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I. Introduction

In this paper we present a unified treatment of the impor-
tant magnetic interactions in a molecule which has zero elec-

tronic spin and orbital angular momentum in the ground elec-

tronic state. We concentrate on a description of the magnetic
interactions which are normally measured by microwave res-
onance techniques.

The necessary theory for a proper interpretation of the
molecular Zeeman effect in diamagnetic molecules is devel-
oped in sections il to IV. This theory involves first a descrip-
tion of rotationally induced magnetic moments which arise
from a coupling of the electronic and rotational motions. This
analysis describes the molecular g-value tensor, g. We also
describe the magnetic field induced magnetic susceptibility
tensor, x, and we show the connection between the g and x
tensors. The diagonal elements in the g and x tensors can
also be combined with the moment of inertia tensor | to give
the molecular quadrupole moments in the principal inertial
axis system. The molecular structure can be combined with
the above information to yield the electric dipole moment (and
sign), the diagonal elements in the paramagnetic susceptibility
tensor, and the anisotropies in the second moments of the
electronic charge distribution. Adding the bulk magnetic sus-
ceptibility to the above numbers yields the diagonal elements
in the total and the diamagnetic susceptibility tensor ele-
ments.
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In section V we describe in detail the measurement of the
magnetic parameters described in section IV by the rotational
molecular Zeeman effect. Data are given for a number of
molecules in order to illustrate the methods, pitfalls, and ac-
curacy of the results.

In section VI we describe the magnetic interactions which
give rise to nuclear magnetic shielding, o, and the nuclear
spin-rotation interaction, M. Nuclear magnetic shielding arises
from an external magnetic field-molecule perturbation similar
to the interaction leading to the field-induced moment and
magnetic susceptibility. The spin-rotation interaction arises
from a rotational-induced field at the nucleus in a way similar
to the rotational-induced magnetic moment. The parallels be-
tween the g and x tensors with molecular center of mass
(CM) origins and the ¢ and M tensors with nuclear origins are
very strong. For instance, the diagonal elements in the spin-
rotation interaction tensor, M, can be used to calculate the di-
agonal elements in the paramagnetic shielding tensor which
is analogous to the relation between the molecular g values
and the paramagnetic susceptibility. If the total nuclear
shielding is known through magnetic resonance measure-
ments, the spin-rotation interaction constants can be used to
extract the diagonal elements in the diamagnetic shielding
tensor. We then describe the rotational molecular Zeeman ef-
fect in the presence of strong nuclear-rotational coupling, and
we demonstrate that the molecular Zeeman effect can be
used to measure the magnetic shielding anisotropy.

The last section (VIll) in this paper describes a semiempiri-
cal atom dipole model which allows a reliable prediction of
molecular electric dipole and quadrupole moments, diamag-
netic susceptibilities, and diamagnetic nuclear shieldings. We
also use the localized model to demonstrate the validity of
Pascal’s localized atom or bond values for magnetic suscepti-
bilities which are transferrable from molecule to molecule. Fi-
nally we develop a set of localized bond and atom values for
the individual diagonal elements in the molecular magnetic
susceptibility tensor. Several tables of numbers comparing
the above calculated and experimental values along with a
variety of examples are given.

Il. Intramolecular Electronic—Rotational
Interactions

We will limit the discussion in this paper to molecules
which have zero electronic spin and orbital angular momen-
tum in the ground electronic state. This limitation is not severe
as a great majority of molecules satisfy this criterion. We also
ignore the effects of molecular vibrations.

Intramolecular electronic—rotational interactions arise from
a breakdown in the separability of electronic and rotational
coordinates. Consider a system of point electronic and nucle-
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ar masses which compose a molecule. The velocity of the
kth particle is given by

vl = R+ (w X rg) + vi (1)

The super 0 represents the origin of the coordinate system
which is fixed in the x, y, and z laboratory frame. R is the
vector from the arbitrary origin to the center of mass (CM) of
the system of particles and R is the velocity vector of the CM.
w is the angular frequency of the coordinate system attached
to the molecule with respect to the laboratory. r, is the vec-
tor from the center of mass to the kth particle, and v, is the
velocity vector of the kth particle (from the CM) in the rotat-
ing coordinate system. The kinetic energy of the system of
particles with mass my is

T= 1/2Z:fmere°"’k° (2)
K

where the sum over k is over all electrons and nuclei. Substi-
tuting eq 1 into this equation gives

T= ‘/Qka(ﬁ FwXrgtve)(RtwXrg+ vg) =
K

52
T ma+ 3 ma(w X 6@ X 1) + LT mava +

Z (w X re))+ R- kavk +kaw><rk)vk (3)

K

Remembering that Z,m, = W, which is the total molecular
mass, and rearranging this equation gives

W .
T= 2_R2 + 1/QZm,e(c.; Xrg) (@ X rg) + ‘/2kav;e2 +
K K
R-w X (D mere) + R (D mrve) + w- (3 Mere X ve) (4)
K K K
We now note that in the rotating coordinate system the

coordinates of the center of mass remain constant for all in-
ternal motions of the molecule. That is

D mere =0 (5)
K
which also implies that

kavk =0 (6)

Substituting eq 5 and 6 into eq 4 gives
W g2 4 A ka(w Xre) (wXre) + % Zm,;,v,;,2 +
Kk K
@ (Y mere X ve)  (7)
K
The first term in this equation is the pure translational term
which will not enter the rotational electronic interaction; we

drop this term. Dropping (W/2)R 2and expanding the remain-
ing sums over the nuclei, «;, and electrons, i, gives'

T-VQZM (@ X rg) (@ X ry) + Zan) (w X 1) +

1/2ZM Vel + o Zv, + w ZM o X vo +
w-mz ri X v;

m is the electron mass and M, is the mass of the ath nucle-
us. We expand the first and second terms in this equation by
standard techniques. The nuclear term gives

oD Mgtw X ro): (@ X 1) =
) 1/2"-"§Z:I"1cr[(faz1 -

fatall @ = hw lpw (9)

The electronic term gives
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Thm 2w X k) (@ X 1) =
’ 1/20)-[me121 - rr]w= hwlew (10)

I, is the nuclear moment of inertia from the nuclear center of
mass (CM) with the sum in brackets above being over all nu-
clear mass points. |, is the corresponding moment for the
electrons from the electronic center of mass. We assume
here and in the following work that the nuclear CM is coinci-
dent with the electronic CM and also the molecular CM. The
effects of making this approximation are of negligible impor-
tance.? We now drop the other terms involving only nuclear
coordinates in eq 8. These interesting terms lead to the vibra-
tional motion as well as the vibration—-rotation interactions
(w« ZoMqrq X v,) which we will not consider at this time.
The terms which remain and depend only on the electronic
and rotational motion are

T=Y%w lyw +2ﬂZw-w + Vswelew
+ w-z mr; X vi (11)
The total angular momentum, J, is obtained by Lagrangian

mechanics by the first derivative of the kinetic energy (poten-
tial energy is zero) with respect to the angular velocity."

J'dr-w-|n+erini+w-le (12)

The linear momentum of the ith electron, p;, is also obtained
from eq 11 by the first derivative of T with respect to the ve-
locity (remember that wer; X v; = viw Xr)).

aT )
S = =mv;+ mw Xr; 1
Pi v, Vi i (13)

We can now rewrite eq 11 for the kinetic energy to give

T="hod + %Y prvi (14)

where J is given in eq 12 and p; is given in eq 13. We now
use mv; fromeq 13

mv; =p; —ma Xr; (15)
in eq 14 to give

1
T=wd + 2—mZP12 - R prw XK

i

1
hwd — ‘/gw-Zri X p; + 2_mz 02

1
hwd = hw-L +§;Zp12

Zp; (16)

-1/20) J-L

We have also defined

drnXp =L (17)

as the intrinsic electronic angular momentum or the electron-
ic angular momentum in the rotating frame. The last term in
eq 16, (1/2m)Zp?, is included in the electronic Hamiltonian
to determine the ground-state electronic wave functions for
the nonrotating molecule. These zero-order electronic states
are discussed later in eq 37.

We now compare eq 11 and 16. Substituting eq 13 into eq
16 and comparing this result with eq 11 show that

w({J—L) = wlyw (18
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Evidently (J — L) can be expressed as
(J-L) = lpw (19)

1, is the moment of inertia for the point mass nuclei. In the
principal inertial (nuclei only) axis system, I, is diagonal and
we can write

(J = L)x = (/n) xxwx
(0 =Ly = (In)yywy
(J = L)z = (In)zzw2 (20)

If we consider only the principal inertial axis system, |, is di-
agonal and we can define the inverse principal inertial tensor

1
0 0
(In)xx
1 1 O
h™"=] 0 21
n Tn)ss 21)
0 0 !
(In)zz
where we require
In™"lp = lpelpy ™' =1 ’ (22)

and we can rewrite eq 19 to give
il R P PR Rl B (23)

Substituting this result into eq 16, dropping the (1/2m)Z; p;?
term, and expanding gives

T="%WJ- L)-In"-(J -L = 1/gJ-Ir,"-J -Jip 7L+

Z n)gg

g

2

Lg
E e (2

n)eg

Ll 7L = ‘/zzgj(,n

The sums over g are over the three principal inertial axes.
The first term leads to the rotational state eigenvalues for the
square of the total angular momentum. The second term is
the rotational-electronic coupling term which contributes to
the rotational magnetic moment and the spin-rotation interac-
tion. The last and smallest term depends only on the electron-
ic angular momentum.

lll. Magnetic Field Dependent Electronic
Interactions and the Total Hamiltonian

Now we examine the nature of the magnetic field interac-
tions on a distribution of electrons and nonvibrating nuclei. We
start with a discussion of the electrons.

The corrections to the electronic kinetic energy in the pres-
ence of an external magnetic field are derived by starting with
the Lorentz force for a charged particle in a field or alternate-
ly by defining the correct Lagrangian function and using stan-
dard classical equations of motion to give the Hamiltonian
function as shown, for instance, by Slater.® The resultant
electronic kinetic energy in the presence of the magnetic
field is given by

1 e
Te = 3m 2. (i + T A (25)

p; is the linear momentum of the ith electron and A is the
vector potential giving rise to the magnetic field. Expanding
the square gives (remember that p = —#V is an operator
andV*A=A-YV)

e?

2mc? A2 (26)

Te =

i

2m chAp‘
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where we have used the negative charge for the electrons in
both eq 25 and 26. A is the vector potential giving rise to the
magnetic field, H.

H=Y XA (27)

In the case of a planar magnetic field along the z axis, H,, the
field is given in terms of A by

H=T XA
H, = ('i’A vy ('f'Ax
dx dy
JA g
H,=0= (' x (/’Az (28)
- [¢¥4 ax
A Ay
Hy =0= = = - (, 2
dy [t¥4

Thus, in order to satisfy eq 28 for a magnetic field along the z
axis we must require

Ax = = hyH,

Ay =% XH;

Ax =10

A=-"%rXH (29)

Expanding the A * p; dot product in eq 26 and substituting
eq 29 for A, A, and A, in both the A * p; and A? terms gives

pi? eH;
5m t ams 2 Wby — yips) +
J 2H2

8mc?

Te =

Z 2+ y;:9) (30)

Remembering that xp, — yp, = L,, the angular momentum
(see eq 17), we can rewrite eq 30 more generally as

_ i e
Te= 2 3m * smc ML+
e? 5
8oz H- Z (ri#1 —rir))'H (31)

As mentioned previously, the p;/2m term enters the zero-
order solution of the electronic Schrodinger equation for a
nonrotating molecule in the absence of a magnetic field.

We now add the terms corresponding to the nuclear contri-
butions to T, in eq 25 which include the rotational magnetic
moment interacting with the external magnetic field and the
nuclear contribution to the magnetic susceptibility. We write
these terms for a nonvibrating molecule where all the velocity
components are due to angular motion, v, = w X r,, by using
methods developed above for the electrons. The new terms
include

e,
X= -(%ZZ(Yr(,Xera)-H+

e’ « >
8_02 H- — m(ra 1-ruru)'H (32)

where the sum over « is over all nuclei and r,, is from the mo-

lecular center of mass. Expanding the first term in eq 32
gives

= —H | 3 Za(ra?
) e? Z.2

—_ . L 2

v H Z vy (ro21

Substituting eq 23 gives an expression in J and L.

= roro)bw +

— rary) H (33)
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- e
3 = —H.;é—c-za:za(r

1=rare)n™ (W — L) +

2 2
8ec2H Za: Zvaa (ra®1 = rary)'H (34)
We will now combine the results in eq 34, 31, and 24 to give
the complete Hamiltonian. Dropping the p2/2m term in eq 31
and adding the remaining terms to eq 24 along with the result
in eq 34 give the Hamiltonian which describes the rotational
motion of the molecule in the presence of rotational-elec-
tronic and magnetic field—electronic interactions.

' = %dlygT I —Jd Iy L+ Bl T L F
e

—~ M. . , 24 — pr NV H —
e WL+ 5o H Z(rl 1= rr)H
Zz (ra1 = rafa) a-ln-‘-(J—L)+
M — rafo)+H (35)

We now rearrange eq 35 in a form more convenient for cal-
culating the energy by perturbation theory.

X' = 1/2.1-| - Lo+ 1/21.-1,,-‘-L+
8c2 [Z (ri21 —rir)) + mz ~ rafe)'H —
2  ZaH: (10?1 = ar) 1~
2c
W =1y -27779—0 - ——-|,,-1 Zz (ra1 = are) M
(36)

The (e/2mc)H contribution to ' is the well-known Larmour
frequency.

IV. Electronic Average, Molecular g Values, and
Magnetic Susceptibilities

We now examine the contributions to the energy arising
from the Hamiltonian in eq 36. First we average over the
electronic states and then we average over the rotational
states.

The zero-order solution for the electronic Schrodinger
equation in the absence of 3¢’ in eq 36 yields a basis set of
electronic states given by

YO, ¥ Y2 YR (37)

where Y is the ground electronic state, and * are all the ex-
cited electronic states. We are assuming that the ground
electronic state, Y°, does not possess any electronic angular
momentum, However, the excited states, Y%, may possess
electronic angular momentum.

We now use standard perturbation theory to obtain the ef-
fect of the Hamiltonian in eq 36 on the zero-order electronic
and rotational states. First we correct for the electronic ef-
fects by using eq 37 as the zero-order electronic wave func-
tions. According to perturbation theory the corrections are
easily obtained.

First order

2
E' = iy~ "d + BH-[(0) 4ce2M Z,:(rt21 —rr)|0) +

el 72
—— Lo 24 —
402 24 e

SN+ R D OfLmye 1, T

m>0

ruru)]'H - H'[ 'é% Zza(r021 -
fafo)* In m|L]oy (38)

The last term in this expression does not depend on the rota-

+2A
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tional state and cannot be measured by rotational spectros-
copy. Thus, we will drop this term. The remaining terms in eq
38 all yield first-order rotational state dependence.

Second order

OlL-w' |k} kIL-w'|0)
E\24 = Z

=y AT+
k>0 Eo — Ex o "

H-15 2c2A1H+4—H a2 Zalra®1 = rara):

A Zal(ra®1 = rara) In ™" H = m—c-H-A-In“-J -
H- !-ZZ (fa®1 = Fafe) In ™Al ™"} +

da- A3 Z
2c2m Za: o

<0¢L|k (kIL10)
=) —_— (39)
_ Ek

k>0

r?1 = rors)H

All terms in eq 39 will give rise to first-ordér corrections to
the rotational state. There will be additional nonzero second-
order corrections to the energy in %L*1,”'-L, but these
terms are rotationally invariant and are not considered fur-
ther. There will also be second-order corrections involving the
cross terms between L+1,”'<L and —L*w' but these
terms will give rise to only second-order corrections in J for
linear and asymmetric top molecules. In the case of symmet-
ric tops these cross terms will lead to first-order corrections
in J. However, it is possible to show that in the case of a sym-
metric top with Cjz, symmetry the second-order matrix ele-
ments in the %L*1,”'*L and —L * o’ cross term are identi-
cally zero.* We therefore ignore these terms. There will, how-
ever, be nonzero third-order corrections involving products of
L 1," 1+ L with (L )2 which will give rise to first-order
corrections to the rotational energy, J. These corrections are
given by eq 40.

Third order
E434 =
(OlL-@ k) kIL-w'10) D (OILIm)- 1y~ "(mILI0)
—Z m>0 +
k>0 (EO - Ek)2 ‘
OlL-w' kXKL ITmYXmILD 1y~ UL 0)

3 (40)

k>0 (Eo — Eg)(Eq — Em)
m>0
>0

Before examining these third-order corrections we will com-
bine the first terms of eq 38 and 38 to give the zero-field or
“pure’’ rotational contributions. We designate these terms as
the rigid-rotor Hamiltonian, 3C,,.

Hrr = Vodeln =+ ey “-A-ln“-J =
Vod [In= " (1 4+ 281, M]d = adilegr™ "4
lert ™' = 17" (1 +2A00,7 Y (41)

The lett™' = 1,71+ (I + 2A 1,7 ") is the measured inverse
moment of inertia at zero magnetic field. As Iy~ is mea-
sured at zero field, it is very convenient to express the other
terms in the energy which depend on the inverse moments of
inertia in terms of Iy~ 7. Of course it is evident that | >>
«1,~" for all matrix elements; we will show later that
|A| - 1,~1is on the order of the electron—proton mass ratio.

Now, before evaluating the third-order corrections in eq 40,
we sum the terms in eq 38 and 39 to give the rotational Ham-
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itonian up to second order in the electronic correction (eq
42). We use lot~ ! whenever possible.

e
J - H[ —2—C-Zza(ra 1 -
tala) lerr ™10 = H[== A1y~ ]-d — %H-x¢-H —
ala e mc n
H-xP-H + %hH-y-H

— fafg) A Zza(raz1 -

3 = hd lerr ™

62
Y = pezin T 2 Zalra®

fafa)-l -‘+——|,,“AZZ (ra®1 = tora) +
402 Z (ro21 .= tary)
x¢ = - 4:22m<0|2’:(rt21 = riri|0)
OlLIkXKILIO)
Xp:'gTe:'c_zA=' _e c2kz>:o< |L|-><ELL|
x =x%+xP (42)

x4, xP, and x are the diamagnetic, paramagnetic, and total
magnetic susceptibllities, respectively. « is also a susceptibili-
ty term which has the same rotational dependence as x° and
XP. Careful examination of v will show that the elements in v
are smaller than the elements in x9 and xP by the electron-
proton mass ratio.

We now return to the third-order terms and note that the
first term in eq 40 produces terms which appear as in eq 42
times a further reducing factor on the order of 2A - 1,7 ~
m/M, « (the ratio of electron to proton masses). Thus, we will
rewrite eq 42 by assuming that the third-order corrections will
convert |, in eq 42 to |~ ', giving

3 = Tod lerr™d = HY fEZZa(fa21 — rafg) lege ™' F

o Alerr™hd + HxH + RHY-H(43)
Further terms in the perturbation series including other third-
order terms and fourth-order terms will refine the values of
let~ ! and add increasingly smaller terms to~ . We drop the ~
terms and we assume that the perturbation theory converges
to the experimental value of I+~ obtained from the first term
in eq 43 at zero field.*5
We now define the molecular g values from eq 43 as

o= edlerr™'d — %H'Q'J' Y%2H-xH
9=dntge
gn T MDZ Za(rg®1 = fafa) lerr”
oM, (0]L|K) (k|L|0)
ge = —Pplert ™ 2 ————— (44)

k>0 Eo — Er

Uo = he/2Mpc is the nuclear magneton and m and M, are
the electron and proton masses; %Jd < len~ 1< J is the rigid
rotor term and lg~ ' is measured at zero field. g, and g. are
the nuclear and electronic contributions to the molecular g-
value tensor, g, defined similar to the results of Eshbach and
Strandberg® following earlier theoretical work by Condon,”
Wick,® and Ramsey® and early experimental work on Hy by
Stern and coworkers.'® It is evident that the molecular mo-
ment, (uo/h)g*J is a sum of positive nuclear and negative
(Eo < Ey) electronic terms. The individual diagonal elements
in the g-value tensor are given by
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‘2_ 2
x lnzc,:Z S

2M,, [<0] Lx|k)|2

45
mixx EQ - Ek ( )

k>0
and cyclic permutations for g,, and g.,.

We can also give a phenomenological description of a mo-
lecular magnetic moment which is suggested by the above
equations.'! In the absence of rotation (J = 0) there is no ro-
tational magnetic moment. In a rotating molecule the nuclear
current contribution leads to a magnetic moment given by the
first term in eq 45. The electrons in the molecule which are
localized to a single atom will rotate in a direction opposite to
the nuclear motion like the seats on a ferris wheel which
maintain their orientation with respect to the laboratory
framework as the wheel (overall nuclear framework) rotates.
This electronic counter rotation cancels the nuclear contribu-
tion to the moment. However, if the electrons on one atom
are coupled to another atom in a molecular bond, the elec-
trons will rotate with the molecular framework destroying the
cancellation effect described above for uncoupled electrons.
The result is a nonzero total magnetic moment.

The individual elements in the magnetic susceptibility ten-
sor are given from eq 42 by 12

Xxx = Xxxd + xxxP
e?
Xxx = — 4c2m (0| Z(Yt2 + Zi2)|0> -

v Lol

2¢2m 5o Eo — Ek

(46)

and cyclic permutations for x,, and X.. Xxxd and x P are
the diamagnetic and paramagnetic components of the sus-
ceptibility, respectively. x .9 is always negative and depends
only on the ground-state distribution of electrons. x P is gen-
erally positive as E, > E, and depends on a sum over all ex-
cited electronic states.

Equation 46 shows that the magnetic field induced elec-
tronic moment, H +x, is a sum of negative and positive
terms. The negative terms arise through the diamagnetic re-
sponse of the molecule’s electrons which gives a moment
which opposes the field. The second and positive contribution
to the electronic magnetic moment arises through a para-
magnetic response of the molecule’s electrons; the paramag-
netic moment complements the applied magnetic field.

It is clear that the second terms in g,, (eq 45) and x . (eq
46) have the same dependence on the sum over all excited
molecular electronic states. Therefore, if the total g,, can be
measured and if the nuclear component of g,, can be com-
puted from the known molecular structure, the numerical
value for the paramagnetic dependence in the susceptibility
can be obtained. Substituting the = o <0| L] k>|2/(E, — E)
dependence in gy, into X xx gives '

Xxx = Xxxd + xxxP
e? Gxxlxx
<O§ viZ + z;9)|0) - —_— =
| 4l 4c2m Mp
z Za(yaz + Zaz)}.(47)'

4c2m

and cyclic permutations for x,, and x ;..

Now, if the elements in the total magnetic susceptibility
tensor can also be measured, the numerical value of x
can be extracted. x,,® depends only on the ground electronic
state electron distribution and gives some notion of the outer
electronic shape of the molecule.
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cm R cm

r=r-R

~ o~ ~

Figure 1. The vectors r, and r’ from two different origins in a mole-
cule which are directed toward an electron or nuclear charge as
needed in the molecular g values.

A. Electric Dipole Moments

It is evident that molecular g values, as in eq 45, are de-
pendent on the moments of inertia and the location of the
molecular center of mass. We will now show that the magni-
tude and sign of the molecular electric dipole moment can be
determined by measuring the molecular g value for two differ-
ent isotopic species of the same molecule. '

Let eq 45 represent the molecular g value for one isotopic
species of a linear molecule. Let g,,’ stand for the g value in
the same molecule for a different isotopic species with a dif-
ferent CM. The perpendicular g values are

M,y e L Ll
* T e ZQ:Z“Z“ Ixx § Eo — Ex
(O|Lx'|K)|2
’-MDZZ 2.) 2Mp, | |x| |
Ixx' G mlxx' 5o Eo — Ek

z is the internuclear axis. z,, /x, and L, will be different in
the two different isotopic species. However, (g.'hx'/Mp) can
be related to (gx/xx/Mp) by a linear transformation of coordi-
nates. The vectors from the two centers are shown in Figure
1. The transformations from the unprimed origin to the primed
origin for a shift in origin along the z axis of magnitude Z are
given by

r r—R
x''=x
y' =y
2'=z-2
Px' = px
py' = py
pz' =pz = pz (49)
and
L' =(r' Xpx=y'pz' = 2'py' = y(pz = pz) =

(2 =2)py = ypz — 20y — yPz + Zpy = Lx — ypz + Zpy (50)

Making the appropriate substitutions into g’ in eq 48 gives
eq 51. pz and Z are independent of electrons and, therefore,

Gxx'lxx” — 1
T = ) 70 (202 22,2 + 23 + 5 X

MD

OlLx = ypz + Zpy|kXk|Lx = ypz + ZPy|0) +
3 (0lLx — ypz + Zpy|kXk|Lx = ypz + Zpyl0)
k>0 EQ - Ek

(67)
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do not operate on the electronic functions. p, does, however,
operate on the electronic functions. Using

(O|pylk) = ‘;L‘(Eo — Ex) (O]y| k)
(k|py|0) =7 (Ex = Eo) (k|y|0) (62)
where p, = —ih (d/dy) and y are electronic operators, in eq

51 gives eq 53. Cancelling the (E; — E,) factors, we can now
gxx "xx'

Mp ZZ

2Z[|(0|Lx|k>| ]+2/m(m)z[ o - En)] X

k>0

[(O|Zy|k)(k|Lx|O) - (O|Lx|kv)(k|Zy|O)] _
(Eo — Ek) ’

ol — 22,2+ 272 +

/m 1)2 o — Ex)] 'x

(O|Zpy|k)(k|Zy|O) ~ (0| Zy|Kk)k|Zpy|0)
(Eo — Ek) —]

close the summations over k in the last two terms to yield
ground-state terms. Thus, eq 53 reduces to

/
gIIfAJL + Z Za(

/I f
M—M =

%;z<o|znx — LxZy|0) = (0| ZpyZy = ZyZpy|0)} (54)

22,7 + 2%) +

The quantities averaged over the ground-state function can
be further reduced. The first two operators in the average
value give

d

Zyly — LxZy = —ih{Zy( y——— -2z a—;) -

(y 4 _ z-— )2y} = —ih(Zz) (55)

The second term gives

ZoyZy = ZyZpy = —ih{Z Ed— zy - ZyZag-> = —ih(Z?) (56)
y y

Substituting eq 55 and 56 into eq 54 shows that the Z2
terms cancel, giving

guﬁu- -‘lﬂ—ﬂ-- - 2zZz +22(0/2|0) =
’ " =221 Yz - (020 (67)

Multiplying this equation by e, the charge on an electron (or
proton), we recognize the expression for the molecular elec-
tric dipole moment along the z axis, D,.

(gxx'Ixx' — Gxxlxx)!( Ef'?p ) =

-Z{ez z, — €(0]z|0)} = —ZD, (58)
Z is the distance from the unprimed to the primed CM. Thus,
by measuring the moments /,, and /,,” and g values in two
different isotopic species, the sign of D, can be obtained.
Equation-58 is valid for linear molecules where the z axis
contains the nuclei. It is easy to generalize this equation to
nonlinear molecules.

) = -2D, - YD, (59)

(gxx,/xx, = Gxxlxx)(

_&
My,
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In summary we note that the sign and magnitude of the
electric dipole moment can be obtained by measuring the
molecular g values in two different isotopic species.

B. Molecular Quadrupole Moments and Second
Moments of the Electronic Charge Distribution

It is evident that the diagonal elements of the molecular
quadrupole moment tensor Q are related to the diagonal ele-
ments of the magnetic susceptibility tensor in eq 46. The (2x2
— y2 — 22y = (3r2 — x?) operators appear in Q,, and the (y?
+ z?) operators appear in X .. Thus, the value of Q,, is eas-
ily written in terms of the magnetic susceptibility anisotropy
(Xzz T Xyy — 2Xxx), g values, and moments of inertia. The
appropriate relation is'5

e e
Qzz = 5; 20(3202 - raz) -5 <O|Z,(3Zi2 - fi2)|0> =

2mc? e
LA + , -2 + — Ixx +
o (xxx + xyy Xzz) 2Mp(gxx xx

Gyylyy ~ 29zz21zz) (60)

and cyclic permutations for Q,, and Qz,. The values of X xx
Xyy» and Xz are in units of cm® per molecule. If molar X xx
values are used in eq 60, they must be divided by N, Avoga-
dro's number. It is easy to check eq 60 by substituting X xx,
Xyy» and x ., from eq 47. The molecular quadrupole moments
of several molecules have been determined by measuring the
diagonal elements in the g and | tensors and the magnetic
susceptibility anisotropies (X« + Xy, — 2Xz:), and the results
will be discussed in section V. Equation 60 simplifies for a lin-
ear molecule to 18

Qzz =€) Zazo? = 00| (22 = x2)|0) = Mi Gxxlxx +
a 7 p

4mc?
e

(xxx — xzz) (61)

A similar equation is evident for symmetric tops.'”

2
Qzz = = (gzzlzz = Gxxlxx) + 4me (xxx — Xz2) (62)

My e
z is the symmetry axis for both eq 61 and 62.

We now recall that only the value of the first nonzero elec-
tric multipole moment is independent of the origin. All higher
order moments depend on the origin. Consider a molecular
quadrupole moment along the internuclear z axis in a linear
molecule at two different origins along the z axis separated
by Z. According to eq 61

Q2 = e Zalza)? — e0] 2_ (212 = ()2 ]]0)  (63)

Now, according to our previous discussion, 2z’ = z — Z
and x’ = x for the linear molecule giving

Q2 =Y Zi(za = 2)2 = €(0] 3 [(z: = 2)2 = x2]|0) =

Qzz — 2ZD; + 22M0 (64)

D, is the electric dipole moment and M, is the molecular mo-
nopole moment. If My = 0 (neutral molecule) and D, = 0, Q.,
= Q... If the molecule is neutral and if the molecule has a
nonzero electric dipole moment

Q' = Qzz = —22D; (65)

Substituting the functions for Q,,” and Q,, from eq 61 in
terms of Gulux and Xxx — Xz leads to eq 59 when we note
that the magnetic susceptibility anisotropy (xxx — Xzz) is in-
dependent of the origin of the measurement. These equations
are easily generalized to nonlinear molecules.

The anisotropies in second moment of the electronic
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charge distributions are also available from the above infor-
mation.

(y3) = (x2) =(0] D_ y2|0) = (0] D_ x:2|0) =
1
Zza()’az - Xa?) + —A;f_ [gyy/yy — Gxxlxx] +
2} P

2
4’;720 [xyy = xzx]  (66)

Finally, if the bulk magnetic susceptibility is known, the indi-
vidual tensor elements in x® and x can be determined. The
bulk or average magnetic susceptibility is given by

X = alxxx + xyy T xz2) (67)

The individual second moments of the electronic charge dis-
tributions can also be determined by

2mg?

o mc? 4 a a ,
(x2) = v [xyy? + x22% — xxx8] = — > [yt
e e

Xzz — Xxx) — (xyyP + xzz° — xxxP)] (68)

A summary of the interconnections between the magnetic
parameters is shown in Figure 2.5 The top line of parameters
are measured directly by the molecular Zeeman effect as
outlined in the next section.

V. Rotational Molecular Zeeman Effect

The molecular Zeeman effect as described here is the ob-
servation of the effects of high magnetic fields on the rota-
tional energy levels of a freely rotating diamagnetic molecule.
If the magnetic field perturbations on the rigid rotor energy
levels are small relative to the zero-field rotational energies, a
power series in the field can be employed to describe the
total energy. Expanding about zero field gives eq 69. E; is the

=F - JE 92E
E=E 2= 4 _O°E H,
0 E((,Ht),,,___.oHﬁ /glzz:x((,}HiaHj)H,___oHlH,+
v Ty H,=0

z z

J3E
:
b ,Zk; ( é'Hzi)Hjéin)o,o,o

Y
2z

HiHjHe + ... (69)

zero-field rotational energy, and the sums are over the three
Cartesian axes in the laboratory fixed axis system (x, y, z). H;
is the component of the external field H which is projected
along the fth laboratory axis. The derivatives of the energy
with respect to the field are all evaluated at zero field. We
now define the derivatives in terms of the magnetic parame-
ters described in the last section (see eq 44).

Rotational magnetic dipole moment

Ko 9E_

J) = ;= — (& 7
PAg), = (Wi = = (5 (70),
Molecular magnetic susceptibility
= _9E
X” - dH;()H_,) 0,0 (71)

The cubic and quartic magnetic susceptibilities are defined
in terms of the third and fourth derivatives of the energy with
respect to the field by Flygare and Benson.5 It appears evi-
dent that eq 69 converges rapidly at least in fields up to about
25,000-G. In the case of higher fields, which are available in
superconducting solenoid systems, these cubic and quartic
terms should be included. Flygare and Benson® have given
more details on the nature of these higher order terms and
the corresponding order of magnitude values. In this paper we
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Figure 2. Summary of data available from the measurement of the magnetic field (H) giving rise to the frequency shifts (Av) in the molecular
Zeeman effect. The information between the dotted lines must be added to the non-Zeeman information outside of the dotted lines when indi-

cated.

will make the assumption that eq 69 converges rapidly and
we include only terms through the square of the field. Trun-
cating and substituting eq 70 and 71 into eq 69 gives

3 =3, —usH— 2HxH - (72)

where I, is the rigid-rotor Hamiltonian and u, is now the
vector rotational magnetic moment as defined in eq 70 and
44; —Y,H - x is the field induced magnetic moment. We also
recall that all vectors in eq 72 are defined in the space-fixed
(laboratory) axis system. In analyzing the errors inherent in
truncating eq 72 at the H? term, we return again to Flygare
and Benson® and quote their result: “‘In summary, at fields
below about 25,000 gauss it is safe to truncate at the x
terms and the resultant g values are accurate to about 0.1
percent and the x anisotropies to better than 1 percent.” For
more details and a documentation of earlier work the reader
is referred to the earlier paper.5
We return to eq 44 to rewrite eq 72 giving

Ko
h

We can now write g and x in the principal inertial axis system
{molecular fixed) with the direction cosine transformation, &,
leading to

=3, — H.gJ — %H:x'H (73)

3¢ =% — B2 [Bg]d — H:[bx2]H  (74)
We now use the a, b, and ¢ axes to denote the principal iner-
tial axis system. ‘

Huttner and Flygare'® have discussed in detail the rotation-
al average of this Hamiltonian in both the nuclear coupled and
uncoupled cases. We will discuss the effects of nuclear cou-
pling in section VII. In the absence of nuclear spin the rota-
tional energy for a molecule is computed by first obtaining the
eigenfunctions of 3C, = Yad *ley™ '+ J from eq 44 at zero
field. These rigid-rotor and J? eigenfunctions are then used to
evaluate the first-order corrections to the rotational energy
due to the g and x terms in eq 74. The rotational energy for a
general molecule in a static unidirectional magnetic field, H, in
the uncoupled basis first-order in J is given in the absence of

nuclear spin as'® shown in'eq 75. x = %(Xaa + Xo» + Xcc)
is the average magnetic susceptibility, £°(J, 7, M) is the zero-
uoMH
E(J.7.M) = ESJ, 7, M) — m)za:gaa<JrllJa2||Jr> -
H2 [ 3M2 = J(J + 1) %
JU+ 1) (@ 1)) + 3)
Z (Xaa — X)<JT| IJazl lJT>

34

. 1/2H2X -
(75)

field rotational energy, M is the projection of J on the space-
fixed field axis, and {(J1||J,3|J7) is the reduced matrix ele-
ment of J, 2 in the general asymmetric top basis indicated by
quantum number 7. The (J1||Jo3|J7) matrix elements are
easily computed from the experimental principal moments of
inertia by transforming the symmetric top (JK]|J.3|J'K")
matrix to the asymmetric top basis.'® The sums over « are
over the three principal inertial axes a, b, and ¢. Thus, we
note that in general the three independent diagonal elements
in the molecular g-value tensor (gss, Gos, and gec) can be
measured.

However, the sign of M cannot be determined experimen-
tally with the normal plane-polarized electromagnetic field, so
only the relative signs of the three g values are determined.
The sign of the M transition and resulting g value signs can
be obtained by using circularly polarized microwave radiation.
x cannot be measured because the —'zH*x term is inde-
pendent of J and M. Only two independent magnetic suscep-
tibility anisotropies can be determined because

Z(Xaa -x)=0

@

We take these two independent anisotropies to be

xaa = X = 3(2Xxaa — Xbb ~ Xcc)

xbb — X = (2xbb = Xaa T Xee)

Xec — X is the negative value of the sum of x,, — x and
Xsp — X- Thus in general, the Zeeman perturbation provides
five parameters. In a symmetric top there are only two inde-


9aa.9bb.9cc

Magnetic | nteractions in Molecules

pendent g values and a single independent anisotropy. In a
linear molecule there is a single independent g value and a
single anisotropy.

Equation 75 reduces to a simpler form for symmetric top
and linear molecules where for a prolate top with the symme-
try axis along a, we write

(Je2) = R+ 1) — K2] = (Up?)

(Ja?) = K? (76)

Substituting into eq 75 gives (a is the rotational symmetry
axis)

E(JKM) = EO(JKM) — ucMH[gss +

_ K2 . B2 3M2-J!J+1!
(Gaa gbb)J(J+1)] hH?x 3 [(QJ-1)(2J+3)]X

.3K?

VSN (xo6 = Xaa){ (77)

;(Xbb — Xaa) —
In the case of a linear molecule, K = 0, giving (a is the inter-
nuclear axis)

E(M) = EO(IM) — HuoMges —

H2[3M2 = J(J + 1)

- xaa) = hH?x (78
3 120 - 1)(2J + 3) xaa) = VHx (78)

1 (xo0

Equations 75, 77, and 78 have been used extensively for
the determination of the g values and magnetic susceptibility
anisotropies in rotating molecules in the absence of nuclear
spin.5 Molecular beam techniques have been employed to ex-
tract gop and xsp — Xaa values from several linear mole-
cules. ' It is difficult to extend the molecular beam method to
more complex molecules, however, and most of the recent
work has been generated by using high-resolution microwave
spectroscopy with high magnetic fields.5

Figure 3 shows a schematic of the J = 1 — 2 energy lev-
els and transitions in a linear molecule in a magnetic field ac-
cording to eq 78. Both AM = +1 and AM = 0 transitions are
shown. The J = 1 — 2, AM = 0 transition is independent of
the linear Zeeman effect, and a study of this transition will il-
lustrate the accuracy of the measurement of the magnetic
susceptibility anisotropy x ; — x||. Figure 4 shows the experi-
mental trace of the J = 1 — 2, AM = 0 transition in 0CS.2¢
The frequency markers in this transition are every 10 kHz.
This figure gives a good impression of the accuracy (on the
order of 1%) in measuring the magnetic susceptibility anisot-
ropy by microwave spectroscopy with fields up to 30 kG. Mo-
lecular g values can normally be measured more accurately.
However, this depends also on the type of molecule. The mo-
lecular g values parallel to the methyl group in symmetric top
molecules such as CHzC==CH and CHzX (where X is an
atom) are difficult to measure because K = 0 transitions
must be observed.'” These transitions have broad line widths
due to the first-order Stark effects in the K = 0 levels of a
symmetric top. In addition the translational Stark effect which
is caused by the velocity induced electric field of a molecule
moving with velocity v in a magnetic field (E ~ vH/c) also
causes broadening in transitions which have first-order Stark
effects.5

Figure 5 illustrates three cases of relative H-dependent and
H?-dependent spectra in asymmetric top molecules. In light-
or medium-sized molecules the linear Zeeman effect domi-
nates the spectra leading to symmetric looking spectra and
very accurate measurements of the molecular g values. In
heavy molecules the field-induced magnetic moments, ,H -
X, are larger than the rotationally induced moments, leading
to more accurate measurements of 2xa3 — Xpp — Xcc and
2Xbb — Xaa — Xcc than the molecular g values. The pro-
gression as described above is shown in Figure 5 starting with
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Figure 3. Schematic of the J = 1 and J = 2 rotational energy levels
of a linear molecule in the presence of a magnetic field. The J = 1
— 2, AM = 0 and AM = =1 transitions are shown with the corre-
sponding splittings leading to the measurement of gy, and xpp —
Xaa- Figure 4 shows an .experimental trace ofthe J = 1 =2, AM =
0 transition in OCS.

Hg > HPx in sulfur dioxide to Hg =~ H?x in ethylene sulfide to
Hg < H?x in fluorobenzene. The same transition is shown in
all cases where the increasing asymmetry is evident. An ex-
treme case in the Hg < H?x region is found in tropone where
the magnetic susceptibility anisotropies were obtained from
the Zeeman splittings, in spite of the fact that the g values
could not be determined.?’

Tables | through VI list some typical molecular g values,
magnetic susceptibility anisotropies, and molecular quadru-
pole moments for linear, symmetric top, planar nonring asym-
metric top, three-membered ring, four-membered ring, and
other planar ring molecules. The numbers presented in these
tables were obtained by least-squares fitting the observed
splittings on 40-100 transitions for each molecule to the en-
ergy expressions in eq 75, 77, or 78. The uncertainties are
standard deviations. The uncertainties in the molecular qua-
drupole moments calculated with eq 60, 61, or 62 depend in
most cases on the uncertainties in the magnetic susceptibility
anisotropies as the g values are normally the more accurate
Zeeman parameter. It is evident from Tables | and Il that the
determination of the sign of the electric dipole moment is a
marginal experiment as the standard deviations are normally
as large as the measured moments. Nevertheless most of the
dipoles are in agreement with the more accurately deter-
mined magnitudes as obtained by the Stark effect, and in
most cases the signs are the expected values.

We refer again to Figure 2 which shows the relation be-
tween the measurements, which are the field-dependent fre-
quency shifts and the corresponding magnetic fields, and the
remaining magnetic parameters. Gaa, Gobs GJoor 2Xaa — Xbob —
Xces and 2Xpp — Xaa — Xecc are measured directly and all
other parameters are determined from these numbers, the
moments of inertia, the molecular structure, and the value of
the bulk magnetic susceptibility. The sources of error in these
measurements are in frequencies and fields. Of course for
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16=26,325944 MHz
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Figure 4. The J = 1= 2, AM = 0 transition in OCS at H = 29,245 G. The frequency markers are every 10 kHz. The splitting is 303 X 103 Hz
which according to Figure 3 leads t0 xp» — Xaa = (1.54 £ 0.02) X 1072° erg/G?. The spectrum is from ref 20.
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Figure 5. A series of spectra showing different relative contributions to the linear and quadratic Zeeman effect in the same J = 111 — 2q2
transitions in different molecules. The top spectra for SO, shows a nearly symmetric linear field Zeeman effect, Hg > H?x [J. M. Pochan, R.
G. Stone, and W. H. Flygare, J. Chem. Phys., 51, 4278 (1969)]. The lower left shows an intermediate, Hg = H?x, spectra for the same 114
— 29, transition in ethylene sulfide [D. H. Sutter and W. H. Flygare, Mol. Phys., 16, 153 (1969)]. The lower right diagram shows the 111 = 2q2

transition in flucrobenzene where Hg < H?x [W. Hittner and W. H. Flygare, J. Chem. Phys., 50, 2863 (1969)].

very large Zeeman splittings, the accuracy of the magnetic
field becomes critical. The complete molecular Zeeman re-
sults are listed, for example, in Table VIl for pyridine, ethylene
oxide, and formic acid. The corresponding complete sets of
values for the other molecules listed in Tables |-V| can be
found in the original references.

We will describe some of the interpretations of molecular
Zeeman parameters in section VIII.

VI. Nuclear Magnetic Shielding and Nuclear Spin-
Rotation Interactions

In section Il we examined the rotational-electronic interac-
tions which lead to the rotational Hamiltonian in eq 24. We
also examined the external field—electronic interactions in
section lll with the resultant perturbation Hamiltonian in eq 31.
Adding the nuclear rotation term in eq 34 gave the complete
Hamiltonian in eq 35 and 36. Equation 35 is valid in the ab-

sence of nuclear—electronic interactions. In this section we
will add in the effects of the nuclear—electronic interactions
which give rise to the spin-rotation interaction and nuclear
magnetic shielding.

The spin-rotation interaction arises, in the absence of any
external fields, from the interaction of a nuclear magnetic
moment with the intramolecular magnetic field at the nucleus
due to the intrinsic electronic and: rotational motion of the
molecule. The internal field at the kth nucleus is given by a
sum of electronic, Hy¥, and nuclear, H.*, terms

Hk:Hek+an=_%Zm,:Tvu+
i L

Tho X Vig
e '
c Za Za rka® (

where all vectors originate at the kth nucleus which is indicat-
ed by ry and ry,. The sum over i is over all electrons in the
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TABLE |. Molecular g Values, Electric Dipole Moments (and Signs), Magnetic Susceptibility Anisotropies, and Molecular
Quadrupole Moments of a Number of Linear Molecules as Measured by Microwave Spectroscopy

g1 u® xL— xi® Qe Ref
—1QuCRS + —0.028711 = 0.00004 +0.75£0.30 9.27 = 0.10 —0.88 = 0.15 d
15N1sN16Q —0.07606 &= 0.0001 10.15 + 0.15 —3.65+ 0.25 d
-18Q12C808e + - —0.01952 =+ 0.0002 +0.9£1.9 10.06 = 0.18 —0.324+£0.24 d
—nCRg+ —0.2702 £ 0.0004 +2.7+£1.0 28.2 1.2 0.8+1.4 e
12(80Se —0.2431 & 0.0016 27.8+1.4 —2.6+£1.6 e
HCN —0.0904 & 0.0003 7.24+0.4 3.1£0.6 f
FC1#N —0.0504 = 0.0008 7.2+0.8 —-3.7=1.0 g
+85CICIN —0.0384 =+ 0.0003 —2.4+£3.6 10.8 4+ 0.8 —-3.9+1.0 h
BrCiN —0.0325 & 0.0010 11.8 £+ 1.0 —6.0+1.1 h
FCCH —0.0077 & 0.0002 5.2 0.2 4.0+ 0.2 d
—33CICCH+ —0.00630 = 0.00014 —0.3+£0.2 9.3+ 0.5 8.8=10.4 i
BrCCH —0.00395 + 0.00032 9.5+ 0.9 8.5+1.1 f
HCP —0.0430 =+ 0.0010 8.4+0.9 44=1.2 f
THuBRS - —0.0414 £ 0.0002 —2.74+ 0.6 7.2= 0.5 2.7=0.6 J

e Units of 10~ esu cm. These dipole moments and signs were obtained from Zeeman measurements according to eq 58. Of course, the mag-
nitudes of these dipole moments can be determined very accurately by Stark or dielectric constant measurements. ? Units in 10~ erg/(G2 mol).
¢ Units in 10-26 esu cm2. 4 See ref 5 for original literature references. ¢ J. McGurk, H. L. Tigelaar, S. L. Rock, C. L. Norris, and W. H. Fiygare, J.
Chem. Phys., 58, 1420 (1973). / S. L. Hartford, W. C. Allen, C. L. Norris, E. F. Pearson, and W. H. Flygare, Chem. Phys. Lett., 18, 153 (1973). ¢ S. L. Rock,
J. C. McGurk, and W. H. Flygare, ibid., 19, 153 (1973). » J. J. Ewing, H. L. Tigelaar, and W. H. Flygare, J. Chem. Phys. 56, 1957 (1972). ¢ W. C. Allen
and W. H. Flygare, Chem. Phys. lLett., 15, 461 (1972). / E. F. Pearson, C. L. Norris, and W. H. Flygare, J. Chem, Phys., 60, 1761 (1974).

TABLE . Molecularg Values, Electric Dipole Moments (and Signs), Magnetic Susceptibility Anisotropies, and Molecular
Quadrupole Moments of a Number of Symmetric Tops

9L pe gy xi—x1® Qne Ret
*CH3;CCH~ +0.0035 = 0.0002 —0.7%£0.2 +0.312 & 0.0002 7.7%£0.2 4.8+-10.3 e
CH;CCCCH 0 =+ 0.0005 (0.310)% 13.1£ 0.2 9.9+ 0.8 e
CH;3NC —0.0317 £ 0.003 (0.310)¢ 13.5=1.7 —2.7x£1.6 e
FCH;CHBN- —0.0338 &= 0.0008 +3.5+1.5 (0.310)y 10,2+ 1.0 —-1.8+£1.2 e
CH;F —0.062 &= 0.002 +0.265 = 0.008 8.5+ 0.6 —0.4+1.0 f
*CH;%Cl~ —0.0165 == 0.0003 +2.3= 2.0 (0.305)¢ 8.0=10.5 1.24+£0.8 e
CH;™Br —0.0057 & 0.0003 +0.294 == 0.016 8.5=10.4 3.6 0.8 e
CH;2¥) —0.0068 % 0.0004 +0.310 = 0.01¢ 11.04+ 0.5 5.4+0.9 e
“SiH;CH; —0.03583 & 0.0001 0.96 & 0.40 +0.0182 = 0.0069 2.4+£0.2 —6.3=10.5 g

2 Units of 10~ esu cm. ® Units of 10 ¢ erg/(G2 mol). ¢ Units of 10~ esu cm?. ¢ Assumed. ¢ See ref 5 for original literature references. / C. L. Nor-
ris, E. F. Pearson, and W. H. Flygare, J. Chem. Phys., 60, 1758 (1974). ¢ R. L. Shoemakerand W. H. Flygare, J. Amer. Chem. Soc.. 94, 684 (1972).

ith elactron Substituting into H,* in eq 80 gives

k—e raXVka_e y Za _
th == — (reg X @ X1, =
at_n nucleus k nucleus Z ko 3 c Za: rkas ( o ka)
e 1 Za
- Z -3 (rk0121 - rkarka)'w =
molecule C & riq
e 24 —
s Z (rka®1 = tkalka)ln =" (J — L) (81)
~ ~ a
Lk lka™ Ra

where w = I,,"1 «(J — L) from eq 23 has also been used.
Figure 6. The molecular coordinate system showing the vectors The electronic term can also be rewritten to reflect the in-
from the CM to the kth and ath nuclei and /th electron. fluences of the magnetic field. The electronic velocity vector
molecule, and the sum over « is over all nuclei (excluding k) ~ ©f an electron in the presence of a magnetic field is given in
with atomic number Z,. A coordinate system showing these eq 2_5' Substituting v, = p; + (e/¢)A in eq 25 into Ho* in eq
vectors in a molecule is given in Figure 6. In the presence of 80 gives

an external field H we write the total field at the kth nucleus

. e
as Hek = =53 ki X (ppy + 52 H X 1) (82)
rei X j
H* =H + H® + H,®" = H - %Zm—_:k‘ + where py is the ith electron’s linear momentum in the ab-
! sence of the field, and we have also used A = %H X r from
e ', lka X Via eq 29. Expanding and using A X B X C =B(A*C)— A(B*C)
D Zo kel ke (go) &
c Fhad gives
The pure nuclear term in eq 80 can be rewritten by remem- H.k = — & Le _e? Z (rei®1 = reirei) ‘H
bering that v,, and ry, depend only on the nuclear coordi- € me & i 2mc? - reid (83)

nates in a nonvibrating molecule, giving
where Ly = ry; X py. Combining eq 83 and 81 into eq 80
Ve = @ X rkq gives the field at the nucleus.
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TABLE IIl. Molecular g Values, Magnetic Susceptibility Anisotropies, and Molecular Quadrupole

Moments in Some Nonring Planar Asymmetric Topse

W. M. Flygare

1 4 Gzz Qzz

L Gyy 2Xyy = Xy — Xz Quy

X g2z —Xzz + Zny = Xzz Q..
c —0.0621 = 0.0013 +16.7£1.2 +1.7x 2.2
(l:v c —0.0339 = 0.0016 +19.2=1.0 +3.3+£2.3
Z N +0.0080 = 0.0016 —5.0+ 3.2
—0.5512 == 0.0019 +24.1£0.9 —265+1.1
C/\C/O —0.0567 == 0.0010 +17.1=1.5 +3.3+£ 1.7
—0.0080 == 0.0010 —0.8£ 2.2
—0.0789 == 0.0006 —0.7£0.3 +0.6+0.3
c/\c —0.0424 = 0.0004 +13.4+0.5 +2,9+ 0.5
+0.0107 & 0.0005 —3.5£0.7
P —0.553 & 0,002 +4.4+0.8 +3.1+1.3
#° No —0.040 == 0.002 +9.0+=1.6 +1.1+2.2
c —0.015 = 0.001 —4.2£2.4
o —0.0214 == 0.0006 —10.4= 0.7 +3.3£0.6
N —0.0093 = 0.0004 +1.2+0.6 —2.0+ 0.5
—0.0210 = 0.0006 —1.3% 1.0
—0.0193 == 0.0007 —4.2+105 +3.2+ 0.5
C/S\C 0.0000 == 0.0003 —2.8+10.5 —1.5+0.5
—0.0083 = 0.0003 —1.7+0.8
—0.3609 = 0.0021 +8.1£2.5 —1.2+15
C/C\o —0.0731 = 0.0003 +9.6+ 1.4 +1.0+ 0.9
~0.0245 = 0.0006 +0.2+1.8
H —2.9017 == 0.0008 +25.5=0.5 —0.1+0.3
Sc=0- —0.2243 & 0.0001 —3.9£0.3 +0.2+ 0.2
H —0.0994 = 0.0001 —0.1+ 0.5
Ho —5.6202 = 0.0068 +52.3+£1.1 +3.0=0.7
/c=s" —0.1337 & 0.0004 —5.1%0.7 —2.4+0.5
H —0.0239 = 0.0004 —0.6=1.1
O —0.0903 = 0.0006 +9.4+ 0.3, +5.2+0.6
H—cZ _H —0.2797 = 0.0060 +3.4+0.5 —5.3= 0.6
o —0.0270 == 0.0006 +0.1+ 0.6
h—c?® 4 —0.0649 = 0.0004 8.0 0.5 3.4 0.4
N —0.2843 = 0.0011 +2.240.7 —0.3% 0.5

) —0.0117 = 0.0004 —3.1+£0.8

\C/O —0.0726  0.0010 +18.8 4 2.0 +3.8+1.9
e o7 —0.1239 = 0.0013 +7.1%=2.5 —5.6£2.0
e —0.0178 & 0.0010 +1.8+ 3.3
o —0.0391 == 0.0009 +3.1£0.9 0.4+ 0.9
H—cZ ok, —0.1267 == 0.0010 +11.0£ 0.9 —1.6=+ 0.8
° —0.0167 == 0.0016 1.2+1.3
" —0.4182  0.0009 —5.0=0.7 —0.7%0.3
>c=c=o —0.0356 = 0.0013 —0.2£0.6 +3.8+ 0.4
H —0.0238 = 0.0006 —3.1=0.4
HoF —0.0411 = 0.0004 +0.8 =+ 0.4 +1.9+£0.3
;c< —0.0725 = 0,0006 —3.940.5 —4.10.4
H F —0.0398 = 0.0004 +2.2+ 0.6
; —0.0568 = 0.0006 . —1.6£0.9 —3.7£0.7
o—cZ —0.0747 = 0.0004 —5.3+ 0.6 —0.2+£0.5
F —0.0328 = 0.0006 +3.9=1.1
o_F —0.4227 & 0.0007 +6.1+0.3 —4.5+0.2
(l: —0.0771 = 0.0002 +5.9 0.3 +2.6+ 0.2
i —0.0371 = 0.0002 +1.9+ 0.4
H _F —0.1533 = 0.0008 —0.8 =% 0.2 —0.2% 0.2
o=c_ —0.0526 = 0.0001 +9.6 =+ 0.2 +3.1£0.2
‘ H H —0.0037 = 0.0001 —2.9+0.3
W _F —0.0421 = 0.0005 —2.3% 0.6 +2.4+ 0.5
oc=c_ —0.0466 = 0.0004 +7.7£ 0.5 —0.9+£ 0.4
H F —0.0119 = 0.0004 —1.5+0.8
F F —0.1015 = 0.0009 +5.7=0.4 —1.7+0.4
_e=c{_ —0.0296 == 0.0003 —1.6+0.3 +3.0+0.3
H H —0.0158 = 0.0002 —1.3+£0.5
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H
(|: . —0.0503 = 0.0002
N —0.0321 = 0.0002
| —0.0170 = 0.0002
F
Ha ..-H +40.0185 == 0.0006
AONF —0.0124 = 0.0003
H S —0.0197 = 0.0004
—2.968 == 0,035
0/0\0 —0.228 = 0.007
—0.081 == 0.006
—0.6037 = 0.0005
PN —0.1161 = 0.0002
o0 0 —0.0882 == 0.0004
—0.213 & 0.005
N —0.058 == 0.002
FoF —0.068 == 0.002
H +0.642 == 0.001
| —0.119 == 0,001
O—F° —0.061 = 0.001
H +0.718 = 0.007
~
So- +0.657 = 0.001
H +0.645 = 0.006
Hee 0.355 == 0.008
s 0.195 == 0.008
H 0.209 = 0.008

—4.240.2 —3.56£0.3
+7.7£0.3 +2.7+£0.4
+0.84+ 0.5
—6.6+=0.4 —2.04+0.4
—0.7£0.5 +1.3+£0.4
+0.7 £ 0.7
+98.0+ 5.6 —17.1£ 5.2
—17.4+£ 4.4 +9.2+ 4.7
+7.9+£7.9
+6.4+£0.5 —5.3+£0.4
+3.1+£0.3 +1.34+0.3
+4.04+ 0.6
—8.8 £ 1.4 —1.6+1.4
—4.44 0.7 +2.1+£1.1
—0.5+1.9
—19.6 £ 0.6 0.2£0.4
+12.8£1.2 1.94 0.8
—2.1£1.1
—0.199 == 0.048 —0.13 £ 0.03
+0.464 & 0.024 +2.63 = 0.02
—2.50 £ 0.02

2 The dipole moment signs are also listed when appropriate. The units are the same as in Tables | and 1. References are from ref 5 unless
indicated. ®S. L. Rock and W. H. Flygare, J. Chem. Phys., 56, 4723 (1972). ¢ S. L. Rock, E. F. Pearson, E. Appleman, C. L. Norris, and W. H. Flygare,

J. Chem, Phys., 59, 3940 (1973).

e Ly e?

fk‘21 - Chilki
k= —_——_— - 41 Rilki,
H H- mcer? ™ 2mc? - (

rei®

‘ ]H+

i

Z
1P

3 (“?0121 ~ kalka) '|n_1' (J —L) (84)

kg
The energy of the interaction of the magnetic dipole moment
of the kth nucleus, u*, with the field at the kth nucleus, HX in
eq 84, is given by eq 85. v, = (uo/ h) g« is the gyromagnetic

X, = —uk.HE = "‘yk/k-Hk = - %) grle-H® =
il H A e SR €
Yelk mc Yklk : fkis 2mc2 Yelg:
r ,21 — rhilki Za
Z(_ﬂ_r_s.k.l_[ﬂ)-H - % 7'?/’?'2,7;;3_ (rea®1 = Cralry)-:
i ki «

e Z
In='d +7C il 2 7y (fka®t = fharka)n =L (85)

ratio of the kth nucleus, uo = he/2M,c = 0.50508 X 1023
erg/G is the nuclear magneton, gx is the nuclear g value, and
I, is the nuclear angular momentum of the kth nucleus. We
now combine the results in eq 36 and 85 to give the complete
Hamiltonian including the nuclear terms (eq 86). ' is defined

X=x"+3,=hh "J-La + BLIy"L +

2
ec‘jm H D (121 = 1ir)) H =50 ZaHe (1021 = targ)-
i a

L. 2
_ _ e z: ki e
In™"Jd = Yele:H + Hoyrle: ~ rp; + 2me? Yk

29 —
TRi®1 ~ reifki 1 24
[ALINSLLLLN YR 3 I-E—fk21—rr .
Z fki3 ) c Ykik ~ rkas( a ko ka)

In™"(J — L) (86)

TABLE IV. Molecular g Values, Magnetic Susceptibility
Anisotropies, and Molecular Quadrupole Moments for a
Series of Three-Membered Rings®

y gzz Qzz
L Gyy 2Xzz = Xyy = Xz Qyy
—>X gzz —Xzz + ZX“/ + xz: Q..
—0.0672 = 0.0007 18305 —0.7%0.5
D= —0.0231 £ 0.0004  14.9£0.6  +0.9+ 0.6
+0.0244 = 0.0004 —0.2+=10.9
—0.0897 = 0.0009 71206  —0.4=0.4
D+ —0.1492 = 0.0002 26.8£0.4 +2.4%03
+0.0536 == 0.0002 —2.0%=0.6
+0.0229 = 0.0009 46=08 —2.6=0.6
DN —0.0422 = 0.0008  16.50.7 +1.340.6
+0.0539 == 0.0010 +1.3=0.6
+0.0189 == 0.0004 0.8£1.0 —4.3£0.5
Co —0.0946 £ 0.0003  18.10.6 +2.5+0.4
0.0318 == 0.0006 +1.8£0.8
—0.0159 == 0.0021 12.1£0.9  —0.5+0.7
s —0.0242 2 0.0003  18.74 0.6  +1.2+0.8
+0.0487 = 0.0004 —0.7% 0.7
—0.2900 = 0.0013 13.5+£01 —3.0%0.9
P=0"  —0.0963 = 0.0004 22.040.8 4.0+ 0.7
—0.0121 = 0.0004 -1.0£1.3
o —0.0813 = 0.007 13.9£0.3 40.6=0.4
V —0.0261 = 0.004 16.44+:0.6 —0.3+£0.6
+0.0166 = 0.003 —0.3£0.8

2 The units are the same asin Tables 1 and |1. References are from
ref 5 unless indicated. ®* R. C. Benson, W, H, Flygare, M. Oda, and R.
Breslow, J. Amer. Chem. Soc., 95, 2772 (1973). ¢ R. C. Bensonand W. H,
Flygare, J. Chem. Phys., 58, 2651 (1973).

in eq 36. We now use perturbation theory to examine the
contributions to the energy. We have examined in detail the
contribution due to 3¢’ (eq 36) in section IV. We now examine
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TABLE V. Molecular g Values, Magnetic Susceptibility Anisotropies, and Molecular Quadrupole
Moments for a Series of Planar Four-Membered Rings®
y Yzz Q2
L Gyy 2xzz = Xyy = Xez Qyy
x g2z —Llyy " Xzz " Xzz Q:: Ref
—0.0516 & 0.0007 —0.9+0.5 —0.3+£0.6 5
D| —0.0663 = 0.0007 +5.0£0.7 +1.6 £ 0.7
—0.0219 & 0.0006 —1.3+1.0
—0.0532 & 0.0007 21,24+ 0.6 +4.0+=1.2 b
[( —0.0703 = 0.0007 22,14+ 0.7 +4.0£1.2
+0.0023 & 0.0007 —8.0+ 1.8
—0.0073 == 0.0005 —20.14+ 0.5 —4.9+£0.5 5
<:o —0.0429 & 0.0007 —13.5+0.8 +2.3£0.7
—0.0747 & 0.0005 +2.6£1.0
—0.0148 = 0.0010 —20.9+1.0 —2.7+£1.0 5
s —0.0169 == 0.0006 —24.6 = 1.0 +3.2£1.0
—0.0554 & 0.0005 —0.5+1.6
—0.0320 & 0.0008 —6.4+=0.5 —1.2+1.1 5
<% —0.0218 =+ 0.0010 +4.3+1.7 —1.14+£2.0
—0.0184 & 0.0011 +2.3+£2.4
—0.0740 = 0.0020 14.8+0.9 —9.4+1.2 5
<}o —0.0325 = 0.0004 —10.6 = 1.0 +4.6+1.1
—0.0279 = 0.0004 +4.8+ 1.7
—0.1059 = 0.0008 9.6 0.5 —12.8 0.8 ¢
o:>=o —0.0581 & 0.0004 —7.8£0.6 7.9+ 0.8
—0.0437 == 0.0004 4,94 0.8
—0.0510 = 0.002 —10.9+ 4.7 —5.4+1.0 ¢
o:} —0.0435 & 0,001 2.3+0.9 5.1£1.2
—0.0313 & 0.001 0.2+1.5
o —0.0758 &= 0.0005 —0.5+0.3 —3.1+0.4 d
<)=o —0.0356 == 0.0004 1.7+0.4 —1.9+10.5
—0.0319 & 0.0004 5.0+ 0.5
—0.1091 = 0.0004 2.3+£0.9 —2.5+0.9 d
=(o¥0 —0.0324 == 0.0004 12.1+0.4 1.5+ 0.8
—0.0169 == 0.0004 1.0£1.3

@ The units are the same as in Tables | and Il. ® R. C. Benson and W. H. Flygare, Flygare, J. Chem. Phys., 58, 2366 (1973). ¢C. L. Norris, H. L.
Tigelaar, and W. H. Flygare, Chem, Phys., 1, 1 (1973). ¢ H. L. Tigelaar, T. D. Gierke, and W. H. Flygare, J. Chem. Phys., 56, 1966 (1972).

only the additional effects due to the addition of 3C, (eq 85)
above to give the complete Hamiltonian. Using the zero-order
electronic basis in eq 37, we have in eq 87 and 88 additional

First order

rei®1 szfkl

V= —yplpH +—— |0). H

2 o2 Yelk: (0|Z

V4
'gwlk-Z' ;—a? (rka®1 = ralka)'In ™" (87)
a ka
Second order
L,,
o (O|Zﬁ|k}(k|L|O>+CC
E'21 = Yelg: Z : ! ‘H
2m3c? P Eo — Ex ,
- 2%yl Y 28 (raa?1 - A,
= velk o (Tka Tealka) In ™ Adn ™1 —
e s <O|Z %5 k)(k|L|0) + CC
—— ‘yk ke 'l —1'J +
mc prerd Eo — Ex !
higher order terms (88)

contributions to the results considered previously in eq 38
and 39. CC means the complex conjugate of the preceding
term. Combining the first- and second-order terms and drop-
ping the higher order terms give the energy which still de-
pends on the rotational state J (eq 89). lgs™ ' is defined in eq

Z,
JC = —‘Yk[k.(‘]— o)'H — i ‘Yklk Z, 3 (“?0121 ~ rkalka)
ka
COIE=LS '-'“ |k)kL|0) + CC

= yelke > ETE

k>0

lefr ™~

In“'J
g =ogd+ gP

rei?1 = tritri

.3
Tki

|0)

o Z =S5lik|L|o) + cc

D = (89
7T omece § E, — Ex )

41, ¢9 and o® are the diamagnetic and paramagnetic nuclear
magnetic shielding tensors with individual diagonal elements
given by?? eq 90 and cyclic permutations for a,, and g .

+z
Uxx=0xxd+0xxp= <O|Z ykl kl kl |O> +

2m2

_e?

202
2m?c k>0

" .
0B850 L, o) + (o] ol k| -2z o)
T Tki i L (90)

Eq — Eg
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TABLE VI. Molecular g Values, Magnetic Susceptibility Anisotropies, and Molecular Quadrupole

Moments of a Number of Planar Ring Compounds™

4 gzz Q::
L Gyy 2Xzz = Xyy = Xzz Qyy
X gz _Xz:r+2Xy1/ - Xzz Q.. Ref
—0.0670 = 0.0008 52.9 + 0.8 —1.9=10.8 5
O——F —0.0397 & 0.0015 63.6 &= 1.5 +5.1+1.0
, +0.0266 & 0.0017 —3.221.0
/N —0.0770 = 0.0005 54.3 & 0.6 —3.5+10.9 5
N —0.1010 = 0.0008 60.5 % 0.8 +9.7=1.1
= +40.0428 & 0.0004 —6.2+1.5
N —0.0880 == 0.0007 50.5 = 1.6 4.6+ 1.8 b
7 N\ g —0.0405 = 0.0006 53.7 &= 1.1 2.8x1.7
= +0.0233 = 0.0006 —7.4=2.7
—0.0433 == 0.0011 9.1£22 +3.2=2.8 5
@ —0.0400 == 0.0024 5.7+1.6 +2.7=2.8
—0.0062 = 0.0009 —5.9+ 3.8
—0.0827 == 0.0003 37.84£0.3 +3.7+0.4 5
Q —0.0700 = 0.0003 30.7=10.3 +1.4=10.4
+0.0385 = 0.0002 —5.1+£0.5
_ —0.0895 == 0.0010 50.2 = 1.0 +6.6=1.2 5
CN —0.0643 == 0.0010 34.6+1.8 +5.8+1.6
= +0.0752 == 0.0010 —12.4= 25
- —0.0911 = 0.0007 43.0 0.2 +0.240.4 5
Qo —0.0913 = 0.0002 34.4=0.2 +5.9=0.3
+0.0511 == 0.0001 —6.1::0.4
/ —0.0862 == 0.0023 49.6 = 1.1 +1.7=1.6 5
Os —0.0662 %= 0.0006 50.6 & 1.3 +6.6=1.5
\ +0.0501 == 0.0005 —83=22
_ —0.0849 = 0.0012 50.2 = 0.8 2.1=1.7 c
Cs,e —0.0428 & 0.0011 51.8 1.3 6.5= 2.2
+0.3650 = 0.0010 -8.6=2.8
0 —0.0856 = 0.0016 7.2=1.2 —-1.1=1.8 5
[ >=o —0.0502 = 0.0009 21.7=1.4 +0.9=1.9
o —0.0112 = 0.0010 +0.2+2.8
o]
—0.0499 = 0.0014 22.94£1.5 +5.9=3.2 d
| © —0.1131 = 0.0010 30.3 2.0 —11.6=3.0
—0.0150 + 0.0012 +5.7+4.4
(e]
—0.0914 = 0.001 25.3=1.0 —7.1:=16 e
©=o —0.0503 = 0.001 8.3+1.1 8§.1=1.8
—0.0122 = 0.001 —1.0=2.4
—0.0868 = 0.002 28.7+<1.4 -7.2=2.0 e
Q:o —0.0501 = 0.001 9.34£1.5 12.0=2.1
—0.0048 == 0.001 —4.8=3.0
—0.1059 = 0.0014 35.940.7 5.8=1.4 ¢
@: —0.0482 = 0.0007 38.1+=1.1 3.6=1.6 :
+0.0219 = 0.0007 —9.4+21
_ —0.0771 = 0.0021 23.9+1.4 —1.2+2.7 f
o<}o —0.0542 = 0.001 21.9+2.0 +13.8= 3.0
= —0.0093 = 0.001 —1.9=4.0
o —0.0753 == 0.0016 22.1=1.2 —4.7x2.7 £
C):o —0.0488 = 0.0011 27.441.4 +5.6:= 2.6
= —0.0059 = 0.0010 —0.9:= 3.4
@:o 32.13.9 f
39.8 & 5.6

“Units are the same as in Tables | and Il. ” D. Sutter, Z. Naturforsch. A, 26, 1644 (1971). < W. Gzieslik, D. Sutter, H. Dreizler, C. L. Norris. S. L.
Rock, and W. H. Flygare, ibid., 27, 1692 (1972). ¢ R. C. Benson and W. H. Flygare, J. Chem. Phys., 58, 2366 (1973). © C. L. Norris, R. C. Benson, and W,

H.Flygare, Chem. Phys. Lett., 10 75(1971)./ Reference 21.

It is evident that ¢,,9 is the diamagnetic and o ,,P is the
paramagnetic shielding. The diamagnetic shielding is always
positive and decreases the net field at the nucleus. ¢, is
normally negative, as E; < E, leading to an enhanced mag-
netic field at the nucleus. Therefore, we see from eq 90 that
the average field at the nucleus is equal to the laboratory field

plus a paramagnetic and minus a diamagnetic field, both of
these later effects (fields) being caused by the electrons. In
atoms, the paramagnetic term in eq 89 goes to zero as
(HL0) = (L)ay(K0) = 0.

Most measurements of magnetic shielding in molecules are
done in the liquid or gas phases, which gives only the average

~
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TABLE VII. Molecular Zeeman Parameters in Pyridine, Ethylene Oxide, and Formic Acid Which Include
the Molecular Quadrupole Moments, Second Moment of the Charge Distributions, and the Magnetic Susceptibility®
b H a a
N He= /g
< é-a b H—cZ L __p
H Nog-H
'/
H
Jaa —0.0770 = 0.0005 —0.0946 = 0.0003 —0.2797 £ 0.006
gnb —0.1010 < 0.0008 0.0189 & 0.0004 —0.0903 & 0.0006
Gee 0.0428 = 0.0004 0.0318 = 0.0006 —0.0270 & 0.0006
2Xaa = Xbb = Xee 54.3 £ 0.6 18.06 = 0.57 3.4+£0.5
2Xbb = Xaa = Xce 60.5 £ 0.8 0.78 £ 0.97 9.4+0.3
Qaa —3.5+£0.9 2.5+0.4 —5.3+£0.4
Qup 9.7+£1.1 —4.3+£0.5 5.2+ 0.4
Qce —6.2+£1.5 1.8+£0.8 0.1+£0.4
Xaa® R 2415+ 1.5 60.7 £ 0.8 28.8 4+ 0.1
X5bP 247.4 4+ 2.0 67.3=1.5 106.5+£ 0.1
XecP 393.9+£ 2.0 88.4+ 2.0 117.2+£ 0.1
(a® — (b? 0.92 4+ 0.80 7.6 0.3 17.8 £ 0.3
b — () 48.28 4= 0.60 15.5 = 0.3 —4,3£0.3
(%) — (o —49.19 = 0,60 —23.1= 0.3 —22.1+0.3
x = Ys(Xaa + x55 + Xec) —48.4 0.1 —30.7 —19.9£ 0.3
Xaa —30.4+£ 0.5 —24.7+0.7 —18.8 £ 0.8
Xbb —28.3+ 0.6 —30.4+0.7 —16.8+ 0.8
Xee —86.8 £ 0.8 —37.0+0.8 —24.24+0.8
Xaa® —217.94£1.6 —85.4+ 0.9 —47.6 £ 0.8
x56% —275.74£ 2.0 —27.7+1.1 —123.3+0.8
Xee® —480.6 £ 2.2 —125.4+£ 2.0 —141.4 0.8
(@® ‘ 57.1+ 0.8 16.3 0.4 25.6 £0.3
(b 56.2 £ 0.8 13.3=0.4 7.7+ 0.3
(e® 7.9+ 0.8 6.8+£0.4 3.5+ 0.3

@ x values are in units of 10-¢ erg/(G2 mol), Q values are in units of 10-2° esu cm?, and (a?) values are in units of 10-16 cm2. See ref5 for the

original references for these molecules.

magnetic shielding, ¢ = (0. + gy, + ;). In the liquid or
gas phase the nuclear magnetic resonance measurement is
at considerably lower Jfrequency than the rotational frequen-
cies which effectively averages out the J dependence in eq
90 leading to a measurement of the trace of the ¢ matrix, o
= Ylow + oy, + 02;). However, we will show below how
measurements of the rotational dependence in eq 89 by rota-
tional spectroscopy can measure the anisotropy in the nucle-
ar magnetic shielding tensor. In addition there are several rel-
atively new techniques in nuclear magnetic resonance involv-
ing pulsed and orientated molecule techniques which allow
the measurement of the magnetic shielding anisotropy.23

The effect of third-order corrections to the result in eq 89
will be to add a term which will convert the remaining 1,~ ' to
le#~ . Further higher order corrections will continue to add
corrections to the effective inverse moment of inertia tensor,
le#~ . As these inverse moments are measured at zero field,
we return to the discussion following eq 41 and rewrite eq 89
including these higher order terms to give

= —vele:(1 —0)-H — (1/h%)1x- MY

Z -
M=M, +M= §7kﬁ22'rkas(fka21 = fkalka)lerr ™' +
o a
[ (O|Z(Lki/fki3)lk><k|l-|o>}
e " -
0 &~ k2 y ' (91)
pd go £ En eft 7' (

M is the spin-rotation constant with individual diagonal ele-
ments given by eq 92 and cyclic permutations for M,,* and
M.~

It is evident that ley™ ' in eq 91 is the zero-field experimen-
tal inverse moment tensor as discussed in detail in section IV,

_ hegkto hegkmo

Za
E [ty 2 — 2 +
s(rka Xka ) mclxx

My F
xx Clxx o Tka

k>0

E_mZ(Lm),x/riks|k><k|Lx|o> + (0| Ly k)(klZ(Lki)x/fik3|0)]

Eq — Eg

(92)
Realizing that the second term in eq 91 represents the inter-
action of a nuclear magnetic moment, pu, = (gs/ A )ugiy with
an internal magnetic field, we rewrite this term as

1 1
- =, lgMJ = — 2 upRJ
h’ h

93
GkHo (93)

where the R tensor has units of magnetic field and the J/h
multiplier shows that the magnitude of the internal field is
weighted by the rotational angular momentum. The spin-rota-
tion tensor constants given in eq 92 are a sum of a positive
pure nuclear term and a negative (E; < E;) electronic term.
We note the similarities in concept between the rotationally
induced molecular-magnetic moments (g values in eq 44 and
45) and the corresponding rotationally induced magnetic field
at the kth nucleus in eq 92 and 93. In both cases, the bare
nuclei contribute and the ground-state electronic distribution
of electrons do not contribute. In both constants, the electron-
ic states which possess electronic orbital angular momentum
contribute to the electronic term. The ferris wheel discussion
at the end of section IV in the CM framework is also appropri-
ate here with the kth nucleus as a framework of reference.
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The nuclear spin-rotation constants can be measured by
observing the perturbation on either the rotational energy lev-
els or the nuclear energy levels at zero magnetic field. Con-
sider the M tensor for a nucleus in a linear molecule which is
given by

0 0 0
M inears = | O My 0
0 0 ML

The diagonal element along the internuclear axis is zero by
using the same arguments that demonstrate that the entire
tensor is zero in an atom. The M tensor for a nucleus on the
C3 axis of a symmetric top such as F in FCH3 is written as

M, 0 0
M(symmetric topt = 0 M_L 0
0 0 M

Returning to the linear molecule we write the zero-field Hamil-
tonian in eq 91 as

3 = —(M, /h?)J

In the absence of an external magnetic field, the coupled
basis is appropriate. The function is

VuJ,1,F MFp

which is an eigenfunction of J?, P, F2, and F,. The develop-
ment of the energy from these equations is straightforward
for the simple scalar coupling. The total angular momentum is
F.

F=/4+J
I-J = 1/2(F2_/2 _JZ)
The perturbation energy is

E(1J.F) = (JIFMg|3C|JIFMg )

S =ML /DFF+ 1) =10+ 1) - JJ+ 1]

The total energy of the linear molecule includes the rigid rotor
energy. Thus

E=hBJWJ+ 1) = (M) /2)[FIF+1) -

I+ 1) —JW+ 1] (94)
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Figure 7. The zero external field energy levels in a linear molecule
showing the nonzero spin-rotation interaction described in eq 94.
The example is for a / = 1 nucleus, and the J = 0, 1, and 2 rotation-
al levels are shown. The predicted spectra is also shown.

An energy level diagram demonstrating eq 94 in a linear mol-
ecule is shown in Figure 7. In the absence of other interac-
tions, the spin-rotation interaction constant for a linear mole-
cule can be measured directly from the splittings in a rotation-
al transition as shown in Figure 7. Beam maser microwave
spectroscopy has been very useful in resolving spin-rotation
spectra in molecules. In addition, molecular beam measure-
ments of both rotational and nuclear energy levels have been
employed in these necessarily high-resolution studies.

The spin-rotation constants for several linear molecules
have been determined and some of the results are listed in
Table VIII. Also listed are the nuclear magnetic g values and
the corresponding rotational field constant, R, . The magnet-
ic field at the nucleus due to rotation depends on the rotation-
al state according to eq 83. Thus the net field is the average
given by

high J
Hav® = VI ¥ )R | == JR,

The field for any J state is easily obtained from this equation
and the experimental values of R | in Table VIII.

It is quite easy to generalize the above linear molecule re-
sults to the general asymmetric top by first writing the M ten-
sor in terms of the molecular fixed principal inertial values by
using the direction cosines (start with the field-independent
termin eq 91)

% = - #J-[Md)]-l

TABLE VIll. Spin-Rotation, M , and the Rotational Field, ), Constants for Several Linear Molecules”

Mi/mgr = rX10= 1] X100 o,P X 105 03¢ X 108

Molecule Nucleus gk M_/h, Hz R.,G cm g cm? (eq98)  (eq99) oav X 108
H-H H 5.854 +112.734 X 1034 25.2 0.7416 0.467 —b6 32 26
H-19F H 5.854 +71 x 10%@ 16.1 0.917 1.34 —80 110 30
H-15F 1F 5.2546 —284 + 103° —71.0 0.917 1.34 —63 483 420 (410)®
sLi-19F 10F 5.2546 —37.3 £ 10°¢ -9.3 1.525 10.61 -73 489 416
7Lj-1F wF 5.2546 —32.9 X 10°¢ —8.2 1.525 11.91 -73 489 416
18F-19F 18F 5.2546 —157 x 103¢ —39.0 1.418 32.0 —750 530 —220
IEN-15N 15N —0.5660 +22 X 10%° —51.0 1.094 15.0 —485 386 —99
13C-160Q 13C 1.4042 —32.6 X 103/ —30.5 1.128 15.16 —323 327 +4
12C-170 o) —0.7572 +29 x 10:° —50.3 1.128 14.9 —2460 445 -15
H2C=12CH H 5.854 3.58 X 103« 0.80 duc=1.060 23.8 —~70 98 28

doc = 1.207

2 N. F. Ramsey, Amer. Sci., 49, 509 (1961). ® Corrected for vibrational effects; see D. K. Hinderman and C. D. Cornwell, J. Chem. Phys., 48, 4148 (1968).
¢ See C. H. Townes and A. L. Schawlow, '“Microwave Spectroscopy,” McGraw-Hill, New York, N.Y., 1955. ¢ M. R. Baker, C. H. Anderson, and N.,
F. Ramsey, Phys. Rev. A, 133, 1533 (1964).¢ C. W. Kernand W. N. Lipscomb, J. Chem. Phys., 37, 260 (1962). / I. Ozier, L. N. Crapo, and N. F. Ramsey
ibid., 49, 2315 (1968). # W. H. Flygare and V. W. Weiss, ibid., 45, 2785 (1966). » g; is the nuclear g value, and /| is the moment of inertia. .2 for H:
is an accurate calculation. o4.9 for the remaining molecules is estimated from eq 99 and Table XIV. ¢..? is computed with I}, r, and eq 98. o

= oad + oa/P.
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Figure 8. The 1, — 14, transition in OCF, at vy = 5872.37 MHz

showing the '°F spin-rotation interaction. The markers are every 5

kc/sec. The spin-rotation constants were obtained from the spectra,

and the results are listed in Table IX [W. H. Flygare and V. W. Weiss,

J. Chem. Phys., 45, 2785 (1966)]. The energy levels for this 1 —

110 can be constructed from those in Figure 7inthe /1 + L = | 1+
= F coupling case.

This Hamiltonian is similar to the linear field term in eq 74,
and Hittner and Flygare'® have developed the equations nec-
essary for solution. The resultant energy is given (in the cou-
pled basis) by .

[EE+1H —Ju+1)—1(+1]

2J(J+ 1)
2 Maaldr||da2|dr) (95)

E(J.7.F) = —

where the reduced matrix elements over J,2 are defined fol-
lowing eq 75; see, for instance, eq 76 for a symmetric top. It
is evident from eq 95 that the diagonal elements in the spin-
rotation interaction tensor, M, are measured by the rotational
perturbation. A typical asymmetric top spectra microwave is
shown in Figure 8 for F,C==0. The spin-rotation constants for
F,CO as well as some symmetric top and other asymmetric
top molecules are given in Table IX. It is evident from Tables
VIl and IX that the rotationally induced fields are normally less
than conveniently available laboratory fields.

A. Relation between the Shielding and Spin-
Rotation Tensors and Scales for Absolute
Nuclear Shielding

We can now relate either the values of R,, or M,, to the
magnetic shielding, 0. All three constants have identical de-
pendence on the sum over the excited electronic states. We
will relate the magnetic-induced shielding to the rotationally in-
duced field given by R,.. Returning to eq 90, 92, and 93 gives
the magnetic shielding at any nucleus in terms of the value of
Rux = A”)()(//J»ng-z4

Oxx = 0xx% + Oxx

|O> +

e? Mxx/xxc 1 Lo 2
Txxxx> + z 96
2mc2{ Shian Z e (Vo2 + 24 )} (96)

All distances are from the nucleus in question, and the sum
over a omits this nucleus. We have mentioned previously
that, normally, only the average magnetic shielding is mea-
sured by nuclear magnetic resonance experiments. The aver-
age shielding is given by eq 97. This expression further simpli-
fies for high symmetry molecules. The value of g,, for dia-
tomic molecules is given by eq 98. R is the single induced
magnetic-field constant (see eq 93). Z is the atomic number
of the other nucleus in the diatomic, and r is the internuclear

W. H. Flygare
Oay = Uavd + 0avP = B(oxx + Oyy + 0z2) =
|O> [Mxx/xxc +
6mc2 ehuoge
M)_\I_\yc M3zz1z2C Z
z -2 =1 (97)
ehuogr eh e

Oav(diatomic) = 5,9 + ga,P =

e2 1 ) e? Rilc z
—— — + _——
3mc2<o|z,.:’t 10) 3mc2[ eh r] 8

distance. The paramagnetic shielding (o .«” in eq 96 or g,,° in .
eq 97) can be computed directly from the molecular spin-
rotation constants (or magnetic-field constants) and the mo-
lecular structure. The results for several diatomics are listed
in Table Xl under a4.°.

The average magnetic shielding at a nucleus cannot be
measured directly by nuclear magnetic resonance. Only the
chemical shiff, which is the difference in the magnetic
shielding for a nucleus in two different chemical environ-
ments, is measured by nuclear magnetic resonance methods.

= 0av(B) = gayP(A) +
aav3(A) — 0avP(B)

Acay = 0av(A)

- Uavd (B)

Now, in principal, o,,P(A) and ¢,,P(B) can be determined from
eq (97) by using the spin-rotation constants and the molecular
structure. If we can determine ¢,,%A) for the nucleus in mole-
cule A by an independent method, then ¢,,9B) can be ex-
tracted from the above equation and the measured values of
Acay, 0P(B), and 04,P(A). The value of ¢,,%A) need only be
determined once for each nucleus in any given molecule, and
all other ¢9(B) can be extracted from the chemical shifts.
Values of g,,%A) can be determined from ab initio calcula-
tions on the ground-state electronic wave functions in simple
molecules which are convenient for chemical shift measure-
ments. For instance, the diamagnetic shielding at the proton
in Hz has been calculated to high accuracy. The result is25

2

1
3mc2 <O| Z’:f_l |O> Hin Hz = 320X 106

Some of the wave functions and calculated ¢,,° are available
for the other molecules. However, as 0,9 is a local atomic
property which weights most heavily the inner electrons, we
can approximateé ¢,,9 in molecules by a sum over atomic
properties (as we show in detail in the next section).26

aavd(nucleus k in a molecule) = g,,9 (free kK atom) +

2 V4
_G__Z/_a (99)
rﬂ

3mci4;

The free atom diamagnetic shieldings are discussed in the
next section (see Table Xlll). Equation 99 implies that other
atom corrections may be added by assuming the other
atom’s charges are distributed at the nuclear points through-
out the molecule. The values of ¢, from eq 99 in several
molecules are listed in Table V. The values of 7,9 in Table
VIl are all within 1% of the values calculated with the best
available molecule wave functions as we will show in the next
section. Thus, eq 99 is an extremely good approximation. If
eq 99 is valid, we can further simplify eq 97. Substituting eq
99 into eq 97 shows that the pure nuclear term vanishes giv-
in926
oav? = 0av9(atom) + =3 [Rxxlxx +

s Ryylyy + Razlzz]

where o,,%atom) is the free atom diamagnetic shielding as in
Table XIII. In a linear molecule, eq 100 reduces to

(100)
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TABLE IX. Nuclear Spin-Rotation Constants M../h in Units of kHz for Several Molecules
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y

Lx Nucleus

Mzz/h My y/h M;./h Ref
“CI-F 19F 0 22.6£0.2 2.6£0.2 o
sCl 0 —21.60 == 0.05 —21.60 = 0.05 a
—21=4 —21=4 b
0=C=8$ "0 0 —4.0= 1.5 —4.0=1.5 ¢
G 0 3.1%0.2 3.1£0.2
us 0 2.0 1.0 2.0+ 1.0
CH, H 10.4= 0.4 10.4 0.4 10.4= 0.4 d
SiH, H 3.9 0.2 3.9+10.2 3.9£0.2 d
CF4 wf —6.9%0.4 —6.90.4 —6.9= 0.4 d
SiF, F —2.42 % 0.08 —2.42.%0.08 —2.42=0.08 d
GeF, of —1.88 % 0.08 —1.88 = 0.08 —1.88 = 0.08 d
CH;F 1oF —51.1= 1.3 4.0=1.9 4.0=1.9
H 14.7£0.7 0.8 1.5 0.8=1.5 e
H\
c=0 0 37110 25 % 10 —2£10 f
o
F\C=o 1f —19+3 —13£3 —5+3 g
e —19.8+ 0.2 —13.5£0.1 —7.8£0.3 h
a(x)
“'\’C/lébm 19F —20.4£ 1.0 —4.9%0.5 —13.1=0.5 i
W e H 6.5 3.0 1.0+1.4 0.3x13
c(z)
H
Y N —6.71 = 0.02 —6.77 = 0.02 —6.77 = 0.02 i
HZ H 18.9= 1.0 1.62= 1.0 16.1= 1.0

@ R. E. Davis and J. S. Muenter, J. Chem. Phys., 57, 2836 (1972). ® J. McGurk, C. L. Norris, H. Tigelaar, and W. H. Flygare, 'bid., 58, 3118 (1973).  F.
H.DelLeeuwand A. Dymanus, Chem. Phys. Left., 7, 288 (1970). ¢ I. Ozier, L. M. Crapo, and S. L. Lee, Phys. Rev., 172, 63 (1968). ¢ S. C. Wofsy. J. S.
Muenter, and W. Klemperer, J. Chem. Phys., 55, 2014 (1971). / W. H. Flygare and J. T. Lowe, ibid., 43, 3654 (1965). ¢ W. H. Flygare and V. W. Weiss,
ibid., 45, 2785 (1966). » J. H. S. Wang and S. G. Kukolich, J. Amer. Chem, Soc., 95, 4138 (1973). * S. G. Kukolich, J. H. S. Wang, and D. J. Ruben, J.
Chem. Phys., 59, 5268 (1973).7 S. G. Kukolich and S. C. Wofsy, ibid., 52, 5477 (1971).

e

Bmhe YR /4 (107)

Returning to Tabie VI, we note that the net shielding at O

in CO, N in Ny, and F in F; is negative (paramagnetic). Thus,

the actual fields in these nuclei are larger than the external

fields. The other examples in Table VIl indicate a net shielding
at the nuclei.

Returning to eq 94 or 95 and Figure 7 for the energy levels,
we note that in the absence of any other nuclear coupling the
sign of the spin-rotation constant cannot be determined. How-
ever, if the average shielding is known, eq 100 and 101 can
be used to determine the signs of the spin-rotation con-
stants.?8:27 In the presence of another nuclear coupling, such
as the nuclear quadrupole coupling, the signs of the spin-rota-
tion constants can be uniquely determined.28:29

In summary we note again that the average shielding, o,,,
for a nucleus in a specific molecule allows a standard of
comparison for the shielding at this nucleus in other mole-
cules. The average magnetic shielding cannot be measured
directly by nuclear magnetic resonance. Only the chemical
shift which is the difference in the magnetic shielding is ob-
tained. Thus, in order to obtain the average shielding in any
molecule, the shifts must be related to the actual shieldings
as in Table V. The standard shielding is obtained by the link
with the spin-rotation interaction and the calculated diamag-
netic shielding. A summary of the interconnections between
the spin-rotation and shielding tensor elements is shown in
Figure 9. This figure is similar in design to Figure 2, showing
the relations between molecular g values and magnetic
susceptibilities.

We can now use the above principles to assign an abso-
lute nuclear magnetic shielding scale for the nuclei involved.

Oay(linear) = g,,9(atom) + (

The magnetic shielding for protons in a number of molecules
is shown in Figure 10. The standard is the bare proton nucle-
us which shows that the proton shielding is positive in all mol-
ecules. Thus, the field at the protons is always reduced due to
the molecule’s electrons. The original reference for this scale
is the hydrogen molecule. By combining My, to give ¢,,P, and
the calculated 0,9 we have the absolute shielding which pro-
vides the reference for the other molecules listed in Figure
10.

In Figure 11 we show the shielding scales for the °F, 170,
4N, and '3C nuclei. The standards of reference are from the
results in Table VIII. Both shielding and antishielding are evi-
dent for these nuclei in various molecules.

A great deal of interpretation has been applied to the ob-
served chemical shifts in molecules. The major share of
these theories assume that the chemical shifts arise primarily
from the change in the paramagnetic terms. However, it is
evident from Table VIl and eq 99 that the diamagnetic
shielding can also vary considerably at the same nucleus in
two different molecules.

Vil. Molecular Zeeman Effect in the Presence of
Nuclear—Rotational Coupling

We are now prepared to describe the molecular Zeeman
effect in the presence of nuclear-rotational coupling. Com-
bining eq 74 and 91 along' with the nuclear quadrupole cou-
pling at a single nucleus where we relate the molecular fixed
quantities to the laboratory values with the direction cosines
gives eq 102. The g, X, o, M, and q tensors are all defined in
the principal inertial axes systems. Q,, is the scalar quadru-
pole moment of the nucleus (defined by the convention in eq
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Flgure 10. Diagram showing the proton chemical shifts of many
compounds relative to an arbitrary origin. The origin or reference is
the proton magnetlc shielding in Si(CHz), which is arbitrarily (for con-
venience) set at o4(SI(CHa)4) = 10.0 X 1078,

60) and q is the fieid gradient tensor at the nucleus. All other
terms have been defined previously.

% = 3Crr — —fn-[ég]u - LH [BxD]H -

yil-(1 = $od).H - ;:-Z-Jo[Md)]-l+ 1%Q:o[Bqdle:  (102)

Hittner and Flygare'® have discussed in detail the matrix
representation of eq 102 in both the coupled and uncoupled
bases. In the coupled basis, the matrix representations of the
P, J2, F2, and F, operators are all diagonal. / is the angular
momentum of the coupled nucleus, J the rotational angular
momentum, F the vector sum of / and J, and F, the z compo-
nent of F. The quantum numbers labeling the coupled repre-
sentation are |IJFMF). In the uncoupled representation the
matrices of the z components of I/ and J, which are /; and J,,
are each diagonal, as are # and J? since the nuclear angular
momentum is independent of the rotational angular momen-
tum. The appropriate quantum numbers labeling the uncou-
pled representations are | IMJM,). One may use either repre-
sentation to find diagonal and off-diagonal matrix elements of
the interaction of the magnetic field with the molecule.

Huttner and Flygare'® have decomposed the magnetic per-
turbation operators from eq 102, 3C,, into five parts: 3, =
3¢ + "3, + "3, + V3ICm + V3, The interaction of the
external field H, with the isotropic component of the shielded
nuclear moment is given by

3¢m = —kog1(1 = o) Hzlz (103)

h(0aa® + OppP + 0ocP), and (a2/r3) = (0| T{a/rP)0).

where 0 = (0. + 04y + 0.;). "3em gives the molecular lin-
ear field contribution.

U3 = —ouoHz)_ (gee dgzle’ + Geg *Jg Pg2)
9.9

(104)

where g, is the gg’ element of the molecular g-value ten-
sor, ¢4, the direction cosine between the g and z axes, and
Jg the g-axis projection of the molecule’s rotational angular
momentum. "3C,., is the Isotropic magnetic susceptibility
term. It affects all levels the same amount in either represen-
tation and hence does not enter into the microwave Zeeman
analysis. V3, is the interaction of the anisotropy in the mag-
netic susceptibility with the field, a field-squared term

V3, = —1hH22D Xeg(bgz? — h) (105)
g

V3., is the corresponding nuclear shielding anisotropy term

Viem = +uogiHelz ) 0ggldg? = h)  (106)
‘g

Let us now consider the quantum number dependence and
magnitude of the various energy terms arising in a perturba-
tion expansion of 3C, for a linear molecule. Terms with odd-
power dependence on the field will split Mg pairs while
even-power terms will shift the centers of the corresponding
£ Mg pairs. The splittings and shifts of the microwave lines in
coupled molecules are greatly different from those pertaining
to uncoupled molecules. In terms of field-induced splittings of
microwave lines, the principal difference between coupled
and uncoupled molecules appears in the diagonal matrix ele-
ments of '3, the g(1 — o) terms. For an uncoupled linear
molecule '3, leads to a dependence on the quantum num-
ber M, giving

TEm™ = (IMidMg| 3 | IMIIMy) = — teg1(1 = 0)HzM;

(107)
In the coupled representation, E,(" is given by

IEL W = —puogi(1 — a)H Mp X
QUG+ 1) + F(F+1) -

JW+ N]I/2F(F + 1)) (108)

Since the selection rules for a microwave transition are AM,
= 0, AM, = 0, £1 for uncoupled molecules and since the
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Figure 11. Summary of chemical shifts of 19F, 170, 14N, and '3C nuclei in different chemical environments relative to the bare nuclei.

gi(1 — o) term has no J dependence (in the uncoupled case),
this nuclear term cannot be observed in microwave Zeeman
spectroscopy. However, the anisotropy can be measured in
the uncoupled case where the first-order expression for the
energy contribution from the chemical shift anisotropy is ob-
tained by the following expression derived from eq 39 of Hutt-
ner and Flygare '8 (see eq 106 above)

M
VEm(1) = 2ﬂogIHMI(—:/i)[(2J +3)(J+ 1)]—1 X

2 (ogg = o) W[ |Ja?|lUT) =
g
£2u0grHI[(20 + 3) (U + 1] "D (0gg = O)(IT|[Ja?|[J7)
(109)

g

where ¢ is the average shielding as before. Only two indepen-
dent magnetic shielding anisotropies can be determined be-

cause
Z(Uaa -

a

o) =0

We take the two independent anisotropies to be
Gaa — 0 = 3(20aa — Obb — Occ)

avb — 0 = (2060 — Gag — Occ)

This discussion is nearly identical with the discussion involving
magnetic susceptibilities following eq 75. We will return to a
discussion of the measurement of shielding anisotropies in
the uncoupled region later in this section. Now we return to
the coupled case discussion where the nuclear Zeeman term
in eq 108 enters very strongly for coupled molecules since
IE.() depends on /, F, and J. This leads to microwave Zee-
man splittings that can easily be 10 or 20 MHz in comparison
to the purely molecular splittings of 1 to 3 MHz encountered in
uncoupled molecules. ’

The diagonal elements of 3¢, give the leading, purely mo-
lecular term for uncoupled molecules. It depends on M,;
IEL" = —puog | H.M, for a linear molecule. A coupled linear
molecule has a different quantum number dependence for
IIEm(1)

HE 'V = —pog 1 HMp X (J[J(J + 1) +

FIF+1) =1+ O)]l/J2F(F+ 1)) (110)

The size of the g, term is about the same in both represen-
tations, typically about 1 to 3 MHz, but it is the second largest
linear term for a coupled case.

A small, linearly field-dependent term due to the shielding

anisotropy, g|(Aa), also enters in the coupled basis (the un-
coupled basis is shown in eq 109). The quantum number ex-
pressions are developed by Huttner and Flygare'® and are of
course different in the two representations.

One distinct feature in the Zeeman splittings of coupled
molecules is the need to include terms from higher orders of
a perturbation expansion. Cubic-field dependent terms will
split &M states and enter into the analysis of splittings at
larger fields where a certain degree of decoupling occurs.
The degree of decoupling depends on the quadrupole split-
tings, of course, being least important for compounds with
large quadrupole coupling and most important for the com-
pounds with small quadrupole coupling. There are two impor-
tant third-order terms. The first goes as [g(1 — ¢)]3H°, and
the second depends on [g(1 — ¢)]2g  H°. Both of these

"terms are larger than the gAcH terms, and any careful

spectral analysis aimed at obtaining g{Ag) and g, will need
to include these terms. Other cubic terms which contribute
shifts are: [g(1 — o)](gL PH®, g 3HR, g{1 — o)AxH®, and
g1 Ax He. Cubic-field-dependent splittings have not been ob-
served in uncoupled molecules, and a discussion of the purely
molecular A° term is given by Flygare and Benson.®

Perturbations which enter with even power field and M de-
pendences will shift the center of a given pair of Mg states.
In the case of the pure molecular Zeeman effect in uncoupled
molecules, the leading quadratic field term is that due to the
magnetic susceptibility anisotropy, AxH?, which enters in.
first-order perturbation theory and has an M2 dependence as
shown in section V. It is, of course, slightly different in the
coupled representation, but the magnitude of this quadratic
effect is similar in both representations.

For coupled molecules the most important even-power
field-dependent terms are not those involving the susceptibili-
ty anisotropy but rather the terms off-diagonal in g1 — o)
and g, which enter through second-order perturbation theo-
ry. The important second-order terms go as [g(1 — 0)]2H?,
g.L2H?, and g(1 — a)g . H?. More details on the perturbation
and matrix diagonalization methods of extracting the Zeeman
parameters in the presence of nuclear coupling is available in
the original references'®3°3'" where measurements of the
field-dependent magnetic parameters in Figures 2 and 9 are
discussed. In Figure 12 we show the field-off and field-on ro-
tational spectrum of the J = 0 — 1 transition in CHzC'#N. It
is evident that the nucleus is far from uncoupled from the ro-
tational motion even at fields up to 25 kG. Thus, even in this
case of relatively small nuclear coupling, considerable care
must be exercised in extracting the magnetic parameters
from the data.
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TABLE X. *F Nuclear Magnetic Shielding Tensor Elements in
CH:F.in the Principal Inertial Axis Systems®

H\\ A o2 P a'zrd Atom
¢JC<L>b 2z X 100 X 10¢ para- X 10¢ dia- dipc}le dia-
H F total magnetic magnetic magnetic
Gaa 368 —104 502 511
o 388 —186 574 576
Gee 225 —378 603 595
Gav 337 —223 560 561

@ From ref 33. See Figure 9 for the interrelations between s44, 720,
cqqc?, and the spin-rotation constants. The atom dipole evaluation of
vaa is discussed in section ViII,

Some simplification in the above analysis can be found by
analyzing the central doublets corresponding to AM: = 1
transitions in the coupled basis: F =/ + J —F' =/ + J +
1, Me = £F — Ms = £F'32 The deviation of these transi-
tion frequencies at high magnetic fields from their position at
zero field (1) is independent of nuclear Zeeman effects, (2)
depends on first-order expressions involving the magnetic
susceptibility and the molecular Zeeman effects, and (3) is in-
dependent of the strength of quadrupolar coupling. In other
words, these transitions appear at a frequency difference
from the zero-field frequency which is the same as that ex-
pected in the absence of the quadrupolar interaction (the un-
coupled case), and the second-order corrections are all of the
form

|<O|Hpert|P>|2/AE

where He involves either the molecular Zeeman or the sus-
ceptibility anisotropy terms and AE is of the order of rotation-
al energy differences.

An interesting zero-field and high-field study in the uncou-
pled case is in CHyF,. The principal inertial axis system in
CH.F, is shown in Table IX along with the values of the 'F
spin-rotation constants.®3 In addition to this work, Kukolich
and Nelson3* have reported the high-field Zeeman analysis in
CHyF, which yields through eq 109 the anisotropies in the °F
nuclear magnetic shielding. The results are (see axis system
in Table IX) 206c — Taa — Oy = (—335 £ 35) X 107° and
Oaa — Opp = (9 £ 13) X 1078, Combining these magnetic
shielding anisotropies and experimental total magnetic
shielding (using the scale in Figure 11) gives the diagonal total
magnetic shieldings as listed in Table X. Using the spin-rota-
tion constants for 19F in CH.F, from Table IX, the known mo-
lecular structure, and eq 96, gives the diagonal elements in
the paramagnetic shielding tensor which are also listed in
Table X. Thus, we obtain the experimental values for the indi-
vidual elements in the diamagnetic shielding tensor as listed in
Table X (see again the interrelationships in Figure 9). The ex-
perimental results for ¢ are compared in the last column of
Table X with the atom dipole values (see next section).

Vill. Semiempirical Atom Dipole Approach to
Predicting Molecular Properties

We will now discuss a localized model for the interpreta-
tion and prediction of several of the molecular properties ob-
tained from the magnetic studies described in the previous
sections. This localized model is called the atom dipole
model.3® The model replaces the ground electronic state av-
erage values of several molecular properties with sums over
the corresponding free atom values plus corrections which
depend on the atom dipoles. The semiempirical atom dipoles
are obtained by fitting a set of molecular dipole and quadru-
pole moments to the expressions relating the experimental
moments to the atom dipole dependent expressions. These
atom dipole moments are useful in predicting molecular dipole
and quadrupole moments in new molecules. In addition, we

W. H. Flygare
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Figure 12. The J = 0 — 1 rotational transition in CHzC'N. The
upper trace shows the zero-field F = 0, F = 1, and F = 2 asym-
metric triplet. The lower trace shows the nearly uncoupled spectra
at 25 kG. The completely uncoupled spectra would give a symmetric
quartet. Considerable deviation from the uncoupled limit was ob-
served in HsCC'™N as shown here at 25 kG by J. M. Pochan, R. L.
Shoemaker, R. G. Stone, and W. H. Flygare, J. Chem. Phys., 52,
2478 (1970). ’

outline the use of the atom dipole moments to evaluate the
molecular diamagnetic susceptibilities and nuclear diamag-
netic shielding in a molecule. Finally, we use the localized pic-
ture of electron distribution to obtain a semiempirical set of
atom and bond magnetic susceptibility tensor elements.

A. Electric Multiple Moments, Second Moments
of Charge, and Diamagnetic Susceptibilities

We start by examining the CM average value of r;, the vec-
tor, from the CM to the ith electron in the molecule

Zn
DA RCIDINAL)
i n in =1

where the sum over all molecular electrons i/ has been re-
placed by a double sum over the n nuclei in the molecule and
an inner sum over the number of electrons in-each of the n
free atoms in the molecule. In each of the sums over i, in eq
111, we now write

(111)

i, =rn ¥ pin (112)
where r, is the CM nth nucleus vector and p;, is the vector
from the nth nucleus to the ith electron. Substituting eq 112
into eq 111 gives

Zn
(O] k[0 =D (0| Y (rn + pi,) |00 =
nZn n
201 rn 100 + 20(01 32 p;, 100 (113)

The integral of a sum equals the sum of integrals which gives

Zn Zn
O r [0) = D (0|ra|0)n + 202" 0lpiaOn  (114)

Applying the Born—-Oppenheimer approximation to the nucle-
ar term in eq 114 and assuming the molecule is a rigid rotor
gives

Zn
D 0ltn|0)y = Znrn (115)
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and defining

Zn
Z(O|pi,, [0)n = {(pin (116)

gives

(0] 2°ril0) =3 Znra + 2 (pdn (117)

The above discussion is quite general, as all electrons are
included in the sum of {0|p,|0) matrix elements. The p;, op-
erator which originates at the nth nucleus can extend
throughout the molecule. However, we will now assume that
the p;, operator is localized to the nth atom. This assumption
indicates that atoms in molecules maintain a major share of
their free-atom electron densities. This viewpoint is substan-
tiated by free atom-molecule difference density plots which
indicate a relatively small electron reorganization when free
atoms form molecules. If the electrons in a bonded atom are
assumed to be localized, {p) , represents the reduced dipole
polarization of the electronic charge on nucleus n, or the re-
duced atom dipole. e { p ), is the atom dipole moment.

The square of electronic coordinates can be treated in the
same way.

Zn
(0] 2 r2]0) =340| D ri,2|0)n =
Zn a
SHOI3 (rn +0i)2|00n =2 Zpra? +

Zn
Zn:?rn : 2201 pi, |O)n + 22 (0] pin2|0)n  (118)

We now define

zﬂ

2 (0]ptn 2|0 = (p?)n (119)
and using the definition of atom dipoles in eq 116, we rewrite
eq 118 to give

<O| Zfi2 |O> = Zan‘n2 + ern .

(Phn + 3 (pPn  (120)

Again if the electrons in bonded atoms are localized, {p?),
represents the average squared electronic distance from the
nth nucleus and should be proportional to the average dia-
magnetic susceptibility of that atom.

It is evident that both eq 117 and 120 are also satisfied by
the Cartesian components of each vector

O D" % [0) = 3 Znxn + 2 (x)n

(121)

and

(0] 2oxi210) =3 Znxn? + 2 2xn (0n + 3_(x2), (122)

where (x), and (x2), are the Cartesian components of
{p)n and {p?), along the x axis.

Substituting eq 117 and 120 into eq 38 defining the dipole
moment and eq 52 defining the quadrupole moment gives

D= =€ (x)n (123)
Qxx = —%{Z2(3xn (X)n = rn{pdn) +
D (Bx2n = (pAa)t  (124)

n
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(8/2)(3(x?), — {(p?),) is the atom quadrupole moment by
analogy with the atom dipole moment defined in eq 116. How-
ever, there is good reason to believe that the atom quadru-
pole moment contribution to the total moment in eq 124 is
negligible.3® Therefore

Qxx =~ -GZ(axn (X)p = rn-{pln) (125)

The preceding analysis was based on a partition of the
electrons among the nuclei of the molecule. Much the same
treatment could be given for any other reasonable partition of
electrons, provided only that the two conditions of indepen-
dence from the rest of the molecule and constancy from mol-
ecule to molecule are met. Indeed, most past attempts to cal-
culate molecular properties from local contributions, including
dipole moments,3® electric polarizabilities,®” and magnetic
susceptibility anisotropies,3® have chosen bonds as the basic
unit. A problem with this approach is ambiguity about the ori-
gin to be assigned to a bond. For properties such as the dia-
magnetic susceptibility, the quadrupole moment, and the
magnetic shielding, all of which depend on the origin, the
atom value approach would seem to be preferred. However,
for a property such as the total or average susceptibility
which depends only on the orientation of the groups, not their
position, either approach should be equally effective.

We have written both the molecular dipole (eq 123) and the
molecular quadrupole (eq 125) moments in terms of a set of
atom dipole moments. The semiempirical atom dipole mo-
ments were obtained by fitting a large number of experimen-
tal moments to these equations. We use the following con-
ventions in assigning the atom dipole moments. (1) Bonded
atoms are always polarized collinear with the bond. (2) Atoms
bonded to just one other atom will be chosen to be polarized
into the bond if the atom dipole is positive. (3) Atoms bonded
to more than one other atom will be chosen to be polarized
into the bond of highest order; e.g., an sp? carbon will be po-
larized into the double bond. (4) sp® carbon atoms will be cho-
sen to be polarized toward the most electronegative substitu-
ent. The exact direction is determined by symmetry. The first
convention is quite reasonable, since by symmetry the aver-
age electronic coordinate perpendicular to a localized bond
must be zero. The other conventions are also dictated by
symmetry considerations and reduce the number of variables
which must be considered. The resultant atom dipoles are
listed in Table XI, and the resultant calculated dipole and qua-
drupole moments in several molecules are listed in Table XIl.

We can also use the atom dipole concept to calculate by
these semiempirical means the individual elements in the dia-
magnetic susceptibility tensor and the second moments of
the electronic charge distribution. Substituting eq 118 or the
components from eq 122 into eq 46 and multiplying by Avo-
gadro’s number, N, to obtain a molar value for x .9 gives

- __€:N
4mc?

23" (n¥dn + zn(2dn) + 3 (¥n + (2D)n)|  (126)

12 x210) = D Znxn2 + 3 2x5 (Xn + 3 (x®n (127)

Xxx ;Z Zn(yn? + 2% +
ld

The atom dipoles {x), appear in both of these equations.
The values of (x2),, (¥2),, and (z2), are also needed to
evaluate X, and (0| ) ,-x,2| 0) for a molecule by this method.
We will use free atom values for (x2), = (r?/3),. This ap-
proximation is quite reasonable as shown from a close in-
spection of electron density maps in bonded atoms which re-
veals that changes in density with respect to the free atom
distribution are relatively large only when the absolute elec-
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Table XI. Reduced Atom Dipole Moments®
Hydrogen
1. H=C< +0.20
2, H—C=C +0.15
3. H—C=C +0.06
4, H—C=N +0.06
5. H—C=0 +0.05
6. H—0 +0.30
7. H—X (halogen) +0.31
8. H—N +0.25
9. H—C (aromatic) +0.16
Fluorine
1. F—C< —0.15
2. F—C=C —0.13
3. F—C=C, F—C=N —0.10
4. F—H —0.07
5. F—C (aromatic) —0.13
6. F—C=0 (—0.20 to —0.29)
) sp3 Carbon
1. C—H 0
2. C—F 0.0to +40.03
3, c—C=C 0
4, C—C=0 0
5. C—0 0.06 to 0.08
6. C—C 0
sp? Carbon
1. C=C +0.02 to 4-0.05
2, =C—H,=C—C, =C- 0
3, C=0 +0.15
7
4, C (aromatic) —0.16
5. =C—F +0.02
6. =C—0 =~0
sp Carbon
1. C=C +0.30
2. C=N +0.39
3, 0=C*=0 0.0
4, X=C*=0 —0.02 to —0.07
sp? Oxygen
1. 0=C< —0.28
2. 0=C=X —0.10
3. 0=C=0 —0.20
sp? Oxygen
1. O—H —0.02
2. 0—C(sp?) (C; axis) —0.10
3. 0—C(sp?) (C; axis) —0.12
4, 0—C(sp) —0.15
Nitrogen
1. N=C -0.17
2. NH; +0.03 (C; axis)
Chlorine
1. ClI—C= —0.02

2 The plus sign means that the electronsin the nth atom are polar-
ized away from the atom inthe bond. These values along with eq 123,
125, 126, and 127 give the calculated values in Table XIl. See ref 35 for
more details.

tron density is relative small.39 In other words, it appears that
the charge distribution in atoms is not dramatically changed
by covalent bonding. We obtain our values of {r?/3), from
the free neutral atom values as listed in Table Xll. Using the
values of (r,/3), in Table Xlll, the atom dipoles in Table X|,
and eq 126 and 127 gives the calculated results in Tabie XIl
under (x2) and x«J. These calculated values are also com-
pared with the experimental results.

W. H. Flygare

The calculated results in Table Xl for x .9 and {(x2) are
better than the results on molecular moments, since uncer-
tainties in atom dipoles will introduce relatively small errors in
the second moments of electronic charge. Deviations in sec-
ond moments calculated with eq 127 are estimated to be
0.1-1.0 A2, which will produce deviations in the diamagnetic
susceptibility of about 0-8 X 1078 erg/(G2 mol). The values
of the diagonal elements of the diamagnetic susceptibility ten-
sor combined with the diagonal elements of the paramagnetic
susceptibility (available from the molecular g values) allows a
determination of the total susceptibility elements as well as
the bulk susceptibilities.

It is interesting to note that the methods developed here to
evaluate molecular dipole and quadrupole moments by sum-
ming over atom dipole terms can also be applied to the esti-
mation of higher order multipole moments. For instance, the
molecular octapole moments are given in terms of the atom
dipoles by35 eq 128, where we have set the atom quadrupole

Qexx = — € Z Wxon(3xp2 = %yn? —
%2zn?) = 3(YInXnyn — 3(Z>nxnzn}
Qxyy = —e Z {00 (2yn? = %Hxp? =

22n?) + &(Y)nxnyn — (Z)anan

Oxyz = —%e ) H2nxn¥n + (X)n¥nZn + (y)nznXn}(128)

and atom octapole moments to zero. We have used eq 128
and the atom dipole of Table Xl to evaluate the octapole mo-
ments [in units of 10™34(esu cm?)] for several molecules. We
obtain the following results for water, formaldehyde, and
methane.

4

H Qexx = —2.3
o< | Qyyy = +4.4
H X Qazz = —2.1

H y Qezx = —1.5

N —0 Qryy = —0.7

u/ . Quz = +2.2

CHs Qx_yz =+42
These results can be compared with the ab initio calculated
results for water:*® Q,,, = —1.3, Q,, = +2.3, Q,;,; = —1.0;
for formaldehyde®® Q,,, = —0.58, Q,,, = —1.98, Q,;, =

+2.56; and for methane Q,,, = +4.5.41

In summary, it is evident from the above discussion and
Table Xl that D, Q, x9, (x2), (¥?), (z2), and the higher
order electrostatic moments for molecules are calculated
quite accurately with the atom dipole method.

B. Nuclear Diamagnetic Shielding

Next we will apply the atom dipole method to the evalua-
tion of the elements in the diamagnetic shielding tensor at a
nucleus in a molecule.*?2 We start with the expression for the
average diamagnetic shielding at nucleus A from eq 97

gav®(A) = h(0xx9(A) + gy, (A) + 02.9(A)) =

e? 1 e?
— (0 o) =
3mc? IZ ri o) 3mc?

Za
(0] 3" re=1]0) +
k
Zn
>0l 2,7 0] (129)
n in

where we have merely partitioned the sum of all j electrons
into the Za electrons ’‘on’’ nucleus A and the Z, electrons
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TABLE XI|I. Calculated Molecular Dipole Moments (Eq. 123), Calculated Molecular Quadrupole Moments (Eq. 125), Second
Moments of the Electronic Charge Distribution (Eq. 127), and Calculated Diagmagnetic Susceptibilities (Eq. 126)
Using the Atom Dipoies in Table X| and the Known Molecular Structure’

b Da\ Qae <U2>1 Xaad\L
L Db X 1018 Qppp X 10426 ZrZnant (b%)+ X 10 xepd r X 109
a D. Qee ZnZnbn? ¢2> )(ccd
Molecule Exptl Caled Expti Calcd T nZnenl Exptl Caled Exptl Calcd
H 2 0 0 +1.24+ 0.1 +1.3 1.34 2.64+0.4 2.5 —19.3+1.4 —19.2
NH T_,c 0 0 +1.2=0.1 +41.3 1.34 2.6 0.4 2.5 —19.3+£1.4 -19.2
N, T |1.47]  +1.44 —2.4£01 2.6 0.31 1.9+ 0.4 20 —2.0%=1.4 =215
—3.91 —3.65 -1.8=+1.2 -1.0 30.77 3.7+ 0.4 34.6 —44.2 0.5 —44.5
CHBCENl—'-» 0 0 +0.9+1.2 40.5 1.64 5.2+£0.3 5.3 —169.4 &= 1.1 —169.3
0 0 +0.9+1.2 40.5 1.64 5.2+0.3 5.3 —169.4+1.1 —169.3
+0.71 +0.72 —0.8+0.2 -1.0 41.5 46.2 £ 0.6 46.7 —38.6 £ 2.0 —41.6
0=C=S§ 0 0 +0.4+0.2 40.5 0 4.5+ 0.6 5.0 —215.54+ 2.0 —218.0
0 0 +0.4+0.2 40.5 0 4.5+ 0.6 5.0 —215.54+ 2.0 —218.0
0 0 —4.4+0.2 —4.4 21.64 25.5+£1.0 25.5 —24.94+ 3.0 —27.6
0=C=0 0 0 +2.24+£02 42.2 0 2.9£1.0 3.2 —120.6 &= 2.0 —122.0
0 0 +2.24+£0.2 +42.2 0 2.9£1.0 3.2 —128.6 = 2.0 —122.0
|2.98] —3.23 —94+1.2 -—88 5.3 63.2+£1.8 624 —185.0=3.9 —182.4
<>=o 0 0 +45+=1.1 3.6  26.9 32.8+1.8 32.6 —314.1+5.2 —309.1
0 0 +4.9+1.7 5.2 4.9 10.8+=1.8 10.4 —407.5+5.6 —403.4
T |2.55] —2.54 —12=15 =29 289 2.3+05 325 —641=14 —62.5
c |0.87| +0.93 +1.0£0.9 +41.9 5.5 9.6 0.4 9.3 —160.4+=1.8 —160.1
he” o 0 0 +02=1.8 +1.0 1.5 5605 654 —177.4+1.8 —177.0
|0.75| —0.77 +4.0+0.2 +43.8 28.34 31.5+0.6 31.0 —31.0 —31.0
HC=CF 0 0 —2.0£0.2 -1.9 0 3.5+ 0.6 3.5 —147.9 —147.9
0 0 —2.0£0.2 -1.9 0 3.5+ 0.6 3.5 —147.9 —147.9
H a 0 0 +2.6+0.1 425 1.14 1.9+0.7 1.9 —13.4+1.0 —13.4
\OL. —1.84 -1.87 —0.1+£0.1 +40.0 0.57 1.7+0.7 1.7 —143+10 —14.6
H e 0 0 —25=0.1 =25 0 1.440.7 1.5 =15.4+1.0 —15.3
+0.45 +0.46 —0.4£04 -—0.3 13.91 17.8+ 0.2 17.8 —82.34+0.4 —82.2
j> 0 0 +2.4£03 +42.4 10.03 13.54+ 0.2 13.5 —100.4 = 0.4  —100.5
0 0 —2.0£06 -2.1 1.67 5.8+ 0.2 5.8 —133.4+ 0.4 —133.0
a 0 0 +2.5+=04 +4+2.3 12,89 16304 164 —85.4+0.9 —85.5
iOLb 1.88! —1.85 —4.3%+05 —5.5 9.07 13.3=0.4 135 —97.741.1 —98.2
0 0 +1.8£0.8 2.2 3.38 6.8+ 0.4 6.8 —125.4=2.0 —126.0
A |0.66| —1.05 +0.24+0.4 1.2 30.2 36.2 4+ 0.7 36.0 —189.5+1.8 —188.0
o 0 0 +5.9+0.3 +5.6 32.6 37.8+ 0.7 37.7 —182.5+1.8 —182.0
0 0 —6.1+=0.4 —6.8 0.0 6.8 0.7 6.8 —313.9+1.8 —=314.0
|3.67 -3.17 —3.1=0.3 -—4.8 50.77 57.2+ 4.0 57.6 —158.9 = 6.0 —158.6
>2g=o |1.99 +1.84 —-1.9+0.4 —0.3 22.51 28.84+ 4.0 28.7 —279.6 = 6.0 —280.9
o 0 0 +5.0+0.6 +5.1 3.24 8.6 £ 4.0 8.6 —365.54+6.0 —366.3
_c [3.03] —3.06 —2.5+0.3 —57 100.0 107.6+=6.0 108.8 —173.0£9.0 —172.9
c=¢C o 2.24 +1.98 +1.5+0.4 +43.9 25.0 32.1+6.0 32.0 —493.7 == 18.7 —487.0
o
0 0 +1.0=2=0.6 +41.8 1:6 8.7+ 6.0 8.8 —592.7 & 19.0 —59.0
0 0 +2.8+1.4 433 536 60.1=1.5 60.8 —286.010.0 —295.0
@ 0 0 +2.8+1.4 43.3 536 601415 60.8 —286.010.0 —295.0
0 0 —5.6+2.8 —6.6 0 7.7+£1.2 8.7 —508.020.0 —516.0
|1.66] -1.34 -19+08 -—2.1 103.6 111.8+=0.7 112.9 -—293.3=1.7 =—302.3
QF 0 0 +5.1+1.0 +46.1 53.6 60.8 £ 0.7 61.8 —509.7 &= 3.6 —519.0
0 0 —3.2+1.0 -4.0 0 8.4+£0.7 9.4 —732.4x=5.0 —=741.0
a 0 0 -1.8+£1.0 —2.5 1054 13.0+0.7 13.3 —33.1x1.6 —34.1
H—CF L 0 0 —-1.8x1.0 =2.5 1.66 3.9=0.7 4.0 —71.9+£1.8 —73.0
—CF, c
—1.64 —1.68 +3.6=2.0 +45.0 1.66 3.9+ 0.7 4.0 —71.9+ 2.3 —73.5
F\ F 0 0 —1.74+0.4 —0.6 62.40 68.2+ 4.8 68.6 —145.7 = 10.6 —149.0
/C=C\ |2.42| —2.40 +3.0+£0.3 +42.3 24.00 25.2+4.8 29.4 —312.1 +10.7 =315.0
H H 0 0 —1.3+£0.5 —-1.7 0 5.3+ 4.8 5.6 —413.1 4= 10.8 —417.0
| |0.36| -0.34 +0.6+0.3 +2.1 33.52 37.5£ 0.5 37.1 —73.3£1.3 —73.3
PN |0.05] —0.05 +42.9+£05 +42.2 7.58  11.2+0.5 11.2 —184.8%=1.6 —183.5
CHg €< 0 0 —3.5+£0.7 —4.3 1.54 6.1 0.5 6.1 —206.61.7 —205.3
2 The experimental results are also shown. The numbers are from ref. 35.
“on” the other n nuclei. The prime on the summation indi- tains a major share of the free atom electron distribution, we

cates that the n = k term Is omitted. If the bonded atom re-  have a free atom term for the first term in eq 129
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Za
(o] Z 7 "10) = Garom?(A)

130
e (130)

We evaluate the second term in eq 129 by using the sub-

stitution in eq 112 giving

Zn Zn
2201 Xm0 =01 (fen + o )7 [0)

This equation can be expanded in a Taylor series about the
nth nucleus. Retaining the first three terms of the expansion
gives eq 131, where we have used the Born-Oppenheimer

Z_,(0|(ft )7'o> = "(rn) 73 X (rp+(pin) +
(p )n 3
Z [- 213 2fn5 ) (xn?(x)p +
Yn¥y¥n + z2nz2),) + (3/rn®) (XnYnixyin +

XnZn{xZn + ynznlyz)n)] (131)

approximation and we have assumed the molecule is a rigid
rotor. Referring to our earlier arguments following eq 127 we
assume that the charge distribution on the nth atom will be
nearly spherically symmetric; therefore

(¥ = (290 = (p?/3)n

(x?)p = (132)

and

(Xy>n = (XZ)n = (yz>n =0 (133)

Substituting the results of eq 130, 131, 132, and 133 into eq
129, we obtain the average diamagnetic shielding in terms of
the atom dipoles*?

n: <P>
0av?(A) = garm¥(A) 3mc2z 3!77022 .
| 11 i
(134)

The corresponding result for the individual diagonal tensor el-
ements is easily derived giving eq 135.42

2 Zn
d = ad e
0xx%(A) Tatom®(A) +2mc2 zn rn3(y"2 +z,%) +
e— m——" W

| ]
92 ! -3
2mc? Z- [(2rn

(Brn %) (yn2 + zn?) (rn{p)n)] +
\_/-\/v

]
92
D '[2tn

2
mc? &

) (yndyIn + zn(2Z)n)

3) (p2/3n — 3(rn7%) x

(yn2 + z22)(p?/3)n]

B N i
v

(135)

There are four types of contributions to eq 134 and 135.
The first term is the free atom contribution which can be ob-
tained from free atom Hartree—Fock calculations. A tabula-
tion of gaiomd(A) for several atoms A is given in Table XIV.
The second terms (ll) in eq 134 and 135 are atomic number
weighted sums over all nuclei. These first two terms (I and Il)
were used in eq 99 to estimate the diamagnetic shielding in
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TABLEXIII. Calculated Values of x,y2 = (e*N/6mc?) (0| = r:2|0)
and (0|1/;Z:r2|0) = (2/3). for Several Neutral Atoms of Interest

{r3/3)n (r3/3n

Atom  —xd X 108 X 1018 Atom —xd X 10¢ X 10%¢
H 2.4 0.28 Ca 44.83

He 1.88 Sc 42,13

Li 14.76 1.74 Ti 39.76

Be 13.72 1.62 \ 37.67

B 12.56 1.48 Cr 30.11

o] 10.93 1.29 Mn 34.14

N 9.57 1.12 Fe 32.59

o] 8.85 1.04 Co 31.22

F 8.11 0.95 Ni 29.98

Ne 7.43 Cn 26.30

Na 21.50 Zn 27.69

Mg 23.45 Ga 32.42

Al 26.52 Ge 32.95

Si 25.56 As 32.53

P 23.99 2.82 Se 32.59 3.83
S 23.11 2.72 Br 32.10 3.78
Cl 21.89 2.58 Kr 31.32

Ar 20.63 Xe 44.85

K 40.57

¢« From G. Malli and S. Fraga, Theor. Chim. Acta, 5, 284 (1966). Only
{r?/3), values for the most common atoms in molecules are listed.
The conversion factor between —x and (r3/3) is 8.4850 X 1010,
several molecules.?® The third term, Ill, arises if the point
charges are not centered on the nth nucleus but are dis-
placed by a distance {p),. This term (the dipole term) is in
general quite small (normally less than a few parts per million)
relative to the preceding terms. We now see the validity of
using eq 99 to estimate the average diamagnetic susceptibili-
ties as shown in Table VIIl. The fourth term, IV, only appears
in 0%A) in eq 135 and arises because the electronic charge
distribution on the nth nucleus is not a point charge but is
spatially extended.

In Table XV we list the values of 0,9, a,,9 0,9 and ga,
calculated from eq 134 and 135 and the numbers in Tables XI|
and XIV. Of course, the molecular structure must be known
also. The first column in Table XV lists the diamagnetic
susceptibilities and the numbers in parentheses are from reli-
able ab initio calculations. It is evident that the values of g,°
are in excellent agreement. The individual diagonal elements
in ¢4 are also in quite good agreement in most cases. The
second column lists the values of a.P, d,,P, ¢,;F, and g,.,F
which are calculated with eq 96 and 97 with the known mo-
ments of inertia, the molecular structure, and the spin rotation
constants (see Table IX). The total values of the magnetic
shielding, ¢ = ¢9 + ¢P, are also listed along with any avail-
able experimental data. These data are used to fix the mag-
netic shielding scales in Figures 10 and 11.

C. Localized Magnetic Susceptibilities

We now turn to a final analysis which uses a localized ap-
proach to magnetic parameters: the concept of localized
magnetic susceptibilities. We discussed in sections V and VI
the measurement of the molecular magnetic susceptibility an-
isotropy by spectroscopy. We also noted that the bulk sus-
ceptibility, x = %(xza + Xsp + Xcc), could not be measured
by the molecular Zeeman effect. However, there are a vari-
ety of methods to measure x and a great number of results
are available, some of which are listed in Table XVI. All of the
diamagnetic molecules listed in Table XVI have zero spin and
orbital angular momenta in their ground electronic states. The
individual elements in the magnetic susceptibilities can be ob-
tained by combining the bulk values, x, with the anisotropies
(see Table |-VI) as discussed previously (see also Figure 2).
We will now give a theoretical justification for using localized
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atomic bulk as well as localized atomic (or bond) individual
total susceptibility tensor elements to describe the corre-
sponding molecular values.

We start with eq 46 which defines the diamagnetic, X 9,
and paramagnetic, X", tensor elements in the molecular
CM coordinate system. We use again the concepts intro-
duced at the beginning of this section. We partition the sum
over all molecular electrons into sums over each free atom
number of electrons. Using this, substituting the transforma-
tion in eq 112 into eq 46, applying again the Born—-Oppen-
heimer approximation, and making use of eq 52 lead to the
values for the diamagnetic and paramagnetic susceptibilities
shown in eq 136.

2
xoed = -4:02;2 Zn(xn? + yn2) + 2D (xn(x)n +
ynlyn)) + 2 (D + (y2)n)}
2 n
x2:P =4m‘9c2 1> Zn(xn? + yn?) + 22 (xn(x)n + Yr(¥n)}

Zn Zn
(013" (LiM2|0Xk] 3 (Lim),]0) + CC

in =1

e? =
- 2m?2c? ZZ; |

n x>0 EO - Ek
(136)
We have used s
D (0|rn]0) = Znrn (137a)
in =1
Zn
D (0lp, [0) = (p)n (137b)
in=1
and
Z,
> (0] pi, 2[0) = (p2)n (137¢)

in=1

as defined previously. The vector L7 = —ih (p,, X V) is the
electronic angular momentum of the ith electron about the
nth nucleus. x «x and x,, are given by cyclic permutation of
the indices.

Considering X x = XxxP T Xxx° we note from eq 136 that
the first two terms in x9 and xP cancel, removing all explicit
dependences on molecular coordinates. Hence, x is '‘gauge
invariant” while x and xP are not. What remains is eq 138.
The bulk value is given by eq 139.

_ e? e?
Xzz = 2= (@ + (YD)} = ( ) X

2
4mc o2m?2¢2

Zn Zn
(0] 2_ (Li™)z|kXk| 2_(Lm),[0) + CC
in=1 in=1

2

k>0 Eq — Ep

D (XnS+ XnP), (138)

n

X = Blxxx t xyy + x22) T
D (xa + xnP) =2 xn (139)

The total molecular susceptibility has now been expressed
as a sum over operators localized on the various atomic nu-
clei. But they operate on wave functions which extend over
the whole molecule. If the average values of these atomic op-
erators are not greatly dependent on parts of the wave func-
tion far removed from the nucleus in question and if the rele-
vant properties of the electron distribution around each nucle-
us are not much different for a given type of atom in different
molecules, the terms within each sum over n in eq 138 and
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TABLE X|V. Nuclear Diamagnetic Shielding in Atomss

Atom oavd X 1080 Atom oav? X 1080
H 17.7
He 59.9 Sc 1521.4
Li 101.5 Ti 1622.7
Be 149.3 \ 1726.6
B 202.0 Cr 1833.0
C 260.7 Mn 1942.1
N 325.5 Fe 2052.9
0 395.1 Co 2166.4
F 470.7 Ni 2282.3
Ne 552.7 Cu 2400.7
Na 628.9 Zn 2621.7
Mg 705.6 Ga 2638.6
Al 789.9 Ge 2757.1
Si 874.1 As 2877.2
P 961.1 Se 2998.4
S 1050.5 Br 3121.2
Cl 1142.6 Kr 3245.6
Ar 1237.6 Rb 3366.8
K 1329.4 : H
Ca 1422.9 | 5501.6
Xe 5642.3

@ The values of (0|2«(1/r:)!0) are calculated with the atomic Hartree-
Fock functions and the resultant values are from G. Malli and C.
Froese, Int. J. Quant. Chem., 15, 95 (1967). The value tor hydrogen is
easily computed. gqv? = (€2/3me2){0|=i(1/r))|0).

139 will be independent and constant. They will, in short, be
additive atomic susceptibilities which can be evaluated from
measured molecules and used to predict the susceptibility of
any desired molecule.

The applicability of the above two conditions to the dia-
magnetic first terms of eq 138 and 139 has been discussed.
earlier in this section (see Table XlI, and the calculated values
of x9. The average values of the squared coordinates around
a nucleus are dominated by the electron distribution near that
nucleus and are relatively constant from molecule to mole-
cule. In fact, these atomic values in molecules are nearly
identical with the free atom values and xn® can be evaluated
accurately from properties for almost any molecule as shown
earlier.

It is hard to show theoretically that the average values of
the atomic angular momentum operators in x\P of eq 138
and 139 are localized. Physically this requirement can be un-
derstood to imply that there be no long-range circulation of
electrons; in other words, each electron circulation is con-
fined to localized orbitals. However, the usual model for aro-
matic compounds which involves a molecular ring current
would indicate that this class of molecules cannot be treated
by localized theories. There is also question as to whether
small strained rings meet this localization criterion. In conclu-
sion, there is reason to believe that an attempt to construct a
system of local rules for the diagonal components of the sus-
ceptibility tensor might succeed for nonstrained, nonaromatic
molecules. .

The use of Pascal’s rules for the semiempirical calculation
of molecular magnetic susceptibilities reflects the above
arguments. Pascal’s rule for the empirical calculation of bulk
magnetic susceptibilities is

x =2 xntA

where x , are the empirical constants for each atom in a par-
ticular bonding situation and A is a correction term due to the
breakdown of the localized model in some molecules. Pas-
cal’s empirical constants for many atoms are shown in Table
XVII. These empirical constants reflect the positive paramag-
netic influence on the total susceptibility at each atom. For in-

(140)
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TABLE XV. ¢ Tensor Elements in Several Molecules®
Molecule G'zzd C22P Ozz Ozz (eXptl)
L oyy? Ty’ Tyy Tyy
¢7'ud 02.P Ozz Oz
X Atom Tav? TavP Tav Tav
H—H 1H 35.7 0.0 34.7
30.4 —8.4 22.0
30.4 —8.4 22.0
32.9(32.0) —5.6 26.3 26.6
H—F 1H 54 0 54
137 —119 18
137 —119 18
109 (109) —80 29 29.2
18F 480 0 480
487 —94 393
487 —94 393
484 (482) —63 421 415
H—ClI H 54 (45) 0 54
187 (190) —166 21
187 (190) —166 21
143 (142) —111 32 31.5
G| 1146 (1148) 0 1146
1155 (1152) —300 854
1155 (1152) —300 854
1152 (1150) —200 952
F—F BF 480 0 480
555 —1124 —569
555 —1124 —569
530 (530) —750 —219 —210
H—C=N uN 348 0 348
398 —627 —229
398 —627 —229
381 —418 -37
iH 48 0 49
121 —109 12
121 —109 12
97 =71 26 28
N=N BN 349 (338) 0 349
402 (407) —729 —327
402 (407) —729 —327
384 (385) —486 —102 —101
=0 BC 280 (271) 0 280
349 (354) —484 —135
349 (354) —484 —135
326 (326) —323 3
0 419 (410) 0 419
456 (461) —690 —234
456 (461) —690 —234
444 (444) —460 —16
0=C=S 130 295 0 299
483 —579 —96
483 —579 —96
421 —386 35
170 421 0 421
538 —978 —440
538 —978 —440
499 —652 —153
e 1060 0 1060
1141 —810 31
1141 —810 331
1114 —540 574
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TABLE XV (Continved)

Molecule a'zzd Oz2P Ozz Czz (eXptl)
”uud oyf Tyy Tyy
L a'zzd (-7 Gz Gz
X Atom (4 avd TavP Gav Ogv
H—C=C—H 1H 50 # 0 50
120 —99 21
120 —99 21
97 —66 3
H 1H 103 (103) —71 3
AN 78 (75) —37 4
o} 129 (130) —108 21
/ 103 (103) -72 31 30.2
H
H 1H 87 (93) —69 18
AN 94 (95) —70 24
c=0 137 (147) —120 17
yd 106 (111) —86 20 21.3
H
10 418 (415) —1600 —1182
468 (462) —870 —402
470 (475) —10 460
452 (452) —827 —375
NH; 14 111 —88 23
60 —16 44
115 —104 11
95 —67 28 30.8
uN 364 —117 247
358 —78 280
358 —78 280
360 —91 269 266
PH: ¥y 1H 80 } —88 } 35
L 165
z 136 —108 28
127 —908 29 28.3
ap 983 —370 612
983 —370 612
985 —421 564
984 —387 597

@ The first column gives the diamagnetic shieldings from eq 134 and 135 with the ab initio results in parentheses. The second column gives oP
evaluated from the molecular structure, moments of inertia, and spin-rotation constants (eq 96 and 97). The final columns give the total calcu-
lated and experimental values of ¢. The results are from ref 42.

stance, the atomic oxygen value of x for an aldehyde or ke-  TABLE XVI. Average Molar Magnetic Susceptibilities of a
tone is positive which indicates a dominant paramagnetic =~ Number of Moleculest

contribution. This probably arises because of the low-energy Molecule —x X 10¢ Molecule —x X 108
electronic transitions in the aldehyde or ketone group. As E, - -
— E, appears in the sum over excited states, the low-energy ~ Acetaldehyde 22.7 1,1-Dichlorodifiuoro-  60.0
transitions to states which have angular momentum will con- o ethylene
tribute the major share of the paramagnetic susceptibility. Acetic acid 515 D'ethylam'.ne 56.8
Equation 140 is identical with eq 139 if we assume local-  4cione 33.7 Ethyl bromide 2.7
qua q Acetonitrile 28.0 Ethylene oxide 30.7
. . : y i
ized atomic (or bond) x, which _are transferrable_ frqm .mole- Acetophenone 72.05 Methyl chloroacetate  58.1
cule to molecule plus a correction factor A which indicates Acetyl chloride 81.5 Nitrobenzene 61.8
the breakdown of the localized model. The constants in Table Alanine 50.5 Propane 40.5
XVIl are quite accurate in predicting molar bulk susceptibili-  Anisele 72.79 Propene 31.5
ties. For instance, x = —53.15 X 107° erg/(G2 mol) for  Benzene 54.8 Propionic acid 43.5
CH3CH,Br from Table XVII compared to the experimental re- Benzyl chloride 81.98 Thiazole 50.55
sult in Table XVI of —54.7 X 10— erg/(G2 mol). Buty! bromide 77.14 Toluene 66.11
Being satisfied that the bulk or average magnetic suscepti- Butane 57.4 1,3,5-Trinitrobenzene  74.55
bilities are accurately described by localized atomic values Bromobenzene 79.98 Triethylamine 81.4
we now return to eq 138 to determine a set of localized Chloroaceticacid  48.1 o-Xylene 77.78
values for the individual elements, X aa, Xob» @nd X of the  Chlorobenzene 69.97  m-Xylene 76.56
magnetic susceptibility tensor.4®> We list the experimental Cyclopropane 39.9 p-Xylene 76.78

values for the individual components of the susceptibility ten- a The units are cm3/mol. The source is **Handbook of Chemistry
sor in a number of nonstrained molecules in Table XVIIl. and Physics,”” The Chemical Rubber Co., Cleveland, Ohio, 1964,
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TABLE XVII. Pascal's Constants for the Computation
of Molecular Magnetic Susceptibilitys

W. H. Flygare

TABLE XVIII. Experimental and Semiempirically
Calculated Values of x.q, x55 and x..*

Atom or correction —x X 10-¢

H —2.93

C —6.00

N open chain —5.,57

N ring —4.61

N monoamide —1.54

N diamide, imide —-2.11

O alcohol, ether —4.61

O aldehyde, ketone +1.73

O carboxy! group —3.36

F —11.5

Cl —20.1

Br —-30.6

I | —44.6

S —15.0

Se . —23.0

P —26.0

\A\s / —43.0
c=C

AN y +5.5
C=C—C=C

* 410.6

 —C=C— +0.8

—C=N—R +8.2

/

—N=N— +1.8
Each carbon in aromatic ring —0.24
Each carbon shared between rings —3.10

>C—Cl +3.1

>C—Br +4.1
>C—I +4.1

2 The numbers are from P. W, Selwood, “Magnetochemistry,”
Interscience, New York, N. Y., 1943.

These molecules should all satisfy the criterion necessary to
determine a set of localized atomic values.

For convenience in application we have obtained both
atom and bond values. In the atom approach we have as-
sumed that an atom in a particular bonding situation (particu-
lar hybridization) will always contribute the same amount to
the molecular susceptibility. This contribution consists of the
three principal components as shown in Table XIX under
atom susceptibilities. To evaluate the molecular susceptibility
the atom values are rotated into the principal inertial axis sys-
tem (a, b, and ¢) of the molecule using the following equa-
tions

xaa = xxx0ax? + xyylay? + xz20a22 (141a)
Xbb = )(xxabx2 + )(yyaby2 + )(zzabz2 (141b)
Xce = Xxx0012 + nyacy2 + Xzzacz2 (141c)

where 0, is the cosine of the angle between the principal in-
ertial axis a and the atomic axis x. In order to use the trans-
formation in eq 141 we require the atom or bond values of

Xxx» Xyy and X, in Table XIX to be the principal values.

These atomic contributions are then summed to give the mo-
lecular result. The same procedure can be followed in the
bond approach with the bond values shown also in Table XIX.
The atom and bond susceptibilities were determined by least-
squares fitting of the experimental molecular susceptibility
components of the 14 common nonstrained, nonaromatic
molecules shown in Table XVIII.

Even though the two approaches to the evaluation of the
susceptibility are equivalent, no detailed relationship exists

Xaa
Xbb
Xee

Calcd

l\ﬁolecule Exptl Atom Bond
Methyl formate —28.3+ 0.5 —28.6 —28.1
—30.9+= 0.6 —29.8 . —30.2

—36.7=+= 0.8 —36.7 —36.4

Acetaldehyde —20.0= 0.9 —-21.3 -=20.6
—19.5+ 0.9 —19.1 —18.0

—28.6 1.5 —29.2 -—28.9

Propene —30.9+1.0 —28.5 —28.0
—26.2+1.0 —26.6 —25.9

—34.9+1.1 —34.9 —35.9

Acrolein —16.0 = 3.0 —18.1 —20.3
—18.3+ 3.0 —18.5 —18.5

—37.7%+4.0 —37.7 -—39.4

Maleic anhydride —25.7+1.5 —25.1 —27.0
—28.2+ 1.5 —27.5 —29.4

—53.5+ 1.7 —54,3  —54.0

Cyclopent-2.en.1-one —33.1£ 4.0 —37.0 —36.2
—39.6 = 4.0 —38.0 -—37.6

—55.4+ 6.0 —56,7 —52.8

Cyclopent.3-en-1-one —34.3+4.5 —39.1 —38.1
—40.0 %= 4.0 —359 —35.7

—53.9+£ 6.0 —55.7 —52.8

Vinylene carbonate —35.3+14.0 —32.0 341
—30.5+ 4.0 —32.0 —34.3

—47.4+£5.0 —48.1 —48.2

2-Pyrone —36.1+ 4.0 —32.9 —35.2
—34.4+4.0 —34.5 —36.3

—60.0 £ 6.0 —60.0 —61.0

4-Pyrone —31.2+ 4.0 —32.6 -—37.4
—31.9+= 4.0 —34.8 —34.8

—54.5+= 6.0 —60.0 —61.0

Isoprene —35.4£ 4.0 —36.9 —36.1
—34.5+£4.0 —39.7 —38.8

—52.8 £ 5.0 —54,3  —=56.1

Formic acid —18.8+ 1.5 -16.9 -—17.9
—16.8+= 1.5 —16.3 —15.7

—24.2+£2.0 —25.8 —25.4

Glycolaldehyde —27.6 4.0 —28.9 —29.4
—23.7+=4.0 —27.8 —26.5

—38.6 4.5 —37.1 —35.1

Water —12.24+ 2.0 —13.0 —-11.3
—13.4+£ 2.0 —13.6 -—12.7

—13.4+25 —-12.1 —11.0

2 The calculated values are from the atom and bond values in
Table XIX.

between the bond and atom parameters. The value of an
atomic susceptibility depends on how the bonds to that atom
are distributed between it and its neighbors. Similarly, the
value of a bond susceptibility depends on how the electron
density near a nucleus is divided among the bonds to that nu-
cleus. Therefore, the only valid comparison of the methods is
a comparison of the resuilts they predict for entire molecules.
In addition, agreement of the methods is a good check on the

“accuracy of the calculation.

It is evident from the results in Table XVII that the molecu-
lar susceptibilities obtained from the local values in Table XIX
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TABLE XIX. Local Atom and Bond Susceptibilities (from ref 43)

Chemical Reviews, 1974, Vol. 74, No. 6 683

y Atom Susceptibilities

y Bond Susceptibilities

x x y z x x y z
z (out-of-plane) z (out.of.plane)
He —2.0 —2.3 —2.3 C—He —5.6 -3.1 -3.1
H
e —9.5 —6.7 —6.7 c—Ce -7.9 —-0.2 —0.2
nd C—Cs —0.8 +4.0 —13.8
H
“\Ca —6.5 —8.0 -7.1 C—0s —-7.2 —6.7 —-3.8
e C=0¢ -1.3 +2.2 —13.0
0i— —9.2 -8.8 —-7.5 O—He —-4.5 —7.5 —5.5
AN
—Co— —2.9 —3.5 —7.4 c—s¢ —12.6 -11.3 —8.9
/
o —0.1 -0.1 —6.3 c=9 +5.8 —11.0 —28.8
c=c —13.7 —-14.2 —14.2
—Ct= —9.9 -7.4 —7.4 C=Nb —16.5 —11.6 —11.6
No= —9.5 —4.5 —4.5 c=p* —30.4 —24.5 —24.5
b
—N  (planar) —11.3 —14.8 —2.5
/b
S —-18.7 —15.7 —16.8
AN
Sh— +4.7 —-13.1 —23.0
Pr= —24.1 -17.9 —17.9

¢ Determined from least-squares fit of moleculesin Table XVIII. %> Determined from a limited number of molecules assumingthe least-squares

values for the other parameters.

are in good agreement with experimental results. These local
values can now be used to predict the molecular susceptibility
of nonstrained, nonaromatic compounds on which measure-
ments are not available. In conclusion we have extended the
well-known Pascal’s rules for bulk susceptibility to the individ-
ual diagonal elements in the molecular magnetic susceptibility
tensor. Of course, the diagonal sums of the values given in
Table XIX also allow a prediction of the bulk susceptibilities.

Since these local group susceptibility values are derived
under the explicit assumption that all electron motions are lo-
calized, the difference between the observed magnetic sus-
ceptibility and that calculated from local group values should
provide a quantitative measure of electron delocalization and
hence aromaticity. Table XX provides a comparison between
experimental and calculated molecular susceptibilities in a
number of ring compounds. It is apparent that the calculated
and experimental in-plane susceptibilities are in good agree-
ment. It is also evident that electron delocalization influences
only the out-of-plane component of the susceptibility. This is
consistent with the ring current model of aromaticity which
postulates a free circulation of electrons around closed conju-
gated rings in the presence of a magnetic field. This induced
current should manifest itself as a large negative contribution
to the out-of-plane component of the magnetic susceptibility
which is what is observed.

The Xnonocai Values in Table XX provide a quantitative
method of comparing aromaticities relative to some standard
such as benzene. It would appear that thiophene and pyrrole
are virtually as aromatic as benzene while furan is less so.
Cyclopentadiene is nearly as aromatic as furan (as hypercon-
jugation would suggest), while fulvene shows surprisingly
small aromaticity. Benzene rings connected by ¢ bonds are
virtually additive in their aromaticity while those linked by =
bonds (where increased conjugation is possible) show in-
creased aromaticity. Fused benzene rings also show en-
hanced aromaticity as predicted from the ring current model.
It is also interesting to note that carbonyl insertion tends to

decrease aromaticity, e.g., quinone or naphthazarin and, of
course, the pyrones and tropone.

Local susceptibility values are also useful in elucidating mo-
lecular structure. By comparing measured and calculated
susceptibility elements, it is possible to obtain the broad fea-
tures of molecular conformation. For example, hexa-2,4-di-
enoic acid has been considered planar. From crystal mea-
surements it has been determined that x .. = —44.0 X 1078
erg/(G% mol);** however, a calculation of x. from local
values gives xcc = —75.5 X 107 erg/(G2 mol). Hence, it is
evident that the planar structure is not correct and at least
one of the functional groups must be twisted with respect to
the plane of the molecule. In molecules containing groups
with very high anisotropy such as aromatic rings even more
detailed structural information can be obtained by calculating
molecular anisotropy as a function of twist angle. While this
procedure is not useful in obtaining small variations in bond
angles or bond lengths, it should be a useful tool in conforma-
tional analysis.

Calculated magnetic susceptibility anisotropies may also
find application in liquid crystal work. The ratio of the elastic
constant to the volume susceptibility anisotropy of a liquid
crystal can be measured with bulk techniques.45 But without
Ax the elastic constant itself can be extracted only from mi-
croscopic measurements. While experimental determination
of this anisotropy in liquid crystals is a formidable task, its cal-
culation from local values is quite straightforward if the struc-
ture of the molecule is known.

Because the susceptibility anisotropy was nearly impossi-
ble to measure directly before the advent of Zeeman micro-
wave spectroscopy, most past work has centered around
deriving approximate susceptibilities from approximate values
for other molecular quantities. With the availability of accu-
rate susceptibility anisotropies, it has become profitable to re-
verse this procedure and use these susceptibilities to derive
more accurate values for related molecular parameters.

Cotton-Mouton measurements provide a relationship
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TABLE XX. Comparison between Experimental and Calculated Magnetic Susceptibilities in Ring Compounds (from Ref 43)

x? (av in-plane)
Xee

Xee® (nonlocal)

Molecule Exptlé Calcde
—34.94£2.0 —33.4
—94.6 £ 2.5 —59.4 —35.27
—30.6 & 2.0* —33.4
—67.6 = 2.5* —59.4 —8.2
—33.34£1.0* —33.8
m —67.5 4+ 1,5* —50.5 —17.0
o —31.94& 1.5% —31.3
l —70.6 &= 2.0% —47.0 —23.6
—40.7 £ 2.0* —40.3
| ] —90.8 & 2.5% —56.8 —34.0
H ‘
| —34.4 £ 2,0% —34.5
[_N:l —76.8 & 2.5% —82.4 —34.4
CH, CHj; .
—79.8 —80.4
—143.9 —100.8 —43.1=(—35.2) — 7.9
CH;, CH,
CH;
CH, CHj
—101.9 —107.0
—163.4 —121.5 —41.9=(—35.2) — 6.7
CH, CH,
CH,
OH ° —49.2 —50.5
\©/ —103.2 -71.1 —32.1=(—36.2) + 3.1
—25.0 —28.8
°=<:>=° —65.2 —66.5 +1.3
H
|
”>=o —60.0 —59.8
—122.2 —78.4 —45.8 = (—35.2) — 10.6
b
—64.7 —62.3
—183.8 —113.0 —70.8 = 2(—35.2) — 0.4
—92.5 —91.2
Q Q Q —271.3 —167.6 —103.7 = 3(—35.2) + 1.9
—90.8 —85.0
O_CHZ_CHZ_Q —202.3 —135.0 —67.3=2(-35.2) + 3.3
—70.0 —73.2
O—CH=CH—© —209.6 —135.3 —74.3 =2(—35.2) — 3.9
_ —74.7 —77.4
D C=C_© —198.3 —124.5 —73.8 = 2(—36.2) — 3.2
—92.4 —87.2
©—c=c——CEc—© —206.7 —131.0 —75.7 = 2(—35.2) — 5.3
—53.7 —51.3
OO —173.5 —93.7 —79.8 = (2(—35.2) — 9.4
COOH
—64.7 —63.5
—192.5 —115.0 —77.5=2(—35.2) — 7.1
OH O
—57.3 —62.5
—140.1 —116.5 —23.6 = (—36.2)+ 11.6
OH
—69.2 —69.2
O O —251.6 —133.1 —118.5 = 3(—35.2) — 12.9
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TABLE XX (Continved)
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x® (av in-plane)
b
Xee

xee® (Nonlocal)

Molecule Exptlé Calcde
[e]
O‘IO —70.3 —64.6
—217.6 —135.1 —82.5 = 2(—35.2) — 12.1
[e]
CH —68.0 —69.1
Q Q —189.0 —119.0 —70.0 = 2(—35.2) + 0.4
OO —71.3 —69.4
. —185.5 -116.8 —68.7=2(—35.2) + 1.7
CH, CH,
OQQ —80.6 —74.2
O —303.0 —142.6 —160.4 = 4(—35.2) — 19.6

“x (av in-plane) = Ya(xaa + xo5). * xec = out-of-plane component. ¢ x. (nonlocal) = x.. (exptl) — x.. (calcd). ¢ Those values marked with an
asterisk were measured by Zeeman-microwave techniques in this laboratory (see ref 5). The rest were obtained by single-crystal measure-
ments. ¢ These values are the average of those calculated using the atom and the bond contributions from Table XVIII. f —35.2is the x.. (non-

local) for benzene,

among the magnetic susceptibility anisotropy (Ax), the elec-
tric polarizability anisotropy (Aa), and the electronic distortion
anisotropy (Am). According to the following equation?®
2 2
mC = TS?WN[AU + (gl'(—T)Aan] (142)
where C is the molar Cotton—Mouton constant, N is Avoga-
dro’s number, k is Boltzmann’s constant, and T is the abso-
lute temperature. 7 is related to the variation of electric polar-
izability with magnetic field. Several attempts have been
made to evaluate susceptibility anisotropies by measuring the
Cotton—-Mouton constant and the polarizability anisotropy, and
-using eq 142 by assuming a value of zero for An (spherical
distortion).4647 Using local values to obtain the susceptibility
anisotropy we can now critically evaluate this assumption of
spherical distortion, even in molecules where no experimental
susceptibility anisotropy is available.*® Table XXI shows the
results of such calculations on several molecules. The contri-
bution to »C from An is certainly significant. Ignoring Ay in
eq 143 may introduce errors of as much as 20% into Ax.

Finally we turn to the most common source of derived
magnetic susceptibility anisotropies: chemical shift measure-
ments. McConnell*® has derived an expression relating a part
of the magnetic shielding to the susceptibility anisotropy of
neighboring atoms or bonds. If the many other contributions
to the shielding can be calculated, estimated or cancelled out,
chemical shifts can be used to derive magnetic susceptibility
anisotropies. Numerous such attempts appear in the litera-
ture, but few of the values for group anisotropies derived
from chemical shift measurements are in agreement with the
values given here. They are generally much smaller in magni-
tude and sometimes not even of the right sign. In addition, the
proper origin to be assigned to a bond susceptibility when re-
lating it to magnetic shielding is not clear. This uncertainty in a
quantity believed to be small has led to the practice of ignor-
ing sggceptibility contributions in treatments of the chemical
shift.

The fact that magnetic susceptibility anisotropies derived
from chemical shifts agree so poorly with direct measure-
ments would seem to indicate that some other contribution to
the chemical shift has not been properly evaluated. It would
therefore be worthwhile to reexamine the interpretation of

magnetic shielding data in the light of a more accurate calcu-
lation of the neighbor group magnetic susceptibility contribu-
tion. The use of atom as well as bond susceptibilities makes
possible an unambiguous choice of origin for such a calcula-
tion since the origin of an atom susceptibility is clearly the nu-
cleus.

Magnetic susceptibilities evaluated by the numbers in Table
XIX can be combined with g values obtained by other meth-
ods to extract quadrupole moments. Alternatively, calculated
susceptibility anisotropies can be combined with calculated
quadrupole moments to yield the g values. For instance, Hart-
ford, et al.,5' recently used a series of substituted acetylenes
and substituted cyanides to obtain the magnetic susceptibility
of HC==CH. Their result was x | — x)) = (4.5 = 0.5) X 1078
erg/(G2mol), which is in excellent agreement with the values
of x | — x| for acetylene obtained from Table XIX which are
4.4 from the atom values and 4.5 from the bond values. Using
XL — X|| = 4.5 and a reliable calculated quadrupole moment
in HC==CH, Hartford, et al.,5' were able to show that the g
value in this molecule must be positive rather than negative
as reported in the literature.5?

It is also gratifying to note that the values of x,, — (X xx
+ Xyy) calculated with the atom contributions in Table XIX
agree quite well with past attempts to evaluate this quantity
for groups on a local basis.2,53:54

Even though we have not given local values for fluorine
atoms in Table XIX, a good deal of information is available on
the effects of fluorine substitution and some systematic
trends do emerge.5% One general result which has been noted

TABLE XXI. Electronic Distortion Anisotropies

=C (expt) Axexptl Anealed

X 10,2 AXcschb erg G2 X 1042,
Molecule emu mol-! (An=10) mol -1 emu

H, 0.15 0.62 0.55¢ 0.6
CO —4.0 —10.2 —8.2° —24
H3;CCHj; —~1.4 —2.4 —4.3 41
H.CCH, 4.4 3.2 5.1% —9%
CeHs 231 —53.9 —49.7° —906

2 Reference 46. ® Electric polarizability anisctropies are from N. J.
Bridge and A. D. Buckingham, Proc. Roy. Soc. A, 295, 334 (1966). ¢ Ax
from ref 5. 4 Ax calculated from Table XI1X. ¢ Ax from ref 46.
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in the case of C-H and C-F bonds is that successive replace-
ment of hydrogens by fluorines in the molecular plane give
positive contributions of decreasing magnitude to the out-of-
plane (¢ axis) minus the average in-plane magnetic suscepti-
bility anisotropy, Xece — Vo(Xaa + Xup) Or Ax.5557 A similar
trend is evident for the H,0, HOF, and F,0 series where (see
Table i) the following Ax's (X 1078 erg/(G? mol) were found:
(H20) —0.13 £ 0.08, (HOF) 3.4 + 0.7, (F,0) 6.6 + 0.8. We
see that the first fluorine being added gives a slightly larger
positive contribution (+3.5 * 0.7) than the second fluorine
(+3.2 £ 1.1). These resuits are similar to the results for fluo-
rine-substituted ethylenes and formaldehyde: the first fluorine
gives a contribution of (+4.8 £ 0.7) X 107 erg/(G2 mol), the
second fluorine +2.2 + 0.8, and the third +0.6 & 0.8.57

Other recent results show similar trends. Using the local
atom contributions for Ax in Table XIX gives Ax = —8.8 +
0.8 for ethylene, and combining this with the vinyl fluoride re-
sult of Ax = —4.4 £ 0.2 gives a +4.4 &+ 1.0 contribution for
the first fluorine substitution onto ethylene. Combining the re-
sults on pyridine and 2-fluoropyridine (see Table VI) which
have Ax = —57.4 £ 0.7 and —52.2 + 1.0, respectively,
yields +5.2 £ 1.7 for the first fluorine addition to pyridine. The
combination of all these results yields the following values for
each successive in-plane fluorine substitution onto planar
molecules in place of hydrogen atoms, A(Ax) (X 1076 erg/
(G2 mol): (first fluorine) +4.5 + 1.2, (second fluorine) +2.5 +
1.1, (third fluorine) +0.6 £ 0.8. Note that here the first fluo-
rine substitution is onto atoms that were originally sp? — sp®
hybridized.

These trends are interesting in light of the results for linear
molecules (see Table |) where the first fluorine substitution on
an sp carbon gave essentially no change in Ax [Ax(HCN) =
3.6 £ 0.2 and Ax(FCN) = 3.6 + 0.4;. Ax(HCCH) = 2.2 %+
0.3%1 and Ax(HCCF) = 2.6 + 0.1], where Ax = Yh(x, —
X||) by definition. It appears that fluorine cannot appreciably
affect the sp orbital of carbon. The following is an analysis of
why fluorine substitution gives varying positive contributions to
Ax for molecules other than those with sp carbons.

By correlating variations in bond lengths with changes in
the electronegativity of one of the bonding atoms, Bent pro-
posed that, when a substituent on a carbon atom is replaced
by one of higher electronegativity, rehybridization occurs at
the carbon atom, and the bond to the substituent has higher p
character.5® Bernett has extended this work to correlate the
hybridization or amount of p character in the carbon—substitu-
ent bond with experimental bond angles.5® In these approach-
es the bonding is described as involving orthonormal hybrid
atomic orbitals (HAQ’s) at carbon formed by linear combina-
tions ‘of the atomic 2s, 2p,, 2p,, 2p. orbitals of carbon. On
the basis of Bent’s conclusion, if a hydrogen is replaced by
fluorine, the carbon HAO used in the C-F bond will have high-
er p character than that of the original C-H bond, and the
HAO used in the C-C bond in the fluorocarbon will have less
p character due to the substitution of fluorine. For example, a
carbon of ethylene is described as having three sp? HAO's,
two for the hydrogens and one for the other carbon. On the
other hand, in tetrafluoroethylene the HAO of carbon used in
the bond to fluorine is now sp® while the HAO bonded to the
other carbon is sp. This interpretation of the carbon HAO’s
fits nicely with our experimental Ax results. Our work has
shown that the first fluorine substitution on sp? carbons
changes Ax by about +4.5 while first fluorine substitution on
an sp carbon produces essentially no change. In the ethy-
lenes, for example, what appears to be happening is that the
first fluorine changes the C—-F HAO to higher p character than
sp? while the C-C HAO is now less than sp2. Our results indi-
cate that, when the carbon HAO is sp, fluorines will not affect
Ax and a carbon HAO between sp? and sp should be af-
fected less by fluorine substitution than an sp? carbon HAO.
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Our results support this concept since the second fluorine
substitution changes Ax by only +2.5. After the second fluo-
rine is added, the new C—F HAOQ will now be about sp3, and
the carbon HAO used in the C-C bond will be even closer to
sp; therefore the third fluorine should have an even smaller
effect. We have found this to be true experimentally, as the
third fluorine only contributes +0.6. Evidently, changing one
carbon HAO used in the C-C bond affects the other carbon
HAO and also makes it less than sp?, since second fluorine
substitution onto vinyl fluoride produces nearly equal changes
in Ax for both cis-CHFCHF and CH,CF,. This interpretation
also holds for the substituted formaldehydes and the water
series, where the first fluorine is added to an approximately
sp® oxygen. It should be noted that the interpretation has
been restricted to planar molecules.

By combining the above additive value for first fluorine sub-
stitution of +4.5 £ 1.2, which includes one ring substitution
result (that of pyridine — fluoropyridine, A(Ax) = +5.2), and
the susceptibility anisotropy for fluorobenzene (Ax = —58.2
+ 0.9), we would predict Ax for benzene to be —62.7 + 2.1,
which is in fair agreement but more negative than Ax =
—59.7 obtained from oriented crystal results.8° Sutter has
also used similar arguments based on the formyl fluoride, flu-
oropyridine, and fluorobenzene results to predict a Ay for
benzene of —63.2.6" However, both the gas-phase prediction
and the crystal work values of Ax for benzene are signifi-
cantly different from Ax = —54 £ 2 obtained by Bogaard, et
al.%2 Indeed, in view of the pyridine-fluoropyridine series and
the additive values for fluorine, it appears that the value of
Ax for benzene must be more negative than the value of Ax
= —58.3 X 107% erg/(G? mol) for fluorobenzene. Available
structural data on fluorobenzene and benzene can be used in
conjunction with Bernett's correlation of bond angles and hy-
bridization to indicate hybridization changes at the C-F car-
bon due to fluorine substitution. If the carbon atom where
substitution will occur is designated as 1, the C(6)-C(1)-C(2)
angle in benzene is 120° indicating an sp? carbon, while the
analogous angle in fluorobenzene is 123.4°.6% Based on Ber-
nett's interpretation,5® the C-F carbon HAO of fluorobenzene
should therefore have greater p character than sp? and the
C-C HAO’s should be less than sp2. This is consistent with
the prediction of Ay (CgMsF) as more positive than Ax(CeHs),
since the results show that a positive contribution to Ax re-
sults as the p character of the C—C HAO is lowered because
of fluorine substitution.

We have indicated that the lower p character of one C-C
HAO in vinyl fluoride is distributed so that both carbon HAO’s
used in the C-C bond have lower p character. Therefore, it
might be expected that the lower p character of the carbon
HAO in fluorobenzene would be distributed about the ring, and
second fluorine substitution on the ring would give a smaller
change to Ax than the first. But because the lower p charac-
ter is possibly distributed over six carbons and since it would
be more difficult to distort the ring structure by a second fluo-
rine than by the first fluorine, it would be expected that a sec-
ond fluorine on the benzene ring would change Ax by a
somewhat larger amount than our additive values predict for
a second fluorine. The available results support this idea as
Ax(CgHeF) = —58.2 £ 1.6 and Ax{0-CeH4F5) = —55.084 for
a change of +3.2 as compared to our additive value of +2.5.
From consideration of the series

F
@ _-) -

Ay=-627 -582 -55.0
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we would expect Ay ~ —(48-55) X 107¢ erg/(G? mol) for
any of the trifluorobenzenes which reflects some changes in
Ax depending on where the third fluorine is substituted. The
result on 1,3,5-trifluorobenzene of Ax = —39 + 2 by Bo-
gaard, et al.,%2 is considerably lower than our above esti-
mate. However, the difference in Ax between benzene and
1,3,5-trifluorobenzene given by Bogaard, et al.,%? overlaps
with our estimated differences for the same two molecules.
However, their absolute values of Ax = —54 * 2 for ben-
zene and Ax = —39 *x 2 for 1,3,5-trifluorobenzene are in-
consistent with the above conclusions as extrapolated from
the microwave experimental results on fluorobenzene and
1,2-difluorobenzene.
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