
direct evidence about the difference in CDD/SDD symmetries
in 2 and IT states. According to the literature on NO and OH
(XIT), for example, two dozen theoretical papers>® studied one
or several of the P; (T}, g, ©;;) properties but only 10 reported
both P, and dPp. Experimentally,! the {¢ = 3Ty/2, d = 6Tg}
hfcc’s indicate axially asymmetric SDDs, e.g., in MHz, {—509,
113} for "*NO and {221, —429} for '"OH. The same applies to
triplet states, with values of {15, 66} for "“NH (A*IT)” and {16,
213} for BCO (a’IT).8 Further, the {yo(Py), x2(0Pp)} parameters,
in MHz, are {—2, 24} for "“NO and {—2, 66} for '"OH.!
Throughout, both d and y, clearly dominate the hfcc’s so that
works neglecting 0P do not correctly describe IT states.

In the present paper we present calculations on both P and
0Py [P =T, q, O] for six X?IT diatomics (CH, NO, OH, LiO,
CF, FO)*"'* and A’IT of NH.” The d®g anisotropies are new
for all species, except for OH. This paper is organized as
follows: section II deals with the general properties of P and
OPp, whereas section III presents our results. The whole material
of this work is, respectively, discussed and summarized in
sections IV and V.

II. Second-Rank Tensor Properties: Anisotropies

II.A. General Definitions. First we clarify our nomenclature
regarding tensors for linear molecules (C,, Dwy). The molecule-
fixed system of coordinates is used throughout (z = molecular
axis, and ii = xx, yy, zz). We associate three equivalent types
of tensors to a given second-rank property:

(i) Cartesian tensor C;; (second moments). Linear molecules
have three nonzero components, C; = {x%, y?, 7%} for ©;;, or
C'ii = (X}, ¥, 22r} for hfce’s, with P = (x> + y* + 22
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Here, zC,-l- = rz and ZC’,',' = 7_3, that iS, both Cii and C’,‘,‘ are
traced tensors. Since either x*> = y? = 72 or x> # y> # 22, the
number (n) of independent components is 2 or 3, respectively;

(ii) tensor P; (P';) with linear combinations of Cartesian C;;
(C';i)’s satisfying the traceless condition } P; = (P, + Py, +
P_.;) = 0. Here, description of axially symmetric and asymmetric
DDs with P; (P';) tensors requires n = 1 and 2 parameters,
respectively. Typical P; examples are the quadrupole terms ©,,
= (3 — M2, 0, =3y — )2, and O, = 322 — A2
[Buckingham’s definition].> Note that each Cartesian component
P (®;) or P'; (T, qi;) is defined using the same formula;

(iii) irreducible tensors Py® and P,®, the latter with two
nonzero components, Py® and Pp® [= Re(Pi,?)].*!5 The
isotropic part of any second-rank tensor consists of the trace,
e.g., Py® O #* for the molecular quadrupole. Only for traced
tensors is Py® of interest, e.g., Py® = [0= (oL, + @, + 0.)/3
for the polarizability. Further, Py® is proportional to P, whereas
the perpendicular anisotropy is Pp® = IP, — P,,l. Taking again
the quadrupole as an example, its irreducible P, parts are Py®
= @0(2) - ®zz - (3Z2 - rz)/2 and P|m|(2) = @\2\(2) - |®xx - ®yy|
= (3/2)Ix* — .

Each of the C;, P;;, and P,” sets has practical applications.
Ab initio calculations on linear molecules are carried out in the
lower C,,/D,, symmetry, with C;;/C'; being calculated first and
thereafter transformed to P;/P';’s. The Cj, C'; sets are not
symmetry adapted with respect to the Ce, /Do), point groups.
For the P; set, only P, = Py is symmetry adapted (Z*).*
The component P,'® O [(P,, — P,,) & 2iP,,] transforms like
doubly degenerate Ay).* In C,, symmetry, the Re and Im parts
of P.,® transform as A, (totally symmetric) and A,, respectively.
Here, we work exclusively with the A; component, written as
the absolute value IP,, — Pyl = Py®.

Summing up, the whole process starts with C;; { Cy,, Cy, C_.},
a Cartesian set physically sound to describe linear species but
inadequate to use in conjunction with group theory. In going
from {C;} to {Py©, P,/?}, the C; set is decomposed into one
isotropic Py® and two anisotropic parts P,/® (Iml = 0, 2), one
parallel and the other perpendicular to the molecular axis.!3

I1.B. Parallel Anisotropy (). There exist several definitions
of the second-rank anisotropies.>*!6718 The parallel anisotropy
Py, in polar (eqs la—1b’) and in Cartesian coordinates (eqs
1b'—1e) read as

PIIZPzz:P0(2)
=k(n[(3 cos® 0, — 1)/2] = k(N[2(x/5)"*Y,>(0..p)]

(la,1a")
=k(r)[Ly>(cos 0)] = k(r)[Ly>(/r)] (1b,1b")
=k(H[r (32" — r*}/2] (1c)
=k(Nlr @ =) + (@ =)} (1d)
=k(r (@ = +yD)/2}] (le)

Here, r = distance with respect to the chosen origin; Y, ®(6.,
@.) = spherical harmonics Y, for m = 0; and Ly®(a) = (3a®
— 1)/2, the associated Legendre polynomial L, “(a). As shown
by eqgs la, 1b, an irreducible tensor transforms under rotations
as the corresponding spherical harmonics."

Equations la—1le apply to each P; = T;, gi;, ©;. Which of
them is under consideration is specified by the factor k(r)
composed of appropriate constants and/or radial functions (other
than 7~2). For example, in %(Z, IT) states the hyperfine parameter
¢ [= (3/2)T..] has k(r) = 2r3 if one works with atomic units
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but k(r) = (gegntsttn) X 27 with MHz units.""'® As another
example, Buckingham? defines the quadrupole ©.. = r*[(3 cos?
0. — 1)/2] so that k(r) = r*>. However, Hirschfelder et al.'® define
such component as ©'.. = *[(3 cos? 0, — 1)] = 20O_, so that
now k(r) = 2r°.

Equations la—1le give insights about the symmetry features
of P_. Equation la shows that P_ only depends on the polar
angle 0, i.e., on the projection onto the z-axis. Moreover, P,/
k(r) exhibit following properties: (i) a maximum value of 1 along
Z, (ii) a minimum of —1/2 in the xy-plane, and (iii) nodal surfaces
for cos 6 = sqrt(1/3), or @ = 54°44' (like as in d,-orbitals). In
short, the operator P, (eq la) is positive for 6 ranging from
about —55° to 55° for both +z and —z directions, but negative
between about 55° and 125° (and from about —235° to —305°).

The description above—with the lobe signs (+).(—)(+)— )y
counted anticlockwise—only applies for positive k(r). For
instance, the electronic contribution to ® is negative and the
lobe’s scheme becomes (—),(+),(—).(+),. The positive nuclear
contribution only affects ®_.. Thus, a prolate-shaped CDD has
a negative O, whereas an oblate-shaped has a positive ©_.. In
chemical language, a prolate structure reveals the o-density to
be more extended spatially (along z) than the szz-density (xy-
plane); conversely, an oblate distribution (®,, > 0) unveils a
predominant 7-density. '

Equations 1c—1le are the expressions used in ab initio
packages. Equation 1c shows that P, vanishes for spherical
symmetry, where x> = y? = z> = r%3. This never happens in
linear molecules, which are either axially symmetric (x*> = y*
# 7%) or asymmetric (x> = y* # 7%). According to eq 1d, P,,
(Py) is proportional to [(z2 — x?) + (> — ¥?)], the sum of two
basic anisotropies, (z2 — x?) and (z2 — y?). Further, eq le shows
that P.. O [z> — (x> + y?)/2], where z° is being compared against
the average (x> + y?)/2.

II.C. Perpendicular Anisotropy, 6Py O IP,, — Pyl. The
perpendicular components P, and P,, are

P =k(N[Bcos” 6, — DR21=knlr *(3x* = r}/2] ()
P, = k(")[(Geos 0, — D21 =k()lr {3y’ = *}/2] (3)

Here, cos 6, and cos 6, are direction cosines. Since } P; = 0,
the relation P,, = — (P, + P,,) is obeyed by all electronic states.
Only for symmetric CDD/SDDs it holds P,, = P,,, or equiva-
lently, P, = Py, = —P_/2. The perpendicular anisotropy 6Pp
[O Py®] is defined” as

0P, =IP — P |=kA[B2)r *(x’ =y }1  (4a)
= lk(P)[(3/2){sin’ O(cos® ¢ —sin® ¢p)}]I  (4b)

= Ik(r)[(3/2){sin> O cos 24} ]I (4c)

where ¢ = azimuthal angle. The factor cos 2¢ assures that
[ a=1lsin? O cos 2@l = —[is nonzero only for IT states.* The
operator eq 4a has the same functional dependency as an atomic
ds[d2-,2)] orbital, where again the four lobes alternate their signs
as (+)(—)(+)(—), or similar cyclic variations.

III. Results

Cartesian components for T;, ¢;;, and ©;; are calculated with
GAUSSIANO03,%° using the B3LYP/aug-cc-pVQZ method.
Electric and magnetic properties are evaluated with CDDs and
SDDs, respectively. The origin of coordinates lies at atom X
for hfcc’s, and at the center of mass for ®;; These first-order
properties are calculated as expectation values, [P =
SP(WA*W,) dt, where W, is the electronic wave function of a
given A state. The results are first presented for T}; (best studied
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TABLE 1: Magnetic Hyperfine Coupling Constants for H, Li, and C Atoms in the X*II Radicals CH, OH, LiO, and CF, as

Well as A3 of NH%"¢

X XY ref ¢ 3/2T.) d Ty — T, br b da a
H CH(x") tw 0.110 0.081 —0.010 —0.047 0.118
expt 9% 0.107 0.082 —0.013 —0.049 0.118 0.102
9b 0.109 0.082 -0.013 (—0.049) 0.118 0.102
6l 0.109 0.070 —0.012 (—0.046) 0.106 0.103
9c 0.111 (0) —0.012 (—0.049)
9d 0.109 (0) —0.012 (—0.048)
OH() tw 0.249 0.106 —0.014 —0.097 0.189
expt 6a 0.250 0.106 —0.017 (—0.100) 0.189 0.161
expt Ilc, d 0.245 0.106 —0.016 (—0.098) 0.188 0.162
9b 0.245 0.106 —0.016 (—0.098) 0.188 0.163
6i 0.249 0.108 —0.016 (—0.099) 0.165
6l 0.250 0.090 —0.018 (—0.101) 0.173 0.164
6b 0.259 0.071 0.157 0.158
9d 0.244 (0) —0.014 (—0.095)
NH(o7%) tw 0.185 0.049 0.067 0.005 0.111
expt 7 0.170 0.049 0.067 0.010 0.106 0.139
9b 0.172 0.057 0.067 0.010 0.114 0.126
6l 0.183 0.039 0.070 0.009 0.100 0.132
Li LiO(%) tw 0.068 0.018 —0.009 —0.032 0.041
expt 12a 0.068 0.019 (—0.086) —0.109 0.042 0.039
expt 12b (0.074) 0.009 (—0.070) —0.095 0.034 0.029
C CH(x") tw —-1.017 2.104 0.025 0.364 1.765
expt 9% —0.977 2.055 0.037 (0.363) 1.729 1.626
9% —0.969 1.940 (0.323) 1.617 1.614
9b —0.977 2.061 0.033 (0.359) 1.735 1.640
6l —0.959 1.918 0.011 (0.331) 1.599 1.599
9 —0.951 (0) 0.032 (0.349)
9d —0.852 (0) 0.004 (0.288)
CF() tw —1.114 2.163 0.041 0.412 1.792

@c = (3/2)l(3 cos> O — 1)/lgp; d = (3/2)3 sin® 0/ dp; bp = (87/3)pa(0)Psp; b = bg — c/3; a' = d + c/3; a = 230 (refs 1 and 18).
SD and CD stand for spin- and charge-density distributions. ® Values given in parentheses were here derived using published information. d =
(0) indicates the original article does not report this parameter. ¢ All data in atomic units.

experimentally), then for ¢; (less known), and finally for ©;
(mostly theoretical data). All results are in atomic units (au),
i.e., independent of isotopic species for hfcc’s. The equilibrium
distances?! used are (in angstroms): 1.1199/1.085 for CH,
1.0362/1.037 for NH, 0.9697/1.0121 for OH, 1.688/1.589 for
LiO, 1.1508/1.318 for NO, 1.2667/1.327 for CF, and 1.354/
1.80 for FO (first value for the ground state; second for the
excited state used in the quadrupole calculations).

III.A. Magnetic Dipolar Term ¢ [37,,/2] and Perpendicu-
lar Anisotropy d [T.. — T,,]. Magnetic hfcc’s are reported as
Aiso and Agip [T, Ty, T.] in theoretical works;* by a, b, ¢, d in
spectroscopy;"'® and by Aj, Ag in EPR studies."® Relevant
equivalencies are Ay, = bg = (b + ¢/3) = (A + Ap)/3, Agip =
/3 =T 2 = (A — Ap)/3, Ay = (b + ¢) = (Aise + 2A4ip), A
=b = (Ao — Adip), and d = (T\, — T,,). Tables 1 and 2 list the
calculated values of ¢ and d, together with literature data (the
magnetic hfcc’s a, @', bg, and b are also given; see Table 1 for
definitions). The two magnetic anisotropies are''3

Ty c=[(36a/5)""1KIN, Ir 7« ¥, 20, p)IA L[ = (312K
B3+ @cos’0—1ldp (5)

OTy:  d=—[Q4x/5)"IKIN, Ir « Y, 20, d)IA_ [
=—GR)KIN, I - sin’0 - e*IA_ [,  (6a)
0@3/2)KF 2 - sin” 0dp}* (6b)

Here, K = 1. We find 07T from eq 6b—a common definition in
the literature, here labeled as #— to be somewhat misleading
since (1) as written, [ 3+sin> @(kan only be positive, although
experimentalists sometimes report negative expectation values

for this anisotropy, and (2) it ignores that the perpendicular
anisotropy also depends on the azimuthal angle ¢. The other
two definitions are mathematically sound, as they explicitly show
a ¢ dependency via the phase-factor €'2¢.23

Our results are analyzed below and compared with literature
data. In general terms, the B3LYP/aug-cc-pVQZ calculations
reproduce within 10%, or better, all literature data known to
us. Prior theoretical values of the two dipolar anisotropies ¢, d
have only been reported for CH, NH, and OH.*** Further, two
ab initio papers on NO,%¢ and one on CF,'3 reported ¢ but not
d.

The parameter a’' = [¢/3 + d] describes the isotropic average
O/rYpp, to be compared with @ 001/ [dpp. Both averages
differ by no more than 10%.'“** Since Py, ,, = (=P, £ 6Pp)/2,
the Cartesian T;’s are T\ = (—c¢/3 + d/2) and Ty, = (—c/3 —
df2), together with 7,, = 2¢/3.

III.A.1. Hin CH, OH, and NH, and Li in LiO. All magnetic
hfcc’s for the s-type atoms H and Li are small (below 0.25 au,
Table 1). The electric dipole moments g, for the X*IT hydrides
MH give charge distributions M®"H°" indicating little charge
(spin) density at H. Also, the X*IT states do not have singly
occupied 0-MOs [(20°1r) for CH, (20°1x%) for OH], thus
resulting in small and negative be(H)’s, —0.010 to —0.017 au.
Taking an isotropic bg = 0.318 au as reference for H(s), both
CH and OH have average H(1s) SDDs below 5%. The same
picture applies to LiO [X?I1(¢%*7%)], with a strong ionic character
Li*O™ (u. &~ 6 D), and a Li(2s) spin density lying around 4%.

The dipolar components ¢(Y) and d(Y) [Y = H, Li] are
throughout small in these MH and LiO radicals—as expected
for atoms without valence [H] or quite-diffuse p-AOs [Li]. The
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spin anisotropy around H/Li is actually being “induced” by
the more compact valence p-AOs from neighboring centers. The
longitudinal anisotropy c¢(Y) is somewhat larger than the
perpendicular d(Y) (Table 1). The remaining Il radicals XY
show the opposite trend (see below).

A’TI(2017°%) of NH with ¢ and 7 open shells has bp(H) =
0.067 au (299 MHz), giving an s(H) spin density of ca. 20%.
Experimental and theoretical data are well reproduced (Table
D).

III.A.2. Cin CH and CF. Both CH and CF have XT1(xt")
ground states. The single sz-electron is a pure 2p,(C) species in
CH but a delocalized MO [2p,(C) + 2p.(F)] in CF. Inspection
of Table 1 reveals three features: (i) the r open shell invariably
gives a positive perpendicular anisotropy d(C) but a negative
longitudinal anisotropy ¢(C), (ii) the parameter d(C) is about
twice as large as Ic(C)l, and (iii) the pair {c(C), d(C)} has
practically the same magnitude in both CH and CF. Pictorially,
these trends indicate that the C, N, O, and F centers in these
X°IT radicals exhibit oblate-shaped SDDs.

III.A.3. Nin NO and NH. The general trends are maintained
in NO, with d(N) positive and larger than Icl. The same applies
to d(N) in NH, but now ¢(N) > 0 due to a oz’ open shell.
Accordingly, the Fermi contact term bg(N) in NH(A’TI) is
substantially larger than for all other diatomics in Tables 1 and
2.

II1.A.4. O in OH, LiO, NO and FO. Except for NO, the O
atom carries most of the SDD in all other O-containing species
(Table 2), namely, {c; d}o amounts to {—1.3; 2.9 au} in NO
but on average about {—2.9; 5.9 au} in OH, LiO, and FO.

III.A.5. F in CF, FO. The existence of an oblate SDD, with
c(F) < 0, and smaller in magnitude than d(F) > 0, is maintained
in CF and FO. Theory and experiment agree that F carries more
SD in FO than in CF.

IIL.B. Electric Field Gradient (g,) and Perpendicular
Anisotropy g0 = (gxe — gyy)- According to Western et al.,'™
the two efg quantities reported by experimentalists are

Bruna and Grein

g go=[A=+13 er 7+ Bcos’ 6, — DIA=+1[],
(7

20g.: ¢,=[A=+ Iy er >+ 3sin’ 6, e)A=—1 [
®

The sum runs over all charged particles, except the nucleus
under consideration. For XY, the nuclear contribution to ¢,(X)
due to atom Y is [¢..]y = 2Zy/R>. The label CD points out that
these matrix elements are calculated with CDDs. Equation 8
with the factor e?? is the correct definition, whereas many
articles/textbooks give g, = A1, er;73+3 sin? 0,IA_ . In
our nomenclature, o = g,; and ¢> U Igx, — ¢,,l. Experimentally,’*
lgol = 2 Ig,w — gy, so that we report our results as g, = Iq. —
qyl. Thus, the Cartesian efg components are g,; = qo, g =
[—q0/2 + 0qu/2], and g,y = [—qy/2 — 6q/2], with Ogn = ¢’ =
lg>/21. Table 3 summarizes our results, together with literature
data. Previous theoretical efg’s for both atoms in CH,%** and
OH, % and for O in NO,™% omitted the leading term dqp.

Experimental (go) and our theoretical (g.,) values are of similar
magnitude but opposite signs, i.e., B3LYP/aug-cc-pVQZ, give
quite reliable efg values (like as for dipolar hfcc’s). For atoms
different than H or Li, the relative magnitude between g, and
Odqn is the same as for the magnetic ¢ and d parameters: the
perpendicular component predominates by large (see also section
V).

Experiment and theory disagree when reporting dgp. We
calculate 6Pp [Jsin? 6+e%%/r*(lin exactly the same manner for
P = T;; and g;;. Tables 1 and 2 do not show any discrepancy
between the experimental and theoretical signs of d, but that is
not the case for experimental g,, which is negative for H in
OH, Li in LiO, and O in OH, NO. Note that ¢, ¢,, = (—¢qo £
0¢gp)/2 so that a change in the sign of dgp only exchanges ¢,
with g,,. Curiously, experiments on NO (X°I1,) report g»(N) >
0 but g>(O) < 0 (Table 3). We point out this “anomaly” since

TABLE 2: Magnetic Hyperfine Coupling Constants for N, O, and F Atoms in the X*I1 Radicals NO, OH, LiO, FO, and CF, as

Well as A% of NH%?

X XY ref ¢ (3/2T,,) dITy — T, by b da a
N NO(') tw ~1.531 2.992 0.026 0.536 2.482
expt 10e, f, g ~1.525 2.917 0.069 0.577 2.409 2.181
5a ~1.418 () 0.173 (0.646)
Se ~1.500 () 0.027 (0.527)
NH(o7) tw 0.199 1.753 0.470 0.404 1.819
expt 7 0.394 1.720 0.491 0.360 1.851 2.321
9b 0.205 2.325 0471 0.403 2.393 2.560
6l 0.214 1.749 0.489 0.364 1.820 2.535
o} OH(7) tw —2.977 5.992 0.010 1.002 5.000
expt 11a —2.846 5.693 0.142 (1.091) 4744 4.057
expt Ilc, d ~3.054 5.940 0.084 (1.012) 4922 4436
9b ~2.900 6.029 0.064 (1.031) 5.062 4.461
6i ~2.897 5.875 0.054 (1.020) 4418
6l ~2.809 5.777 0.040 (0.976) 4.841 4419
9d —2.633 () 0.025 (0.853)
LiO() tw —-2.772 5.346 —0.004 0.920 4438
NO(') tw ~1319 2.897 0.019 0.459 2457
expt 10f, g ~1.290 2.850
5a ~1.269 () 0.065 (0.488)
Se ~1.207 () 0.027 (0.429)
FO(7r%) tw —2.881 5.851 0.013 4.891
F CF(r") tw ~0.703 1.639 0.023 0.257 1.405
expt 13b, ¢ —0.703 1.578 0.036 0.536 1.344 1.406
13a —0.634 () 0) 0211 1.251
FO(7r%) tw —1.244 2.158 0.022 1.743
expt 14b, ¢, d ~1.208 1.947 0.410 0.813 1.544 1.554

“ See footnotes® and ” in Table 1. » All data in atomic units.
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— gyl Calculated for Selected X II Radicals at Equilibrium

X XY ref Gzz (—qo) G — va' lg>/2 X XY ref Gz (—q0) G — %{vl Igo/21
H CH(x") tw —0.230 0.123 N NO(x") tw 0.478 2.703
6¢ —0.255 0) expt 10e, 1, g 0.387 2411
9a —0.237 0) Sa 0.682 2.869
OH() tw —0.426 0.090 5b 0.327 2.967
expt 11c, d —0.433 0.094%* Sh 0.385 2.416
6¢ —0.186¢ 0) Sh 0.371 0)
6d ~ —0.45 0) 5d 0.502 0)
NH(o7%) tw —0.372 0.081 NH(o7) tw ~1.620 2.953
expt 7 —1.478 2.280
(6] OH(7) tw —0.281 5.146
Li LiO() tw 0.059 0.023 expt Ilc, d —0.329 5.6 £0.8%
expt 12a 0.047 0.018 6¢ 0.319 0)
expt 12b 0.047 0) 6d —0.240 (0)
6j 0.320 (0)
C CH(") tw 1.027 2.024 LiO(r) tw 1.632 4.304
6c 0.928 0) NO(") tw —0.205 2.896
9a 0.943 0) expt 10e, 1, g 0.223 2.70%
CF(7") tw 0.233 2.019 Sh —0.230 )
6j 0.229 ()
F  CR() tw —1.554 1.849 FO() tw —3.245 5.129
FO(7%) tw —4.393 1.983

“Data in au. ® Experimental Ig,| corresponds to twice the theoretical lg,, — gyl. A g value tagged * indicates a negative g, in the original
experimental article. © A theoretical g,, = —0.186 au (Bender and Davidson, ref 6¢) seems to be a misprint. Interpolating between their absolute
values of 0.35 and 0.55 au for NH and FH, respectively, gy(OH) ~ —0.45 au. ¢ Experimental ¢’s from polyatomic molecules: ¢(F) = 2.7 au in
CF, (ref 27d), and ¢(F) ~ 4.5 au in F,O (ref 27f). A nuclear Q = —94.2 mb was used for 'F*(5/2) to convert experimental MHz data to ¢

(au) (ref 27g).

experimentalists argue that regular *I1(st") and inverted *I1;(7r%)
states have positive and negative g,’s, respectively.'*!®

The interaction between the nuclear quadrupole (Q) and the
efg at a given nucleus is given by the nuclear quadrupole
constant o> = eQqo,.'%%% Clearly, ¥ #= 0 requires a nuclear
quadrupole moment Q # 0, or nuclear spin / > 1. It is often
assumed that nuclear quadrupole spectroscopy cannot be applied
to fluorine-containing compounds because Q['°F(I = !/,)] = 0.
However, the nuclear excited state '°F*(I = 3/,) has Q = 0,
and various experimental studies have reported ¢['°F*] for CIF,
(C,Fy),, OF,, SiF4, BF;, and a series of fluorobenzenes.?”’

II1I.C. Molecular Quadrupole Moment (6,;) and Perpen-
dicular Anisotropy (d60y). The quadrupole moment has the
parallel (6..) and perpendicular (661) anisotropies

0: 0.0, =[A=+ 1Y er}+(Beos’d, — DIA=+1 [
©

[00.]: 10,,—0,1{6,”} =

[A=+1Y e -sin’ 6, + ?A=—1>,[](10)

The nuclear contribution is @zl = Zxrx®> + Zyry?, with rx
and ry being the atomic coordinates in the chosen origin. The
latter corresponds to the center of mass for most of the present
diatomics, except for the excited states A’TT (NH) and AZ"
(OH), for which the center of positive charge is used (GO3
calculations collapse into the ground state when skipping the
standard orientation).

Table 4 lists the calculated ®’s for all IT species, together
with those for a low-lying X state. Relevant quantities are O,
=72 — (& + y)H2 and 6O = 10, — Ol = (32)lx* — Y.
Other parameters in Table 4 are the electric dipole moment (u),
Cartesian second moments, and the spatial extent [P[J.

Since IT states have 0@ = 0, their CDD contours in the
xy-plane are elliptically shaped (vs circularly shaped in Z states).
No experimental ®’s are known for any of these radicals, except

NO (Table 4). To the best of our knowledge, theoretical ®’s
are available for three cases (CH, OH, NO), but only OH was
correctly described via its complete set {®,,, 0O} (Table 4).

Regarding the terms involved in ©.. = [z*> — (x> + y?)/2], all
electronic second moments are intrinsically negative (x* < 0,
etc.), whereas the positive nuclear contribution z?,,. only affects
7%, Therefore, for neutral XY one expects 1z%lg > 1z%ly,.. More
precisely, a negative ©,, describes a “prolate” CDD since Izl
is larger than the average Ix? + y?I/2, as found, for example, in
0,, NO, N, CO, and CO,. Complementarily, ®,, > 0 reveals
an “oblate” CDD, as in FH, CIH, CS,, and C,H,.’ %1928

Our calculations find ©,, to be negative for XII radicals
with one unpaired sr-electron, like (6%7) in CH, or (¢’7*m) in
NO, CF. Conversely, ©_. > 0 for 2I1(;r°) radicals like OH, LiO,
and FO.

As said before, a Il and a X state each have been considered
for all radicals in Table 4. From CH to CF, the corresponding
excited state arises via an excitation o — m(;r*) relative to the
ground state. Upon excitation, ©.. always increases. The =~
state of FO arises from a 7#* — o* excitation relative to
X2II(s**3), resulting in a decrease in ©.. (both values are
positive and small, Table 4).

Rodrigues and Varandas® calculated for CH (X*I1, a*Z"),
NH (X*27), and OH (X?I1) the function ©,,(R). The values in
Figures 1—4 from ref 29 are in line with our data in Table 4.
However, their discussion about atom—diatom electrostatic
interactions between the three diatomics above should be revised
since X°II states were assumed to have axially symmetric
CDDs.

Experimental ©’s are only available for NO.>*#28 Tejwani
et al.!% found ®'(NO) = 1.78 au, supporting a median [®'[J=
1.58 au from other (eight) experimental values from 1.4 to 2.3
au (sign unknown). Since those works reported ®' = 20
(section III.A), the corrected values are ® = 0.89 and [®[=
0.79 au. Our calculations and two others™' agree with experi-
ments, but @,,(NO) is negative (—0.83 to —0.88 au); less
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TABLE 4: Parallel (0,,) and Perpendicular (001) Components of the Molecular Quadrupole Moment”

Bruna and Grein

XY state ref ub 0. 00 ¢ —[3*[ -2y’ PLJe
CH X2I1(0%r) tw 0.57 —0.55 1.35 5.63 5.08 19.78
9a 0.57 —0.69 0)
a*> (on?) tw 0.26 1.59 0 4.03 5.62 18.94
9a 0.26 2.08
NH X33 (6*7%) tw 0.60 0.47 0 4.33 4.80 17.38
AT (o) tw 0.50 2.45 2.17 3.15 5.60 17.72
OH X1(6*7) tw 0.65 1.12 1.47 3.53 4.65 15.82
6d, e 1.35 1.31°
6k 0.65 1.39 1.18
6g 0.64 1.39 0)
At (o) tw 0.71 3.00 0 2.35 5.28 16.17
6g 0.72 3.18 0
LiO XM1(6*7) tw —2.56 4.13 1.82 1.99 6.12 36.55
At (o) tw —2.25 5.38 0 1.30 6.68 33.90
NO XTI( ) tw 0.05 ~0.88 0.86 8.54 7.66 4151
expt 10c 0.06/ 0.89
Se 0.06 —0.83 0)
5f 0.07 —0.83 0)
S5a 0.10 —0.68 0)
5b 0.06 —0.72 0)
S (omt+?) tw —0.29 1.14 0 7.03 8.17 46.53
CF XA(o**m*) tw 0.31 —1.33 0.14 9.25 7.92 45.73
D (omt+?) tw —0.24 0.69 0 7.45 8.14 46.40
FO XAT(* ) tw —0.004 0.19 1.08 7.26 7.45 49.92
14a —0.14 0.10
(ko) tw —0.69 —0.40 0 7.75 7.35 72.49

“ Dipole moments (u), second moments, and electronic spatial extent are also given. All data in atomic units. ® Expectation value [3[] A
positive u indicates a X" Y* polarity. ¢ ©., = z> — (x> + y»)/2. In general, ©; = W0— () + EkD/2, with {ii, jj, kk} = {xx, yy, zz}. Unless

e 2 —

specified otherwise (footnote”), origin at center of mass for each of the most abundant isotope.  Op = 10,, — Ol = 3/2)lx* — . * 22 = 22
+ 7% where 7% and 7%, are negative and positive, respectively. For illustration, Cartesian second moments are underlined when ©.. < 0.
f —[¥?, y’Ostands for the average —(x*> + y?)/2. Note that x> = x%; and y> = y%. ¢ P[4 = — Y [ilJ. " Origin at center of positive charges (see
text). ‘ Original value of 2.62 au for 00y = 10',, — ©',,| = 3Ix* — ), i.e., Hirschfelder et al. quadrupole (ref 16). / Ref 10a.

extensive studies found —0.68%* and —0.72 au.™® All previous
studies neglected 0@y, which according to our results {©,,
0, ©,,} = {—0.88,0.87,0.01 au} corresponds to 6@ = 0.86
au. (Assumption of axial symmetry gives {—0.88, 0.44, 0.44
au} instead.) Theoretical studies’"® dealing with the second-
virial/dispersion coefficients and anisotropic dipole properties
of NO should be taken with caution since they assumed 0@
=0.

IV. Discussion

The results in Tables 1—4 confirm that a correct description
of traceless second-rank tensor properties in I1 states requires
two independent parameters, the parallel (P) and perpendicular
(0Pp) anisotropies. These statements are in line with experi-
mental studies on the magnetic (7};) and electric (g;;) hyperfine
cc’s of IT states. From the very beginning (1950s), spectros-
copists took properly into account the axial asymmetry of the
CDD/SDDs for IAl = 1 states,'? by providing two independent
parameters each, {c, d} and {qo, ¢»}. The situation is different
for molecular ®’s since they are not only difficult to measure
experimentally®>?® but available data are mostly rotational
averages (0©p cannot be detected). However, there is no doubt
that IT states also have two independent ®’s since (1) all hfcc’s
indicate the CDD/SDDs to be axially asymmetric around each
nucleus, and the same should apply to the whole molecule,* (2)
the T}, qii, and ©;; operators share the same rotational symmetry
properties,®® and (3) as shown next, two other experimental
processes—collisions X, + M, and van der Waals (vdW)
interactions—provide support to our statements.

Scattering studies in the 1970s involving A'TI, of Na, and
Li, found the rainbow spectra to be markedly different from
those with X', states.®! Prior interpretations had assumed the

multipole expansion V(r, ) = 3 ,Vi(r)P(cos 0) of the X,-
potential to be valid for any A-value. However, the ATI, spectra
could not be reproduced by a cylindrically symmetric potential
V(r, 6) with only one anisotropy (0_,). The discrepancy was
lifted®? using the multipole expansion

VI(r, 6, ) = V(1) + Vao(PLy (cos ) +
(47/5)"*V,, (MY, 20, ) + Y_,P 0,91 + ..., (11)

including the extra term Y1,%(6, ¢) to describe axial asymmetry.
Now, up to the quadrupole, the IT potential V(r, 6, ¢) contains
three terms: (1) Vio(r), the isotropic term equivalent to Py’ [
], (2) one parallel anisotropy Lg*(cos 6) [equivalent to Py*> =
0.. = (2 — (x*> + y»/2)], and (3) a perpendicular anisotropy
(Y22(0, @) + Y_2P(0, ¢)) [equivalent to Pp? = 6Oy = 1O,, —
0,, = 32)lx* — ).

The interesting question now arises about the behavior
expected for X, + M collisions involving a 2"1A,, state [A
= 2], like the long-lived alAg(Oz) state. We are unaware of
experimental studies of XY(A) + M(!S) collisions. As previ-
ously discussed,* the CDD/SDDs of A states behave as axially
symmetric for 2'-poles with [ = 1, 2, 3, but asymmetric for [ >
4. The multipole expansion (up to the hexadecapole and omitting
r dependency) reads as

V(O, §) = Vo + VoL (cos 0) + VL (cos 0) +
KV, [V, 40, ¢)+Y_ 20, 6)]+ ..., (12)

The first two terms are the isotropic and parallel quadrupolar
contributions, whereas the last three are the hexadecapole
anisotropies, one parallel [Lo*(cos 0)] and one perpendicular
[Y4<4) + Y_4(4)].
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TABLE 5: Comparison between Different Magnetic (7)) and Electric (¢) Coupling Constants®

—@23)T; (—¢) 4z (—qo) T — Tyl (dl) g = gyl (Iq2l/2) o(Tlg)c’ —dlc
CH (") 1.017 1.027 2.104 2.024 1.04 2.07
CF (7" 1.114 0.233 2.163 2.019 1.07 1.94
NO () 1.531 0.478 2.992 2.703 1.11 1.95
NO (") 1.319 —0.205 2.897 2.896 1.00 2.20
OH (%) 2.977 —0.281 5.992 5.146 1.16 2.01
LiO (%) 2.772 1.632 5.346 4.304 1.24 1.93
FO () 2.881 —3.245 5.851 5.129 1.14 2.03
CF (') 0.703 —1.554 1.639 1.849 0.89 2.33
FO () 1.244 —4.393 2.158 1.983 1.09 1.73

¢ All data in atomic units. * 0(T/g)p = [0T/0gn | = T — TyMigew — gyl = 2ld/qyl.

Also interesting is the 1976 paper by Nielson et al.'®* about

vdW interactions of diatomic IT states with atoms, in particular
the Cg coefficient for NO(X?IT) plus noble-gas M('S). Inde-
pendent of the developments on collision theory discussed
above, these authors found that a correct description of the NO
potential requires the inclusion of Y, (0, ¢) with m = 0, £2
for [ = 2. Nielson et al. also mentioned that theoretical Cg
coefficients for A(A = 2) and ®(A = 3) states have to include
Yo4% 90, @) and Yy 1690, @), respectively, as independently
shown by us for multipoles.*

One important difference between 2=t and *I1 states, at least
from the standpoint of the hfcc’s, is that the perpendicular
parameters d and g, carry the most relevant information about
the 21T state (they are also related to the atomic values),*
whereas the corresponding parallel terms ¢ and ¢, are seldom
discussed by experimentalists. The opposite picture holds for
23t states, where (let us say, by symmetry restraints) the only
parameters are ¢ and go. For example, for N,© we have
calculated ¢ = 84 MHz for X*Z,*, to be compared with d = 77
MHz in the A1, state.™

Other relations between hfcc’s could be of general interest.
Table 5 compares theoretical values for tensor components of
the same kind, i.e., parallel (¢ vs go) and perpendicular (d vs
q-/2). This table also lists two relevant ratios, one between
perpendicular anisotropies (07/0gn) and the other between
magnetic hfcc’s (—d/c). As seen in Table 5, no correlation is
apparent between ¢ and ¢y, neither on signs nor magnitudes.
Since the efg parameter g, contains a nuclear contribution from
the neighboring atomic center, one may think that correcting
qo to get the pure electronic contribution (as in c) could solve
the problem, but this is not the case (charge transfer along z
might significantly alter the CDD expected for corresponding
p.-orbitals).

On the other hand, a very nice correlation exists between the
perpendicular magnetic and electric components, with the ratio
O0TH/Oqn = T — Ty\lgse — gyl generally lying slightly above
1.0 (only CF has a low ratio of 0.89). Thus, contour lines in
the xy-plane are quite similar for both CDDs and SDDs. Also,
experimental and theoretical atomic data'** indicate that 0/
r[4dpp is about 10% larger than [/3[dpp, and the same trend is
found here for the present radicals.

The ratio —d/c lies close to 2. According to the literature,
for a p,-electron the expectation value I = [p,I(3 cos?> & — 1)lp,0
= —2/5, whereas that of II = [p,I(3 sin® 0)lp,[0= 4/5. Since ¢
and d are, respectively, proportional to I and II, pure p,-AOs
in isolated atoms should have a ratio —d/c = 2. As seen in
Table 5, the diatomics studied here deviate little from the atomic
cases. Note that the F atom in both CF and FO appears to the
most distorted among all systems considered.
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V. Concluding Remarks

Here, attention has been called to a common error in the
literature:>**3 that charge- and spin-DDs are axially symmetric
in any linear state (i.e., x> = y* # z? or P,, = P,, = —P_J2 for
traceless P;;). Our calculations successfully describe the axial
asymmetry of the CDD/SDDs in X°IT states [ref 18, p 367].
Two different molecular regions have been investigated: (1)
those close to the nuclei (magnetic/electric hfcc’s proportional
to /0 and (2) those toward the outermost regions (Cartesian
second-moments [ or their linear combinations ©;)). The three
traceless properties have been calculated with the B3LYP/aug-
cc-pVQZ method for all neutral X?IT ground states containing
H to F atoms. The calculated values reproduce well experimental
and more sophisticated theoretical data. Except for OH, our {©,,,
00Op}’s are new for all diatomics considered here.

The traceless tensors P; = Ty, gi, ©; exhibit the same
properties upon (the symmetry operation of) rotation about the
molecular axis z.%® Thus, regarding the number of independent
terms, all three tensors share a common behavior (spin
multiplicity is irrelevant): IT states have n = 2 independent
components (anisotropies),* whereas all other (non-II) states
have n = 1. These constraints are well-known to experimental
spectroscopists, who always report the pairs (c¢,d) and (qo, ¢>)
for a given II state, but just ¢ and g for all other electronic
states (2, A, @, etc.). No direct experimental determinations of
©_, and 0O are available to verify that IT states also have two
independent anisotropies. However, the rainbow spectra of
X,(IT) + M(S) collisions could only be interpreted by including
two independent quadrupole terms in the multipole expansion
of the II potential. Gratefully, this corroborates the existence
of two independent quadrupoles predicted by theory.

Certainly, the axial asymmetry of the CDD/SDDs in linear
IT states affects all properties depending on these density
distributions. This applies, besides the traceless properties
studied here, to traced tensors as well—for example, dipole
(hyper)polarizabilities o and 3,*” magnetizabilities, and NMR
chemical shifts®*—which should have n = 3 independent
parameters for IT states (isotropic term plus two anisotropies).
For the same properties, = states have n = 2 (i.e., just one
anisotropy).
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