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1. 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 I 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. 

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, IS, 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 u 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 (VIII) 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. 

II. 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 

(1 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 k  is the vec- 
tor from the center of mass to the kth particle, and vk 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 mk is 

Y k o  = A f (0 x rk) + V k  

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

T = ' / 2 C m k ( k  + W x rk + V k ) . ( R  + W x rk + V k )  = 
k 

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. I, 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.2 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 - XnM,r, X v,) which we will not consider at this time. 
The terms which remain and depend only on the electronic 
and rotational motion are 

r = y 2 W  .in.W +yCvl.vl + l / i ~ - ~ , . ~  

, 
+ u - C m r l  X V ,  (11) 

c m k  + m k ( W  r k ) ' ( W  r k )  + ' / 2 T m k v k 2  + 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.' 

2 k  

R'(Cmdw I k ) ) +  R * ( C m k v k )  + C m k ( w  r k ) ' V k  (3) 

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

r = ~ i 2  + 5 / 2 C m k ( u  x r k ) - ( u  x r k )  + 1 / 2 C m k v k 2  + 
R.w X ( x m k r k )  + R . ( C m k v k )  -t- w . ( x m k r k  X V R )  ( 4 )  

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 

W The linear momentum of the ith electron, pl, is also obtained 
from eq 11 by the first derivative of T with respect to the ve- 
locity (remember that w-r,  X v, = V,.W X r l ) .  

k k k 
p l  = 2 = mvI + mu x rI' (13) 

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

C m k r k  = 0 
k 

which also implies that 

C m k v k  = o 
k 

Substituting eq 5 and 6 into eq 4 gives 

w . ( C . m k r k  x V R )  (7) 

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)fi and expanding the remain- 
ing sums over the nuclei, a, and electrons, i, gives' 

k 

where J is given in eq 12 and pi is given in eq 13. We now 
use mvi from eq 13 

(15) mvl = p1 - m u  X r ,  
(6) 

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 

as the intrinsic electronic angular momentum or the electron- 
ic angular momentum in the rotating frame. The last term in 
eq 16, (1/2m)XipF, 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 

(18; w. (J  - L) = w.I,.w The electronic term gives 
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Evidently (J - L) can be expressed as 

(J - L) = I,*w (19) 

I, 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 = ( I n ) x x W x  
(J - L)Y = ( / n ) y y a y  
(J - L)z  = ( / n ) z z o z  (20) 

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

r- 0 O l  

where we require 

ln - ’ . ln  = l n . l n - ’  = 1 I (22) 

and we can rewrite eq 19 to give 

o = (J - L) . ln - ’  = In - ’ . (J  - L) (23) 

Substituting this result into eq 16, dropping the (1/2m)Zipp 
term, and expanding gives 

T = ’/2(J - L). In-’ . (J - L) = ’/2J*ln-’.J - J* In - ’ .L  + 

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. 

Ill. 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.3 The resultant 
electronic kinetic energy in the presence of the magnetic 
field is given by 

pi 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 = -fro is an operator 
a n d V * A = A * V )  

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 = T X A  (27) 

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

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

A x  = - ’ l2yHz 

A, = 5; X Hz 

A x  = 0 

A = -’Qr X H (29) 

Expanding the A pi  dot product in eq 26 and substituting 
eq 29 for A,, A,, and A, in both the A p, and A’ terms gives 

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

e 2  - H. c ( rL21 - r L r L ) - H  8mc2 , (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 Te 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,, = o X r n ,  by using 
methods developed above for the electrons. The new terms 
include 

e ,  
X =  - (  c Zarc, x w x r , ) . ~  + 

I 

where the sum over cy is over all nuclei and rLy is from the mo- 
lecular center of mass. Expanding the first term in eq 32 
gives 

Substituting eq 23 gives an expression in J and L. 
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“ H . C  2 Za2 ( ra21  - rnra).H (34) 
8c2 a 

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. 

X ’  = 1 / 2 ~ . . ~ n - 1 . ~  - J. I,-’.L + I / ~ L . I ~ - ~ . L  + 
e e2  - ’H-L  

2mc 8mc , -’ H. x(riZl - riri).H - 

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

X’ = ’/2J*ln-’.J - Law’ + ’/2L*In-’*L + 

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

IV. Electronic A verage, 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 X’ in eq 36 yields a basis set of 
electronic states given by 

( 3 7 )  

where $O is the ground electronic state, and $ k  are all the ex- 
cited electronic states. We are assuming that the ground 
electronic state, $O, does not possess any electronic angular 
momentum. However, the excited states, qk, 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. 

$0, $’, $ 2 , .  , , 1 

First order 

rnra)-  ln- ’ .J]  + ’h (O~L lm) .  I,-’.cmlLIO) (38) 

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

m>O 

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. 

A. Z,(rO21 - rnra).H 
n 

All terms in eq 39 will give rise to first-order corrections to 
the rotational state. There will be additional nonzero second- 
order corrections to the energy in Y2L * I,,-’ - 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 1/2L*In-’ * L  and - L o o ’  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 CsV symmetry the second-order matrix ele- 
ments in the 1/2L L and -L w’ cross term are identi- 
cally zero.4 We therefore ignore these terms. There will, how- 
ever, be nonzero third-order corrections involving products of 
’/2L In-’ L with (L w ’ ) ~  which will give rise to first-order 
corrections to the rotational energy, J. These corrections are 
given by eq 40. 

Third order 

Before examining these third-order corrections we will com- 
bine the first terms of eq 38 and 39 to give the zero-field or 
“pure” rotational contributions. We designate these terms as 
the rigid-rotor Hamiltonian, Err. 

X,, = ’/2J*In-’*J + J.ln-’*A.In-’*J = 

’/2J.[In-’.(1 + 2A*I,-’)].J = / 2 J * l e f f - ’ * J  

1 e f f - l  = l,-’*(l +2A.In-’) (41 1 

The l,ff-’ = I,,-’ * (I + 2A In-’) is the measured inverse 
moment of inertia at zero magnetic field. As lerf-l 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 Of course it is evident that I >> 
+21Al - In-’ for all matrix elements; we will show later that 
I AI - InT1 is 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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iltonian up to second order in the electronic correction (eq 
42). We use leff-l whenever possible. 

e2 
2m2c2 

X P  = - -A = - 

xd. x p ,  and x are the diamagnetic, paramagnetic, and total 
magnetic susceptibllities, respectively. y is also a susceptibili- 
ty term which has the same rotational dependence as xd and 
xp.  Careful examination of y will show that the elements in y 
are smaller than the elements in xd  and x p  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 0 In-’ E’ 
m / M p .  (the ratio of electron to proton masses). Thus, we will 
rewrite eq 42 by assuming that the third-order corrections will 
convert I,-l in eq 42 to leff-l, giving 

Further terms in the perturbation series including other third- 
order terms and fourth-order terms will refine the values of 
Ieff-l and add increasingly smaller terms to y . We drop the 7 
terms and we assume that the perturbation theory converges 
to the experimental value of obtained from the first term 
in eq 43 at zero field.415 

We now define the molecular g values from eq 43 as 

j l o  = he/2Mpc is the nuclear magneton and m and Mp are 
the electron and proton masses; %J leff-l J is the rigid 
rotor term and leff-l is measured at zero field. g, and ge are 
the nuclear and electronic contributions to the molecular g- 
value tensor, g, defined similar to the results of Eshbach and 
Strandbergs following earlier theoretical work by C ~ n d o n , ~  
Wick,6 and Ramseyg and early experimental work on HP by 
Stern and coworkers.1° It is evident that the molecular mo- 
ment, (Mo/h)g J is a sum of positive nuclear and negative 
(Eo < Ek) electronic terms. The individual diagonal elements 
in the g-value tensor are given by 

2MP l (0 l  Lx I k)12  ’--‘ E o - E k  (45) 
m l x x  k > o  

and cyclic permutations for gyy and gzz. 
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 by12 

x x x  = X x x d  + x x x p  

e2  
x x x  = - - (01 C(Yz2 + Z,’)/O) - 4c2m , 

I ( O I L x l k ) l  

2c2m k > O  €0 - Ek (46)  

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

Equation 46 shows that the magnetic field induced elec- 
tronic moment, ’/2H 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 gxx (eq 45) and x x x  (eq 
46) have the same dependence on the sum over all excited 
molecular electronic states. Therefore, if the total gxx can be 
measured and if the nuclear component of gxx can be com- 
puted from the known molecular structure, the numerical 
value for the paramagnetic dependence in the susceptibility 
can be obtained. Substituting the Z:k>01<01 LxI k>l ‘ / ( E O  - €1) 

dependence in gxx into xxx  gives13 

L E  

x x x  = X x x d  + x x x p  

a 

and cyclic permutations for xyy and xzz. 
Now, if the elements in the total magnetic susceptibility 

tensor can also be measured, the numerical value of xxxd  
can be extracted. xxxd 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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do not operate on the electronic functions. py does, however, 
operate on the electronic functions. Using 

(OlPylk) = & ( E o  - E k )  (OlYlk) h 
im 

(52) (klPYIO) =h ( E k  - €0) (k(y(0) 

where py = -ih (dldy) and y are electronic operators, in eq 
51 gives eq 53. Cancelling the (EO - E&) factors, we can now 

I r = v - R  
" N  

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 m~ lecu le . ' ~  

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 

MP 2MP I ( O I L X ~ ~ ) ~ ~  
g x x  = -cz,z,2 + -c-- 

I x x  mlxx  k > O  EO - E k  

z is the internuclear axis. z,, lxx, and L, will be different in 
the two different isotopic species. However, (gxx'lxx'/ M P )  can 
be related to (gxxl,,/M,) 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 prime9 
origin for a shift in origin along the z axis of magnitude Z are 
given by 

r ' = r - R  
X I  = x 

Y ' = Y  
z I = z - z  

P x l  = Px 

PSI = Pr 

P Z I  = Pz - Pa (49) 

and 

L,' = (r' x P ' ) ~  = y'pz' - z'prl = y(pz - pz) - 

Making the appropriate substitutions into g,,' in eq 48 gives 
eq 5 1. pz and Z are independent of electrons and, therefore, 

( Z  -Z)py = Y P ~  - Z P ~ ' -  YPZ + Z P ~  = Lx - YPZ + Z P ~  (50) 

- gxx'  l x x l  = c Z,(Z,2 - 2z,z + 22)  + 
MP a 

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

Q x x I I x x '  = 9rxl+x + -& Z,(-2zaZ + 2 2 )  + 
M M 

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

d d 
dz dy ZyLx - LxZy = -ih{Zy(y - - z - )  - 

d d ( y  dr - z- )zyl  = -ih(Zz) (55) 
dy 

The second term gives 

Zp,Zy - ZyZp, = -ih{Z Zy - ZyZ 1) = -ih(Z2) (56) 

Substituting eq 55 and 56 into eq 54 shows that the Z 2  
terms cancel, giving 

dy dy 

a 

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, 0,. 

' I  e 
(gxx I x x  - g x x ~ x x ) (  - 1 = 

2MP 

- Z { e x z ,  - e(Olzl0)) = -ZDz (58) 
a 

Z is the distance from the unprimed to the primed CM. Thus, 
by measuring the moments lxx and I,,' 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. 
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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 

+ z2) operators appear in xi,. Thus, the value of Qxx is eas- 
ily written in terms of the magnetic susceptibility anisotropy 
(x,, + xw - 2xxx),  g values, and moments of inertia. The 
appropriate relation isi5 

- y 2 -  z 2 ) = (3r2 - x2 )  operators appear in Qxx and the (y2 

Syylyy - 2Szzlzz) (60) 

and cyclic permutations for QYy and Qzz. The values of xxx, 
xyy, and xzz are in units of cm3 per molecule. If molar xxx 
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 xxx, 
xyy, and xzz from eq 47. The molecular quadrupole moments 
of several molecules have been determined by measuring the 
diagonal elements in the g and I tensors and the magnetic 
susceptibility anisotropies (x, + xyy - 2xzz),  and the results 
will be discussed in section V. Equation 60 simplifies for a lin- 
ear molecule to l6 

A similar equation is evident for symmetric tops.” 

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 

a I 

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

a 

Ozz - 2 Z D z  + Z‘Mo (64) 

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

Qzz ‘  - Qzz = - 2 2 0 2  (65) 
Substituting the functions for Qzz‘ and Q,, from eq 61 in 
terms of qxx/xx and xxx - xzz leads to eq 59 when we note 
that the magnetic susceptibility anisotropy (x, - 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 

charge distributions are also available from the above infor- 
mation. 

, 
1 

C z a ( Y e 2  - x m 2 )  + - [ g y y / y y  - g x x / x x ]  + 
R MP 

7 4mc2 [ X w  - X x x l  (66) 

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

e 

(67) 

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

x = % ( x x x  + X y y  + x z z )  

2mc2 [Xrrd + x z z d  - X x x d l  = -- 2mc2 [ ( X Y Y  + 
( x 2 )  = -- 

e 2  e2  
X z z  - X X X )  - (XYY’  XZZ’ - x x x P ) I  (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. Eo is the 

Y 
2 

Y H ,  = 0 
2 

I 

zero-field rotational energy, and the sums are over the three 
Cartesian axes in the laboratory fixed axis system (x,  y, z). Hi 
is the component of the external field H which is projected 
along the ith 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 

Molecular magnetic susceptibility 

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 B e n ~ o n . ~  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 Benson5 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 7 0  and 7 1  into eq 69 gives 

X = X,,  - ~ J . H  - ' / ~ H . x * H  (72)  

where X,, is the rigid-rotor Hamiltonian and pJ is now the 
vector rotational magnetic moment as defined in eq 7 0  and 
44; -1/2H. 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 H2 term, we return again to Flygare 
and Benson5 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 

X X,, - ,!LQ H . 9 . J  - ' / ~ H . x . H  (73) f l  

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

X = X,, - H . [ $ g ] . J  - ' / z H - [ * x @ ] . H  (74)  

We now use the a, b, and c axes to denote the principal iner- 
tial axis system. 

Huttner and Flygare18 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 X,, = '/2J left-' - J from eq 44 at zero 
field. These rigid-rotor and P 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 

h 

nuclear spin as18 shown in'eq 75. x = Y3(xaa + Xbb + xcc) 
is the average magnetic susceptibility, P(J ,  r ,  M) is the zero- 

3M2 - J ( J  + 1) 
I X  ' /2H2x - - H 2  J ( J  + 1) (2J  - 1 ) ( 2 J  + 3) 

field rotational energy, M is the projection of J on the space- 
fixed field axis, and (J i l l  Jaql JT)  is the reduced matrix ele- 
ment of Ja2 in the general asymmetric top basis indicated by 
quantum number 7. The (JdlJaql J 7 )  matrix elements are 
easily computed from the experimental principal moments of 
inertia by transforming the symmetric top (Jql Jaql J'K') 
matrix to the asymmetric top basis.I8 The sums over a are 
over the three principal inertial axes a, b, and c. Thus, we 
note that in general the three independent diagonal elements 
in the molecular g-value tensor (gas, gbb. and gcc) 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 -'12H2x term is inde- 
pendent of J and M. Only two independent magnetic suscep- 
tibility anisotropies can be determined because 

n 

We take these two independent anisotropies to be 

X a a  - X = % ( 2 X a a  - Xbb - X c c )  

Xbb - X = % ( 2 X b b  - X a a  - XCC) 

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

( J c ' )  = ' /2[J(J + 1 )  - K 2 ]  = (Jb') 

(,la2) = K 2  

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

f ( J K M )  = f o ( J K M )  - koMH[gbb t 

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

f (JM)  = E o ( J M )  - HpOMgbb - 

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 gbb and X b b  - xaa values from several linear mole- 
c u l e ~ . ~ ~  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 fields5 

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 = fl 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 1 - ~ 1 1 .  Figure 4 shows the experi- 
mental trace of the J = 1 - 2 ,  AM = 0 transition in OCS.*O 
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 CH3CECH and CH3X (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 \I in a magnetic field ( E  N vH/c) also 
causes broadening in transitions which have first-order Stark 
effects5 

Figure 5 illustrates three cases of relative H-dependent and 
@-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, 1/2 H - 
x .  are larger than the rotationally induced moments, leading 
to more accurate measurements of 2xaa - X b b  - xcc  and 
2Xbb - Xaa  - Xcc  than the molecular g values. The pro- 
gression as described above is shown in Figure 5 starting with 

v 

A - B - - C  b o  

M ENERGY 

2 H p o g b b  
P a :  

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 = fl transitions are shown with the corre- 
sponding splittings leading to the measurement of gbb and Xbb - 
xaa. Figure 4 shows an experimental trace of the J = 1 - 2, AM = 
0 transition in OCS. 

Hg > f l x  in sulfur dioxide to Hg @ x  in ethylene sulfide to 
Hg < @ x  in fluorobenzene. The same transition is shown in 
all cases where the increasing asymmetry is evident. An ex- 
treme case in the Hg < Hx 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 I 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 I and II 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. gas, gbb, gee, 2xaa - X b b  - 
xcc, and 2Xbb - Xaa - xcc 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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- V  

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 lo3 Hz 
which according to Figure 3 leads to Xbb - xaa = (1.54 f 0.02) x erg/G2. The spectrum is from ref 20. 

-1-0 

-1--2 P 
s; A M = i l  1-2 

0 0-1 /? 

E ,  i 
Ill - 202 

H.20997 GAUSS \ 11 
v 

1-2 

1-0 

Figure 5. A series of spectra showing different relative contributions to the linear and quadratic Zeeman effect in the same J = l,, .+ 202 
transitions in different molecules. The top spectra for SO2 shows a nearly symmetric linear field Zeeman effect, Hg > H2x [J. M. Pochan, R. 
G. Stone, and W. H. Flygare, J. Chem. Phys., 51, 4278 (1969)]. The lower left shows an intermediate, Hg Px, spectra for the same Ill - 202 transition in ethylene sulfide [D. H. Sutter and W. H. Flygare, Mol. Phys., 16, 153 (1969)l. The lower right diagram shows the 1 1 1  - 202 
transition in fluorobenzene where Hg < Px [W. Huttner 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 VI1 for pyridine, ethylene 
oxide, and formic acid. The corresponding complete sets of 
values for the other molecules listed in Tables I-VI 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 I1 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 111 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, Hbk, and nuclear, Hnk, terms 

where all vectors originate at the kth nucleus which is indicat- 
ed by ilk and rka. The sum over i is over all electrons in the 
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TABLE I. Molecu la r  g Values, E lec t r i c  D ipo le  M o m e n t s  (and  Signs), Magnet ic  Suscept ib i l i t y  Anisot rop ies,  and  Molecu la r  
Q u a d r u p o l e  M o m e n t s  of a N u m b e r  of L inear  Mo lecu les  as Measured  by M ic rowave  Spectroscopy 

g1 M a  X I  - X l l b  Q i i C  Ref 

-0.028711 & 0.00004 
-0.07606 i 0.0001 
-0.01952 i 0.0002 
-0.2702 i 0.0004 
-0.2431 zk 0.0016 
-0.0904 i 0.0003 
-0.0504 + 0.0008 
-0.0384 dz 0.0003 
-0.0325 i 0.0010 
-0.0077 + 0.0002 
-0.00630 i 0.00014 
-0.00395 i 0.00032 
-0.0430 i 0.0010 
-0.0414 i 0.0002 

+0.75 & 0.30 

+0.9 i 1.9 
+2.7 + 1.0 

... 

... 

... 

... 
-2.4 i 3.6 

... 

. . .  
-0.3 i 0 .2  

. . .  

... 
-2.7 + 0.6 

9.27 & 0.10 
10.15 i 0.15 
10.06 i 0.18 
24.2 A 1.2 
27.8 =k 1.4 

7.2 i 0.4 
7.2 i 0.8 

10.8 i 0.8 
11.8 + 1.0 
5.2 i 0.2 
9.3 i 0.5 
9.5 + 0.9 
8.4 i 0.9 
7.2 2 0.5 

-0.88 & 0.15 
-3.65 i 0.25 
-0.32 + 0.24 

0.8 i 1.4 
-2.6 zk 1.6 

3.1 i 0.6 
-3.7 =E 1.0 
-3.9 i 1.0 
-6.0 i 1.1 

4.0 + 0.2 
8.8 = 0.4 
8.5 i 1.1 
4.4 == 1.2 
2.7 I 0.6 

d 
d 
d 
e 
e 
f 
9 
h 
h 
d 

f 
f 

I 

i 
a Un i t so f  10-1Sesu cm.  These dipole momentsand  signswere obtained f rom Zeeman measurementsaccording to  eq 58. Of course, the mag- 

n i tudesof  these dipole momentscan  be determined very accurately by Stark or dielectric constant measurements. Uni ts  in  10-6erg/(G2 mol). 
See ref 5 for original literature references. e J. McGurk, H. L. Tigelaar, S. C. Rock, C. L. Norris, and W. H. Flygare, J. 

Chem. Phys., 58, 1420 (1973). f S. L. Hartford, W. C. Allen, C. L. Norris, E. F. Pearson, and W. H. Flygare, Chem. Phys. Lett., 18,153 (1973). g 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. Left.,  15, 461 (1972). 7 E. F. Pearson, C. L. Norris, and W. H. Flygare, J. Chem. Phys., 60,  1761 (1974). 

Uni ts  in  10-26 esu cm2. 

TABLE 11. M o l e c u l a r g  Values, Electr ic D ipo le  M o m e n t s  (and Signs), Magnet ic  Suscept ib i l i t y  Anisot rop ies,  and  M o l e c u l a r  
Q u a d r u p o l e  M o m e n t s  of a N u m b e r  of S y m m e t r i c  Tops 

91 Pa 911 X I -  Xllb Q I I "  Ret 

+CH3CCH - +O. 0035 i 0.0002 -0.7 i 0.2 +0.312 & 0.0002 7.7 i 0.2 4.8 i 0.3 e 
C H &CCC H  0 i 0.0005 (0. 310)d 13.1 =t 0.2 9.9 i 0.8 e 
CHa14NC -0.0317 i 0.003 (0.310)d 13.5 = 1.7 -2.7 1 . 6  e 

+3.5 i 1.5 (0.310)d 10.2 i 1.0 -1.8 zk 1.2 +CHaC'jN - -0.0338 + 0.0008 e 
CHaF -0.062 i 0.002 +0.265 = 0.008 8.5 i 0.6 -0.4 i 1.0 f 
T H s 3 ' C I -  -0.0165 i 0.0003 +2.3 & 2.0 (0. 305)d 8 .0  = 0.5 1.2 + 0.8 e 
CHOi@Br -0.0057 i 0.0003 +0.294 i 0.016 8.5 z 0.4 e 
C H3"'I -0.0068 i 0.0004 +0.310 i 0.01E 11.0 i 0.5 5.4 i 0.9 e 

-SiHaCH3+ -0.03583 i 0.0001 0.96 i 0.40 +0.0182 =z 0.0069 2.4 i 0.2 -6.3 3.5 9 

3.6 i 0.8 

Un i t so f  10-18esu cm. Un i t so f  10-Gerg/(G2 mol). Uni ts  of lO-?&esu cm2. dAssumed.  e See ref 5'fOr original literature references. f C. L. Nor- 
ris, E. F. Pearson, and  W. H. Flygare, J. Chem. Phys., 60, 1758 (1974). Q R. L. Shoemaker and W. H. Flygare, J .  Amer. Chem. S O C . .  94, 684 (1972). 

cm.  / 

Figure 6. The molecular coordinate system showing the vectors 
from the CM to the M h  and ath nuclei and i th electron. 

mo lecu le ,  a n d  the  s u m  over  cy is over  all nuc le i  (exc lud ing k) 
wi th  a t o m i c  n u m b e r  Z,. A coord ina te  s y s t e m  show ing  t h e s e  
vec to rs  in a  m o l e c u l e  is g iven  in F igure 6. In t h e  p r e s e n c e  of  
a n  ex te rna l  f ield H w e  wr i te  the  to ta l  f ield a t  t he  M h  nuc leus  
a s  

The p u r e  nuc lear  t e r m  in e q  80 c a n  b e  rewr i t ten  by r e m e m -  
ber ing tha t  V k a  a n d  r k a  depend only o n  the  nuc lear  coord i -  
na tes  in a  nonvibrat ing molecu le ,  giving 

Vka = x r k a  

Substi tut ing into Hnk in e q  80 g ives  

ZCI e 
-3 (rka21 - r k a r k a ) ' w  = c rka 

w h e r e  w = In-' (J - L) f r o m  e q  23 has  a lso b e e n  used. 
T h e  e lec t ron i c  t e r m  c a n  a l so  b e  rewr i t ten  to re f lec t  t he  in- 

f luences  of  t he  magne t i c  field. The e lect ron ic  ve loc i ty  vec to r  
o f  a n  e lec t ron  in the  p r e s e n c e  of  a  magne t i c  f ield is given in 
e q  25. Substi tut ing vi  = pi + (e /c)A in e q  25 into Hek in e q  
80 gives 

where  pk i  is t he  i th  e lec t ron ' s  l inear m o m e n t u m  in the  ab-  
s e n c e  of  t he  field, a n d  w e  h a v e  a lso used A = % H  X r f r o m  
e q  29. Expanding a n d  using A X B X C = B(A C) - A(B C) 
gives 

where  Lki = rki X pki. Combin ing  e q  83 and  81 into e q  80 
gives the  field a t  t he  nucleus. 



664 Chemical Reviews, 1974, Vol. 74, No. 6 W. H. Flygare 

TABLE 111. Molecular g Values, Magnetic Susceptibility Anisotropies, and Molecular Quadrupole 
Moments in Some Nonring Planar Asymmetric Tops. 

c o  c// \c// 

c@c/ca, 

C/O\C 

C 
c’ No 

H 

H 

H 

+\c=.o- 
/ 

H ) C S S b  

//O 

H - cCN /H 

H\ H0 

H-C, / H  
0 

0 

I 
H 

H>,C- c\ 0 / H  

H’ 

H-C, /O ,CH, 

0 

H 
‘c=c==o 

H/  

H’../ F 

HQ ‘F 

F 

I 
H 

H\ /F c=c 
H’ ‘H 

F F 

H ’ \H 

‘c=c’ 

-0.0621 f 0.0013 
-0.0339 f 0.0016 
+0.0080 f 0.0016 
-0.5512 f 0.0019 
-0.0567 f 0.0010 
-0.0080 f 0.0010 
-0.0789 f 0.0006 
-0.0424 f 0.0004 
+0.0107 i 0.0005 
-0.553 f 0.002 
-0.040 f 0.002 
-0.015 k 0.001 
-0.0214 f 0.0006 
-0.0093 f 0.0004 
-0.0210 f 0.0006 
-0.0193 f 0.0007 
0.0000 i 0.0003 

-0.0083 f 0.9003 
-0.3609 f 0.0021 
-0.0731 f 0.0003 
-0.0245 f 0.0006 
-2.9017 f 0.0008 
-0.2243 f 0,0001 
-0.0994 f 0,0001 
-5.6202 f 0.0068 
-0.1337 f 0.0004 
-0.0239 f 0.0004 
-0 I 0903 f 0.0006 
-0.2797 f 0.0060 
-0.0270 f 0.0006 

-0.0649 f 0.0004 
-0.2843 f 0.0011 
-0.0117 f 0.0004 

-0,0726 f 0,0010 
-0.1239 f 0.0013 
-0.0178 f 0.0010 

-0.0391 f 0.0009 
-0.1267 f b.0010 
-0.0167 f 0.0016 
-0.4182 f 0.0009 
-0.0356 f 0.0013 
-0.0238 f 0.0006 
-0.0411 f 0.0004 
-0.0725 i 0.0006 
-0.0398 f 0.0004 
-0.0568 f 0.0006 
-0.0747 f 0.0004 
-0.0328 f 0.0006 
-0.4227 f 0.0007 
-0.0771 f 0.0002 
-0.0371 f 0.0002 
-0.1533 f 0.0008 
-0.0526 f 0,0001 
-0.0037 f 0.0001 
-0.0421 f 0.0005 
-0.0466 f 0.0004 
-0.0119 f 0.0004 
-0.1015 f 0.0009 
-0.0296 i 0.0003 
-0.0158 f 0.0002 

+16.7 f 1.2 
+19.2 f 1.0 

+24.1 f 0.9 
$17.1 i 1.5 

-0.7 i 0.3 
$13.4 f 0.5 

$4.4 f 0.8 
+9.0 i 1.6 

-10.4 f 0.7 
+1.2 f 0.6 

-4.2 f 0.5 
-2.8 =!c 0.5 

+8.1 f 2.5 
+9.6 f 1.4 

$25.5 f 0.5 
-3.9 f 0.3 

+52.3 f 1.1 
-5.1 f 0.7 

+9.4 & 0.3 
+3.4 i 0.5 

+8.0 f 0.5 
+2.2 f 0.7 

+18.8 f 2.0 
+7.1 f 2.5 

+3.1 f 0.9 
s11.0 f 0.9 

-5.0 i 0.7 
-0.2 f 0.6 

+0.8 f 0.4 
-3.9 f 0.5 

-1.6 f 0.9 
-5.3 f 0.6 

+6.1& 0.3 
+5.9 f 0.3 

-0.8 f 0.2 
+9.6 f 0.2 

-2.3 f 0.6 
+7.7 f 0.5 

+5.7 i 0.4 
-1.6 f 0.3 

+1.7 f 2.2 
+3.3 f 2.3 
-5.0 f 3.2 
-2.5 f 1.1 
+3.3 f 1.7 

+0.6 f 0.3 
+2.9 f 0.5 
-3.53~ 0.7 
+3.1 f 1.3 
+1.1 f 2.2 
-4.2 f 2.4 
+3.3 f 0.6 
-2.0 f 0.5 
-1.3 f 1.0 
+3.2 f 0.5 
-1.5 f 0.5 
-1.7 f 0.8 
-1.2 f 1.5 
+1.0 f 0.9 
+0.2 i 1.8 
-0.1 f 0.3 
+0.2 f 0.2 
-0.1 f 0.5 
+3.0 f 0.7 

-0.8 f 2.2 

-2.4 i 0.5 
-0.6 f 1.1 
+5.2 f 0.6 

+0.1 =k 0.6 

+3.4 f 0.4 

-5.3 zt 0.6 

-0.3 =k 0.5 
-3.1 =k 0.8 

+3.8 f 1.9 

+1.8 f 3.3 

0.4 f 0.9 

1.2 f 1.3 

+3.8 =k 0.4 

+1.9 i 0.3 

+2.2 f 0.6 

-5.6 f 2.0 

-1.6 f 0.8 

-0.7 i 0.3 

-3.1 f 0.4 

-4.1 i 0.4 

-3.7 f 0.7 
-0.2 f 0.5 
+3.9 f 1.1 
-4.5 * 0.2 
+2.6 f 0.2 
+1.9 i 0.4 
-0.2 f 0.2 
+3.1 f 0.2 , 
-2.9 f 0.3 
+2.4 f 0.5 
-0.9 f 0.4 
-1.5 f 0.8 
-1.7i 0.4 
+3.0 +C 0.3 
-1.3 f 0.5 
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TABLE Ill (Confinued) 

H 
I -0.0503 f 0.0002 -4.2 f 0.2 -3.5 f 0.3 

/c\c/F -0.0321 j= 0.0002 +7.7 f 0.3 +2.7 f 0.4 
+0.8 f 0.5 -0.0170 f 0.0002 I 

F 

F 
HQ,.. .H +0.0185 f 0.0006 -6.6 f 0.4 -2.0 f 0.4 

H 
’ y-; -0.0124 f 0.0003 - 0 . 7 3 ~  0.5 +1.3 f 0.4 

+0.7 f 0.7 -0.0197 i 0.0004 b H  
-2.968 f 0.035 
-0.228 f 0.007 

O / O L O  -0.081 & 0.006 
-0.6037 f 0.0005 
-0.1161 i 0.0002 

o/s\o -0,0882 f 0.0004 
-0.213 f 0.005 
-0.058 f 0.002 

/O\F -0.068 f 0.002 
H +0.642 f 0.001 

-0.119 f 0.001 
-0,061 i 0.001 0- FC 

+0.718 i 0.007 
H>O- +0.657 i 0.001 
H’ +0.645 f 0.006 

0.355 f 0.008 
H,S 0.195 f 0.008 
H’ 0.209 f 0.008 

I 

+98.0 i 5.6 
-17.4 f 4.4 

+6.4 f 0.5 
+3.1 f 0.3 

-8.8 f 1.4 
-4.4 & 0.7 

-19.6 & 0.6 
+12.8 i 1.2 

-0.199 f 0.048 
+0.464 f 0.024 

-17.1 f 5.2 
+9.2 f 4.7 
+7.9 i 7.9 
-5.3 i 0.4 
+1.3 =t 0.3 
+4.0 f 0.6 
-1.6 f 1.4 
$2.1 f 1.1 
-0.5 f 1.9 

0:2 f 0.4 
1.9 f 0.8 

-2.1 i 1.1 
-0.13 i 0.03 
+2.63 f 0.02 
-2.50 f 0.02 

The dipole moment  signs are also l isted when appropriate. The un i ts  are the same as in  Tables I and II. References are f rom ref 5 unless 
indicated. S. L. Rock and W. H. Flygare, J .  Chem. Phys., 56, 4723 (1972). c S. L. Rock, E. F. Pearson, E. Appleman, C. L. Norris, and W. H. Flygare, 
1. Chem. Phyr., 59,3940 (1973). 

The energy of the interaction of the magnetic dipole moment 
of the kth nucleus, pk, with the field at the kth nucleus, H k  in 
eq 84, is given by eq 85. Yk = (PO/ h) gk is the gyromagnetic 

ratio of the kth nucleus, PO = he/PM,c = 0.50508 X 
erg/G is the nuclear magneton, gk is the nuclear g value, and 
/ k  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). o‘ is defined 

x = x r  + xn = %J.I,-’.J - L.U‘ + 1 / 2 ~ . ~ n - 1 . ~  + 
H . C ( r 1 2 1  - rlrl).H -&CZ,Hs(ra21 - rara) .  

8c2m LI 

I n - ’ . ( J  - L) (86) 

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

Y 912 Q Z Z  

L x  g z z  -XZZ + ~ X U Y  + x u  Qzz  
Quu 2xzz - xyy - x22 Quu 

-0.0672 f 0.0007 
D- -0.0231 f 0.0004 

+O ,0244 f O. 0004 

-D+ -0.1492 i 0.0002 
+O .0536 f 0.0002 
+0.0229 f 0.0009 

+0.0539 i 0.0010 
E N  

+0.0189 i 0.0004 

0.0318 f 0.0006 
C O  

CS 

-0.0897 3z 0.0009 

-0.0422 i 0.0008 

-0.0946 f 0.0003 

-0.0159 i 0.0021 
-0.0242 i 0.0003 
+0.0487 f 0.0004 
-0.2900 i 0.0013 

b o b  -0.0963 3z 0.0004 
-0.0121 i. 0.0004 
-0.0813 f 0.007 ycHP -0.0261 i 0.004 
+0.0166 i 0.003 

18.3 i 0.5 
14.9 f 0.6 

7.1 i. 0.6 
26.8 f 0.4 

4.6 f 0.8 
16.5 3z 0.7 

0.8 3z 1.0 
18.1 f 0.6 

12.1 3z 0.9 
18.7 f 0.6 

1 3 . 5 i  0 .1  
22.0 i 0.8 

13.9 i 0.3 
16.4 i 0.6 

-0.7 f 0.5 
$0.9 f 0.6 
-0.2 f 0.9 
-0.4 f 0.4 
+2.4 i 0.3 
-2.0 f 0.6 
-2.6 f 0.6 
+1.3 i 0.6 
+1.3 i 0.6 

+2.5 i 0.4 
+1.8 f 0.8 

+1.2 f 0.8 

-4.3 i 0.5 

-0.5 3z 0.7 

-0.7 f 0.7 
-3.0 f 0.9 

4.0 f 0.7 

+0.6 i 0.4 
-1.0 i 1.3 

-0.3 f 0.6 
-0.3 i 0.8 

a The un i tsare  the  same as in Tables I and II. Referencesare from 
ref 5 unless indicated. R. C. Benson, W. H. Flygare, M. Oda, a n d  R. 
Breslow, J .  Amer. Chem. Soc., 95, 2772 (1973). R. C .  Benson and W. H. 
Flygare, 1. Chem. Phyr., 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 X’ (eq 36) in section IV. We now examine 



666 Chemical Reviews, 1974, Vol. 74, No. 6 W. H. Flygare 

TABLE V. Molecular g Values, Magnetic Susceptibility Anisotropies, and Molecular Quadrupole 
Moments for a Series of Planar Four-Membered Rings" 

Y gzz  Q Z Z  

9 v u  2 x z z  - x u u  - X.2 Q Y U  
t x  9 2 2  -2vu - x 2 0  - X Z I  Q I Z  Ref 

-0.0516 =t 0.0007 -0.9 i 0.5 -0.3 f 0.6 5 
-0.0663 f 0,0007 +5.0 f 0.7 +1.6 f 0.7 
-0.0219 i 0.0006 
-0.0532 f 0.0007 21.2 f 0.6 +4.0 i 1.2 b 
-0.0703 i 0.0007 22.1 f 0.7 +4.0 i 1.2 
+0.0023 If 0.0007 
-0.0073 i 0.0005 -20.1 f 0.5 -4.9 f 0.5 5 
-0.0429 i 0.0007 -13.5 i 0.8 +2.3 i 0.7 
-0.0747 i 0.0005 +2.6 f 1.0 
-0.0148 i 0.0010 -20.9 i 1.0 -2.7 f 1.0 5 
-0.0169 i 0,0006 -24.6 i 1.0 +3.2 f 1.0 0 -0.0554 f 0.0005 -0.5 f 1.6 
-0.0320 i 0.0008 -6.4 i 0.5 -1.2 i 1.1 5 
-0.0218 i 0.0010 +4.3 i 1.7 -1.1 f 2.0 
-0.0184 f 0.0011 +2.3 i 2.4 
-0.0740 i 0.0020 14.8 f 0.9 -9.4 i 1.2 5 
-0.0325 i 0.0004 -10.6 i 1.0 +4.6 i 1.1 
-0.0279 i 0.0004 +4.8 f 1.7 

-0.0581 f 0.0004 -7.8 f 0.6 7.9 f 0.8 
o s 0  -0.0437 C 0.0004 4.9 f 0.8 

-0.0510 i 0.002 -10.9 i 4.7 -5.4 f 1.0 C 

5.1 i 1.2 -0.0435 f 0.001 
0 . 2 1  1.5 -0.0313 =t 0.001 

-0.0758 i 0.0005 -0.5 i 0.3 -3.1 f 0.4 d 
-0.0356 i 0.0004 1.7 i 0.4 -1.9 f 0.5 
-0.0319 i 0.0004 5.0 i 0.5 
-0.1091 i 0.0004 2.3 f 0.9 -2.5 i 0.9 d 
-0.0324 i 0.0004 12.1 i 0.4 1.5 i 0.8 eo -0.0169 i 0.0004 1.0 i 1.3 

-1.3 f 1.0 

-8.0 f 1.8 < 
C O  

o = o  
-0.1059 i 0.0008 9.6 i 0.5 -12.8 f 0.8 C 

2.3 i 0.9 03= 
+o 

"The  uni ts are the same as in Tables I and II. 
Tigelaar, and W. H. Flygare, C h e m .  Phys., 1, l(1973). 

R. C. Benson and W. H. Flygare, Flygare, J .  Chem.  Phys., 58, 2366 (1973). ' C .  L. Norris, H. L. 
H. L. Tigelaar, T. D. Gierke, and W. H. Flygare, J .  C h e m .  Phyr. ,  56, 1966 (1972). 

only the additional effects due,to the addition of X, (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 

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). leff-' is defined in eq 

41. ad and up are the diamagnetic and paramagnetic nuclear 
magnetic shielding tensors with individual diagonal elements 
given by2* eq 90 and cyclic permutations for uW and u ~ .  
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TABLE VI. Molecular g Values, Magnetic Susceptibility Anisotropies, and Molecular Quadrupole 
Moments of a Number of Planar Ring Compounds" 

Y g z z  Q Z *  

9 u u  2x*z - xyy - xi2 Q," 
9 2 2  -xzr + 2 X v u  - x.-z Q;: Ref 

-0.0670 + 0.0008 
-0.0397 i 0.0015 

, +0.0266 =t 0.0017 
-0.0770 i 0.0005 
-0.1010 z!z 0.0008 
+0.0428 i 0.0004 
-0.0880 =t 0.0007 
-0.0405 i 0.0006 
+ O .  0233 i 0.0006 
-0.0433 I 0.0011 
-0.0400 i 0.0024 
-0.0062 i 0.0009 
-0.0827 i 0.0003 
-0.0700 i 0.0003 
+0.0385 i 0.0002 
-0.0895 i 0.0010 
-0.0643 i 0.0010 
+0.0752 + 0.0010 
-0.0911 i 0.0007 
-0.0913 i 0.0002 
+0.0511 i 0.0001 
-0.0862 i 0.0023 
-0.0662 =k 0.0006 
+0.0501 i 0.0005 
-0.0849 i 0.0012 
-0.0428 i 0.0011 
+0.3650 i 0.0010 
-0.0856 zk 0.0016 
-0.0502 i 0,0009 
-0.0112 + 0.0010 

-0.0499 i 0.0014 
-0.1131 0.0010 
-0.0150 C 0.0012 

-0.0914 = 0.001 
-0.0503 C 0.001 
-0.0122 i 0.001 
-0.0868 i 0.002 
-0.0501 i 0.001 
-0.0048 i 0.001 
-0.1059 I 0.0014 
-0.0482 I 0.0007 
+ O .  0219 + 0.0007 
-0.0771 I 0.0021 
-0.0542 I 0.001 
-0.0093 t 0.001 
-0.0753 z 0.0016 
-0.0488 == 0.0011 
-0.0059 = 0.0010 

52.9 zk 0.8 
63.6 =k 1 . 5  

54.3 i 0.6 
60.5 =t 0.8 

50.5 I 1.6  
53.7 i 1.1 

9 . 1  C 2 . 2  
5.7 i 1.6 

37.8 i 0.3  
30.7 = 0.3  

50.2 =t 1 . 0  
34.6 i 1 .8  

43.0 _t 0 . 2  
34.4 t 0.2 

49.6 i 1.1 
50.6 i 1 . 3  

50.2 I 0.8  
51.8 i 1 . 3  

7.2 * 1 . 2  
2 1 . 7 ~  1 .4  

22.9 zk 1.5  
30.3 I 2.0 

25.3 I 1.0  
8 .3  + 1.1 

28.7 i 1.4  
9 .3  i 1 . 5  

35.9 C 0.7 
38.1 I 1.1 

23.9 i 1.4  
21.9 i 2.0 

22.1 t 1 . 2  
27.4 i 1 . 4  

32.1 * 3.9 
39.8 i 5.6 

-1.9 I 0 . 8  
+5.1 i 1 . 0  
-3.2 i 1.0 
-3.5 I. 0.9 
$9.7 I 1 . l  
-6.2 I- 1 . 5  

4.6 + 1.8 
2.8 I 1 . 7  

-7.4 zk 2.7 
$3.2 = 2.8 
+ 2 . 7  2.8 
-5.9 i 3.8 
+3.7 zk 0.4  
$1.4 T 0.4 
-5.1 C 0 . 5  
$ 6 . 6  = 1 . 2  
+5.8 i 1 . 6  

+0.2 + 0 . 4  
+5.9 = 0 . 3  
-6.1 .r 0 . 4  
+ 1 . 7 i  1 .6  
+6.6 = 1.5 
-8.3 z= 2 . 2  

2 . 1  = 1 . 7  

-12.4 2.5 

6 .5  I 2 . 2  
-8.6 z 2.8 
-1.1 = 1.8  
+0 .9  -c 1.9  
+0.2 + 2.8 

+5.9 = 3.2 
-11.6 z 3.0 

+5.7 * 4.4 

-7.1 z 1.6 
8 .1  = 1.8  

-1.0 = 2.4 
-7.2 = 2.0 
12.0 iL 2.1  

-4.8 = 3.0 
5.8 i 1.4  
3.6 == 1 . 6  

-9.4 I!= 2.1 
-11.2 C 2.7 
$13.8 T 3.0 

-1.9 4 .0  
-4.7 i 2.7 
+5.6 .z 2.6 
-0.9 L 3.4 

5 

5 

b 

5 

5 

5 

5 

5 

C 

5 

d 

e 

e 

C 

f 

f 

f 

Uni ts  are the same as in  Tables I and  II. ', D. Sutter, Z. Naturforsch. A, 26 ,  1644 (1971). W. Gziesl ik, D. Sutter, H. Dreizler, C. L. Norris. S .  L 
Rock, and  W. H. Flygare, ibid., 27,1692(1972). ri 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. leff., 10,75 (1971). f Reference 21. 

It is evident that uxxd is the diamagnetic and uxxP is the 
paramagnetic shielding. The diamagnetic shielding is always 
positive and decreases the net field at the nucleus. o,,P is 
normally negative, as €0 < ,Ek. 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 
(4 I-/ 0) = (L)av( 4 0) = 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 Vl l .  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' 

9aa  -0.0770 i 0.0005 -0.0946 i 0.0003 -0.2797 i 0.006 
g b b  -0.1010 i 0.0008 0.0189 i 0.0004 -0.0903 f 0.0006 
9 c c  0.0428 i 0.0004 0.0318 i 0.0006 -0.0270 i 0.0006 

2Xoa - X b b  - Xcc 54.3 i 0.6 18.06 i 0.57 3.4 i 0.5 
2Xbb - Xoa - Xec 60.5 i 0.8 0.78 i 0.97 9.4 i 0.3 

Q b b  9.7 i 1.1 -4.3 f 0.5 5.2 i 0.4 
Q C C  -6.2 i 1.5 1 . 8  i 0.8 0 . 1  i 0.4 

X d  241.5 i 1.5 60.7 f 0.8 28.8 f 0.1 
XbbP 247.4 i 2.0 67.3 i 1.5 106.5 f 0.1  
XCCP 393.9 f 2.0 88.4 f 2.0 117.2 i 0 . 1  

(a') - (b') 0.92 f 0.80 7.6 i 0.3  17.8 i 0.3  

Q,, -3.5 f 0.9 2.5 i 0.4 -5.3 zt 0.4 

(b') - (4 48.28 f 0.60 15.5 i 0.3 -4.3 i 0.3 
(4 - (a2)  -49.19 f 0.60 -23.1 i 0.3 -22.1 i 0.3  

Xaa -30.4 i 0.5 -24.7 i 0.7 -18.8 f 0.8  
X b b  -28.3 i 0.6 -30.4 i 0.7 -16.8 i 0.8  
Xcc -86.8 i 0.8 -37.0 f 0.8 -24.2 i 0.8  

XWd -217.9 i 1.6  -85.4 i 0.9 -47.6 i 0.8  
Xbbd -275.7 zt 2.0 -27.7 i 1.1 -123.3 i 0.8  
XCCd -480.6 zt 2.2 -125.4 + 2.0 -141.4 i 0.8 

X = '/3(Xao + X b b  + Xcc) -48.4 i 0.1  -30.7 -19.9 i 0.3  

25.6 i 0 .3  ( a 2 )  57.1 i 0.8 16.3 i- 0.4 
(b') 56.2 i 0.8  13.3 i 0.4 7.7 i 0.3  
(4 7.9 zt 0.8  6.8 f 0.4 3.5 i 0.3 

a x values are in uni ts  o f  10-6 erg/(G?, mol), Q values are in  un i t so f  1 0 - 2 6  esu cm?, and  (a?)  values are in  un i ts  of 10-lG cmz. See ref 5 for t he  
original references for these molecules. 

magnetic shielding, CT = '/!(axx + uw + gZz). In the liquid or 
gas phase the nuclear magnetic resonance measurement is 
at considerably lower .frequency than the rotational frequen- 
cies which effectively averages out the J dependence in eq 
90 leading to a measurement of the trace of the u matrix, CT 
= '/3(axx + nYy + crZz). 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 a n i ~ o t r o p y . ~ ~  

The effect of third-order corrections to the result in eq 89 
will be to add a term which will convert the remaining In-' to 
Ief,-'. Further higher order corrections will continue to add 
corrections to the effective inverse moment of inertia tensor, 
letf-'. 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 

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

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

Mzzk. 

€0 - Ek J 
(92) 

Realizing that the second term in eq 91 represents the inter- 
action of a nuclear magnetic moment, pk = (gk/h)pOik with 
an internal magnetic field, we rewrite this term as 

1 
R = -  M 

gkp0 
(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 (EO < 4) 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 

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 

MI1 0 0 

M ( s y m m e t r l c  topi = [ !L :] 
Returning to the linear molecule we write the zero-field Hamil- 
tonian in eq 91 as 

X = - ( M I  /h2)J.I 

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

+ J , I . F , M F  

which is an eigenfunction of 3, P ,  p, and Fz. The develop- 
ment of the energy from these equations is straightforward 
for the simple scalar coupling. The total angular momentum is 
F. 

F = / + J  

/*J = ' /2(F2 - I' - J') 

The perturbation energy is 

= - ( M i  / 2 ) [ F ( F  + 1 )  - / ( I  + I )  - J ( J  + I ) ]  

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

€ = hBJ(J + 1) - ( M i  / 2 ) [ F ( F  1) - 
/ ( /  + 1 )  - J ( J  + I , ]  (94) 

M i  p s i t i e  F Energy, Eq. (94) 

.1.7 
A i I  1 -  

1.1 14<$; 
2;1 

J = 1  
(2)  

2Bh 

J.0, I = F = l  

3% 
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 I = 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. l9 

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 I .  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 
HaVk = v J ( J  + 1)R, - J R i  

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

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 
term in eq 91) 

TABLE VIII. Spin-Rotation, Ml,  and the Rotational Field, Rl, Constants for Several Linear Moleculesh 

H 
H 
1Q F 
1Q F 
' Q  F 
1Q F 
15 N 
'3C 
1 7 0  

5.854 
5.854 
5.2546 
5,2546 
5,2546 
5.2546 

1.4042 
-0.5660 

-0.7572 

+112.734 X 
+7i  x 1 0 3 a  

-284 + 103 b 

-32.9 x 103 c 

-157 x 103d 
+22 x 103 e 

-32.6 x 103' 
+29 x 1039 

-37.3 f 1 0 3 c  

25.2 
16.1 

-71.0 
-9.3 
-8.2 

-39.0 
-51.0 
-30.5 
-50.3 

0.7416 
0.917 
0.917 
1.525 
1.525 
1.418 
1.094 
1.128 
1.128 

0.467 
1.34 
1.34 

10.61 
11.91 
32.0 
15.0 
15.16 
14.9 

-6 
-80 
-63 
-73 
-73 

-750 
-485 
-323 
-460 

32 26 
110 30 
483 420 (410)b 
489 416 
489 416 
530 -220 
386 - 99 
327 +4 
445 -15 

H12C==12CH H 5.854 3.58 x 1 0 3 ~  0.80 ~ H C  = 1.060 23.8 - 70 98 28 
dcc = 1.207 

a N. F. Ramsey, A m e r .  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. d M. R. Baker, C. H.Anderson, and N.. 

I. Ozier, L. N. Crapo, and N. F. Ramsey 
for Hz 

for t he  remaining molecules is estimated f rom eq 99 and  Table XIV. u8,.P i s  computed with 11, r,  and eq  98. uny 

F. Ramsey, Phyr. Rev. A, 133, 1533(1964).c C. W. Kern and  W. N. Lipscomb, J. Chem.  Phys., 37, 260 (1962). 
ibid., 49, 2315 (1968). 0 W. H. Flygare and V. W. Weiss, ibid., 45, 2785 (1966). * gk is the nuclear g value, and 11 i s  t he  moment  of inertia. 
i s  a n  accurate calculation. 
= ugyd + U&"P. 
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Qav = Qavd + QavP = '/3(ax, + Qyy + a z z )  = 

W. H. Flygare 

Figure 8. The 11 1 - 110 transition in OCFp at yo = 5872.37 MHz 
showing the I9F spin-rotation Interadtion. The markers are every 5 
kckec. 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)l. The energy levels for this l I 1  - 
110 can be constructed from those in Figure 7 in the I, + /, = I, I + 
J = F coupling case. 

This Hamiltonian is similar to the linear field term in eq 74, 
and Huttner and Flygare18 have developed the equations nec- 
essary for solution. The resultant energy is given (in the cou- 
pled basis) by 

E ( / , J . T , F )  = - 
[ E ( €  + 1) - J (J  + 1) - / ( /  + l)] 

X 
2J(J + 1 )  

C M a , ( J ~ /  I J m 2 1 J ~ )  (95) 

where the reduced matrix elements over Ja2 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=O. The spin-rotation constants for 
F2C0 as well as some symmetric top and other asymmetric 
top molecules are given in Table IX. It is evident from Tables 
Vlll and IX that the rotationally induced fields are normally less 
than conveniently available laboratory fields. 

CI 

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 Adxx to the 
magnetic shielding, gXx. 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 Rxx. Returning to eq 90, 92, and 93 gives 
the magnetic shielding at any nucleus in terms of the value of 
R x x  = Mxx/Mlgk.24 

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 gav for dia- 
tomic molecules is given by eq 98. R l  is the single induced 
magnetic-field constant (see eq 93). 2 is the atomic number 
of the other nucleus in the diatomic, and r is the internuclear 

aav(diatomic) = oavd + uavp = 

3mc2 -(OlC,10) e2  , 1 1 + 

distance. The paramagnetic shielding (u,P in eq 96 or uavP 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 Xlll under gaVP. 

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. 

Auav = aav(A) - uav(B) = QavP(A) + 
a a v d ( A )  - aavP(B) - uavd(B) 

Now, in principal, ga$(A) and aavP(B) can be determined from 
eq (97) by using the spin-rotation constants and the molecular 
structure. If we can determine aavd(A) for the nucleus in mole- 
cule A by an independent method, then aavd(B) can be ex- 
tracted from the above equation and the measured values of 
Agavt aavP(B), and UavP(A). The value of uavd(A) need only be 
determined once for each nucleus in any given molecule, and 
all other ad(B) can be extracted from the chemical shifts. 
Values of aavd(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 H2 has been calculated to high accuracy. The result isz5 

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

aavd(nucleus k in a molecule) = uavd(free k atom) + 

The free atom diamagnetic shieldings are discussed in the 
next section (see Table XIII). 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 uaVd from eq 99 in several 
molecules are listed in Table VIII. The values of uavd in Table 
Vlll 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 eg 
99 into eq 97 shows that the pure nuclear term vanishes giv- 
ing26 

P 

where aavd(atom) is the free atom diamagnetic shielding as in 
Table XIII. In a linear molecule, eq 100 reduces to 
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TABLE IX.  Nuclear Spin-Rotation Constants M,,/h in Units of kHz for Several Molecules 

Y 

t, 
37C I- F 

o=c=s 

CH, 
SiH4 
C F4 

Si F, 
GeF, 
C H i F  

F 
35Cl 

110 

13c 

32s 

H 
H 
l9 F 
I8F 
l9 F 
l9 F 
H 

0 
0 

0 
0 
0 

10.4 i 0.4 
3.9 + 0.2 

-6.9 i 0.4 
-2.42 =t 0.08 
-1.88 i 0.08 
-51.1 i 1.3 
14.7 i 0.7 

22.6 i 0.2 
-21.60 i 0.05 
-21 i 4 

-4.0 + 1.5 
3.1 i 0.2 
2.0 i. 1.0 

10.4 i 0.4 
3.9 i 0.2 

-6.9 i 0.4 
-2.42 i 0.08 
-1.88 i 0.08 
4.0 i 1.9 
0.8 i 1.5 

22.6 i 0.2 
-21.60 i 0.05 
-21 i 4 
-4.0 i 1.5 
3.1 i 0.2 
2.0 i 1.0 
10.4 =t 0.4 
3.9 i 0.2 

-6.9 I 0.4  
-2.42 J 0.08 
-1.88 i. 0.08 
4.0 i 1.9 
0.8 i 1.5 

a 
a 
b 
C 

d 
d 
d 
d 
d 

e 

H\C,O 1 7 0  371rt 10 25 i. 10 -2 i 10 f 
H’ 

F>c=o 
F 

H\ 

H$ 

19F -19i 3 -13 i. 3 
-19.8 i 0.2 -13.5 =t 0.1 

-5 i 3 9 
-7.8 zt 0.3 h 

‘9F -20.4 i 1.0 
H 6.5 i 3.0 

-4.9 i 0.5 -13.1 I 0.5 I 

1.0 i 1.4 0.3 i 1.3 

14N -6.71 i 0.02 -6.77 + 0.02 -6.77 i- 0.02 i 
H 18.9 i 1.0 1.62 i 1.0 16.1 i. 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, ibid., 58, 3118 (1973). F. 
H. DeLeeuw and  A. Dymanus, Chem. Phys. lef t . ,  7, 288 (1970). I. Ozier, L. M. Crapo, and  S. L. Lee, Phys. Rev., 172, 6 3  (1968). e S. C. Wofsy. J .  S. 
Muenter, a n d  W. Klemperer, J .  Chem. Phyr., 55, 2014 (1971). f W. H. Flygare and J.  T. Lowe, ibid., 43, 3654 (1965). Q W. H Flygare and V. W. Weiss, 
ibid., 45, 2785 (1966). J. H. S. Wang and S. G. Kukolich, J. Amer. Chem. Sac., 95, 4138 (1973). S. G. Kukolich, J. H .  S. Wang, and D. J. Ruben, 1. 
Chem. Phyr., 59,5268(1973). f S. G. Kukolich and  S. C. Wofsy, ibid., 52,5477(1971). 

e 

3mhc 
aav(Iinear) = aavd(atom) + (- ) R l /  (101) 

Returning to Table VIII, we note that the net shielding at 0 
in CO, N in N2, and F in F2 is negative (paramagnetic). Thus, 
the actual fields in these nuclei are larger than the external 
fields. The other examples in Table Vlll 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- 
s t a n t ~ . ~ ~ . ~ ~  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, (T,,, 

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 VIII. 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. 

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 MH to give aavP, and 
the calculated aaVd 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 19F, 170, 

14N, and 13C 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 Vlll and eq 99 that the diamagnetic 
shielding can also vary considerably at the same nucleus in 
two different molecules. 

VI/. 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 9 1 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 ,  6, M, and q tensors are all defined in 
the principal inertial axes systems. Qz, is the scalar quadru- 
pole moment of the nucleus (defined by the convention in eq 
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CH4 
CFHa proton Hbtom) benzene Hp 

! HCECH 1 
I , ,  > I ,  , , I ,  

W. H. Flygare 

H Br HC' 

I 

Nucleus in Molecule (A )  
Beam Resonance or 
Microwave Spectroscopy 

Nuclear M a g n e t i c  

Chemrcal Shift 

Flgure 9. Diagram showing the relation between the diagonal elements in the spin-rotation and magnetic shielding tensor elements. uaVd = 
%(Uaad + Ubbd + U,cd), O,vp = '/3(UaaP + Ubbp + Uccp),  and ( a 2 / ? )  = (4 2,(ai /r j3) /0) .  

u,, x lo6 
TMS 

S,i ICH I 

olefinic - - methyl 
methylene 

aromatic * 
+ aldehydic - - ocetylene 

Figure 10. Diagram showing the proton chemical shifts of many 
compounds relative to an arbitrary origin. The origin or reference is 
the proton magnetic shielding in Si(CH3)4 which is arbitraril) (for con- 
venience) set at u ~ S ~ ( C H ~ ) ~ )  = 10.0 X 

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

Huttner and Flygarel8 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 ,  3, p, and F, operators are all diagonal. I is the angular 
momentum of the coupled nucleus, J the rotational angular 
momentum, F the vector sum of I and J, and Fz the z compo- 
nent of F. The quantum numbers labeling the coupled repre- 
sentation are I I&=&). In the uncoupled representation the 
matrices of the z components of I and J, which are & and J,, 
are each diagonal, as are P and 3 since the nuclear angular 
momentum is independent of the rotational angular momen- 
tum. The appropriate quantum numbers labeling the uncou- 
pled representations are I /M1JMJ). 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 Flygarel' have decomposed the magnetic per- 
turbation operators from eq 102, X,, into five parts: X, = 
'Xm + "X, 4- "'E, 4- "X, + "X,. The interaction of the 
external field H, with the isotropic component of the shielded 
nuclear moment is given by 

' X m  = -kogI(1 - ~ ) ~ z l z  (1 03) 

where cr = %(axx + a,,,, + crzz ) .  "X, gives the molecular lin- 
ear field contribution. 

IIX, = - ' h ~ o H z ~  (ggg'dJgzJg' + ggg'*Jg'4gz) (104) 
9% g' 

where gBo' is the gg' element of the molecular g-value ten- 
sor, $gz the direction cosine between the g and z axes, and 
J, the g-axis projection of the molecule's rotational angular 
momentum. "'X, 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. " X m  is the interaction of the anisotropy in the mag- 
netic susceptibility with the field, a field-squared term 

IVX, = -'hHz2CXgg(dJgz2 - ' / 3 )  (105) 
9 

'X, is the corresponding nuclear shielding anisotropy term 

= +pog IHz Iz~~gg(dJgz2  - ' / 3 )  (106) 

Let us now consider the quantum number dependence and 
magnitude of the various energy terms arising in a perturba- 
tion expansion of X, for a linear molecule. Terms with odd- 
power dependence on the field will split *FAF pairs while 
even-power terms will shift the centers of the corresponding 
~ M F  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 IXm, the g,(l - B )  terms. For an uncoupled linear 
molecule IX, leads to a dependence on the quantum num- 
ber MI giving 

'E,'" = ( ~ M I J M J / X ~ / / M I J M J )  = - pogr(1 - u ) H z M r  

In the coupled representation, IE,,,(') is given by 
' E  ( 1 )  = - 

9 

(1 07) 

pOgI (1 - a) H z M F  x m 
( I [ / ( /  + 1) + F ( F  + 1) - 

J ( J  f 1)] / /2F(F + 1))  (108) 

Since the selection rules for a microwave transition are AM, 
= 0, AM, = 0, f l  for uncoupled molecules and since the 
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Figure 11. Summary of chemical shifts of I9F, I7O, I4N, and I3C nuclei in different chemical environments relative to the bare nuclei. 
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g/( 1 - a) 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 Flygare18 (see eq 106 above) 

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

0 

We take the two independent anisotropies to be 

Qaa - a = ‘/3(2aaa - Qbb - act) 

‘Jbb - 0 = ‘/3(2abb - aaa - acc)  

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 
I€,(’) depends on I, 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 “X, give the leading, purely mo- 
lecular term for uncoupled molecules. lt depends on MJ; 
‘ltE,(’) = -pogl H,MJ for a linear molecule. A coupled linear 
molecule has a different auantum number deDendence for 

F ( F  + 1) - / ( /  + 1)]1/2F(f + 1))  (110) 

The size of the g 1  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, gl(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 Flygare18 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 fMF  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 - a)13h? and 
the second depends on [g/(1 - a)l2g1PP. Both of these 
terms are larger than the g/AaH terms, and any careful 
spectral analysis aimed at obtaining g/(Aa) and g l  will need 
to include these terms. Other cubic terms which contribute 
shifts are: [g/(l - u) ] (g l ) *@,  g13@, g/(l - a)Ax@, and 
gl A x  @. Cubic-field-dependent splittings have not been ob- 
served in uncoupled molecules, and a discussion of the purely 
molecular @ term is given by Flygare and B e n ~ o n . ~  

Perturbations which enter with even power field and M de- 
pendences will shift the center of a given pair of f MF 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, AX#, which enters in 
first-order perturbation theory and has an I@ 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 g/(1 - a) 
and gi which enter through second-order perturbation theo- 
ry. The important second-order terms go as [ g,( 1 - a)] 2#, 

g 1  2#, and g/( 1 - a)g1 #. 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 1 8 . 3 0 3 3 1  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 CH3C14N. 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. 19F Nuclear Magnetic Shielding Tensor Elements in 
CH2F2 in the Principal Inertial Axis System@ 

uZzd Atom H, F 
U * P  'd Sa b uZz X 106 X 108 para- X 106 dia- dipole dia- 

Hd 'F total magnetic magnetic magnetic 

U a o  398 -104 502 511 
Ubb 388 -186 574 576 
OW 225 -378 603 595 
U a v  337 -223 560 561 

a From ref 33 See Figure 9 for the interrelations between u... onad, 
uaaP, and the spin-rotation constants The atom dipole evaluation of 
uaad i s  discussed in section VI I I .  

Some simplification in the above analysis can be found by 
analyzing the central doublets corresponding to AMF = f l  
transitions in the coupled basis: F = I + J - F' = I + J + 
1, MF f F  -+ M F ~  = fF'.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 

where Hpert involves either the molecular Zeeman or the sus- 
ceptibility anisotropy terms and A€ is of the order of rofafion- 
al energy differences. 

An interesting zero-field and high-field study in the uncou- 
pled case is in CH2F2. The principal inertial axis system in 
CH2FP is shown in Table IX along with the values of the 19F 
spin-rotation constants.33 In addition to this work, Kukolich 
and Nelson34 have reported the high-field Zeeman analysis in 
CH2F2 which yields through eq 109 the anisotropies in the ''F 
nuclear magnetic shielding. The results are (see axis system 
in Table Ix) 2u,, - uaa - gbb = (-335 f 35) X and 
uaa - (Tbb = (9 f 13) X 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 CH2F2 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 ud are compared in the last column of 
Table X with the atom dipole values (see next section). 

I(OIHpertlP)l'/AE 

Vlll. 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.35 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 

H.0 

Hz25.334 GAUSS 

\ F;Ef 71: 

0 -1 4 0 

Figure 12. The J = 0 -+ 1 rotational transition in CH3CI4N 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 H3CCi4N 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 rb the vec- 
tor, from the CM to the ith electron in the molecule 

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 in in eq 
1 1 1, we now write 

(1 12) ri - rn + p l n  
where In is the CM nth nucleus vector and pi, is the vector 
from the nth nucleus to the ith electron. Substituting eq 112 
into eq 1 1  1 gives 

- 

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

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

Z" 

C (OlrnlO)n = Znrn (115) 
," 
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and defining 

gives 
," 

The above discussion is quite general, as all electrons are 
included in the sum of (O]pi,l 0) matrix elements. The pi, op- 
erator which originates at the nth nucleus can extend 
throughout the molecule. However, we will now assume that 
the pi, 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 
2 0 )  = C ( O I C f i n 2 1 0 ) n  - - 

(01 Cri I , n 
I ,  = 1 

n n 

z. 

We now define 
Z n  

C ( O l P t n  '1O)n = (P')n (1 19) 

and using the definition of atom dipoles in eq 116, we rewrite 
eq 118 to give 

n 

n 

Again if the electrons in bonded atoms are localized, ( p 2 )  ,, 
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 

and 

where ( x ) ,  and ( x 2 )  ,, are the Cartesian components of 
( p )  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 

(e/2)(3(x2)" - (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.35 Therefore 

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,36 electric p~larizabilities,~~ and magnetic 
susceptibility an isot r~pies,~~ 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 sp2 carbon will be po- 
larized into the double bond. (4) sp3 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 XII. 

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 xxxd gives 

The atom dipoles ( x )  appear in both of these equations. 
The values of ( x 2 )  ,, (y'),, and (z ' ) ,  are also needed to 
evaluate xxxd and (4 X,xjxi2( 0) for a molecule by this method. 
We will use free atom values for ( x ' ) "  = ( $ 1 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- 



676 Chemical Reviews, 1974, Vol. 74, No. 6 W. H. Flygare 

Table XI. Reduced Atom Dipole Momentsa 

1. H=Cf  
2. H - k C  
3. H-CEC 
4. H - k N  
5. H - k O  
6. H-0 
7. H-X (halogen) 

9. H-C (aromatic) 
8. H-N 

1. F-CQ 
2. F-C=C 
3. F-CEC, F - k N  
4. F-H 
5. F-C (aromatic) 
6. F - k 0  

1. C-H 
2. C-F 
3. c-c==c 
4. c-c==o 
5. c-0 
6. C-C 

1. P-c 
2. ZC-H, =C-C, =C- 
3. P-0 

4. C (aromatic) 
// 
\ 

5. =C-F 
6. =C-0 

1. c=c 
2. k N  
3. o=c*=o 
4. x=c*=o 

1. o=c< 
2. o=c==x 
3. o=*o 

1. 0-H 
2. 0-C(sp3) (C, axis) 
3. 0-C(sp2) (C, axis) 
4. 0-C(sp) 

1. N-C 
2. NH1 

1. CI-C= 

Hydrogen 

Fluorine 

sp3 Carbon 

sp2 Carbon 

sp Carbon 

sp2 Oxygen 

sp3 Oxygen 

Nitrogen 

Chlorine 

+0.20 
+0.15 
+0.06 
$0.06 
+0.05 
+0.30 
+0.31 
+O. 25 
+O. 16 

-0.15 
-0.13 
-0 * 10 
-0.07 
-0.13 

(-0.20 to -0.29) 

0 
0.0 to  $0.03 

0 
0 

0.06 to 0.08 
0 

+0.02 to +0.05 
0 

+0.15 

-0.16 

+0.02 
= O  

+0.30 
+0.39 

0.0 
-0.02 to -0.07 

-0.28 
-0 * 10 
-0.20 

-0.02 
-0.10 
-0.12 
-0.15 

-0.17 
+0.03 (C3 axis) 

-0.02 

The p lus  sign means tha t  t he  electrons in the  nth a tom are polar- 
ized away f rom the atom in  the  bond. These values along with eq 123, 
125, 126, and 127 give the calculated values in Table XII .  See ref 35 for 
more details. 

tron density is relative In other words, it appears that 
the charge distribution in atoms is not dramatically changed 
by covalent bonding. We obtain our values of ( P  /3) ,, from 
the free neutral atom values as listed in Table XIII. Using the 
values of ( r2/3) ,, in Table XIII, the atom dipoles in Table XI, 
and eq 126 and 127 gives the calculated results in Table XI1 
under ( x 2 )  and xxxd. These calculated values are also com- 
pared with the experimental results. 

The calculated results in Table XI1 for xxxd 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 A*, which will produce deviations in the diamagnetic 
susceptibility of about 0-8 X 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 

i ~ x x  = - e !(x)n(3~n2 - 3/2yn2 - 
3/~zn2) - 3(~)nxnyn - 3 ( ~ ) n ~ n ~ n l  

[L,, = - e  { ( x ) n ( 2 ~ n ~  - - 
n 

%zn2) + 4 ( ~ ) n x n ~ n  - (Z)nXnZn) 

((z)nxnYn + (x)nYnZn + (y)nZnXn}(128) ( 2 x 3 ~  = -'/2e 
n 

and atom octapole moments to zero. We have used eq 128 
and the atom dipole of Table XI to evaluate the octapole mo- 
ments [in units of 10-34(esu cm3)] for several molecules. We 
obtain the following results for water, formaldehyde, and 
methane. 

Y 
L2,,, = -2 3 
I),,, = +4 4 

x Ii,,, = -2 1 

Y I?,,, = - 1  5 
L?,,, = -0 7 

O I H  'H t 
H /  'c=o t X LL,, = +2 2 

H 

L1,,, = +4 2 CHI 

These results can be compared with the a6 initio calculated 
results for water:40 R, = -1.3, Qxw = +2.3, Qxzz = -1.0; 
for formaldehyde40 Rxxx = -0.58, 9, = -1.98, QxZz = 
+2.56; and for methane SIxyz = +4.5.4' 

In summary, it is evident from the above discussion and 
Table XI1 that D, Q, xd, ( x 2 ) ,  ( y ) ,  ( z 2 ) ,  and the higher 
order electrostatic moments for molecules are calculated 
quite accurately with the atom dipole method. 

6. 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.42 We start with the expression for the 
average diamagnetic shielding at nucleus A from eq 97 

u a v d ( A )  = ' /3(uxxd(A) + uYyd(A)  + u z z d ( ~ ) )  = 

where we have merely partitioned the sum of all j electrons 
into the Z, electrons "on" nucleus A and the Z, electrons 
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TABLE XII. 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 Dipoles in Table X i  and the Known Molecular Structure" 

+ -  
CH,C E Nf--, 

o=c=s 

o=c=o 

H 
I 

H,C/'\O 

HC=CF 

I 

c =c'">= 0 
'0 

H-CF3 e, 

0 
0 
11.471 

-3.91 
0 
0 

+0.71 
0 
0 
0 
0 
0 
12.981 
0 
0 

12.551 
10.871 
0 

10.751 
0 
0 
0 

-1.84 
0 

+0.45 
0 
0 
0 
11.881 
0 

10.661 
0 
0 

13.67 

0 
13.031 
(2.241 
0 
0 
0 
0 
11.661 
0 
0 
0 
0 

-1.64 
0 
12.421 
0 
10.361 
/0.051 
0 

11.99; 

0 
0 

+1.44 

-3.65 
0 
0 

+0.72 
0 
0 
0 
0 
0 

-3.23 
0 
0 

-2.54 
+0.93 

0 

-0.77 
0 
0 
0 

-1.87 
0 

$0.46 
0 
0 
0 

-1.85 
0 

-1.05 
0 
0 

-3.17 
$1.84 

0 
-3.05 
+1.98 

0 
0 
0 
0 

-1.34 
0 
0 
0 
0 

-1.68 
0 

-2.40 
0 

-0.34 
-0.05 

0 

+1.2 i 0.1 
$1.2 I O . 1  
-2.4 i 0.1 

-1.8 i 1.2 
+0.9 i 1.2 
+0.9 i 1 .2  
-0.8 i 0.2 
+0.4 i 0.2 
+0.4 i 0.2 
-4.4 i 0.2 
+2 .2  & 0.2 
+2.2 i 0.2 
- 9 . 4 5  1.2 
+4.5 i 1.1 
+4.9 i 1.7 

-1.2 zk 1.5 
+1.0 i 0.9 
+0.2 f 1.8 

+4.0 i 0.2 
-2.0 i 0.2 
-2.0 i 0.2 
+2.6 i 0.1 
-0.1 f 0.1 
-2.5 i 0.1 
-0.4 i 0.4 
+2.4 i- 0.3 

+2.5 i 0.4 

$1.8 i 0.8 

+0.2 i 0.4 
+5.9 f 0.3 

-2.0 i 0.6 

-4.3 i 0.5 

-6.1 zt 0.4 

-3.1 5 0.3 
-1.9 i 0.4 
+5.0 i 0.6 

+1.5 zt 0.4 
+1.0 i 0.6 
+2.8 i 1.4 
+2.8 i 1.4 

-2.5 i 0.3 

-5.6 i 2.8 
-1.9 f 0.8 
+5.1 i 1.0 
-3.2 C 1.0 
-1.8 i 1.0 
-1.8 i 1.0 
+3.6 i 2.0 

+3.0 i 0.3 

+0.6 i 0.3 
+2.9 + 0.5 

-1.7 i 0.4 

-1.3 dz 0.5 

-3.5 jz 0.7 

+1.3 
$1.3 
-2.6 

-1.0 
+0.5 
+0.5 
-1.0 
+0.5 
+0.5 
-4.4 
+2.2 
+2.2 
-8.8 

3.6 
5.2 

-2.9 
+1.9 
+1.0 

+3.8 
-1.9 
-1.9 
$2.5 
+o.o 
-2.5 
-0.3 
+2.4 
-2.1 
+2.3 
-5.5 
+2.2 

+1.2 
+5.6 
-6.8 

-4.8 
-0.3 
+5.1 
-5.7 
+3.9 
+1.8 
+3.3 
+3.3 
-6.6 
-2 .1  
+6.1 
-4.0 
-2.5 
-2.5 
+5.0 

$2.3 

+2.1 
+2.2 
-4.3 

-0.6 

-1.7 

a The experimental resultsare also shown. The numbers are f rom ref. 35. 

1.34 
1.34 
0.31 

30.77 
1.64 
1.64 

41.5 
0 
0 

0 
0 

55.3 
26.9 
4.9 

28.9 
5.5 
1.5 

28.34 

21.64 

0 
0 
1 .,14 
0.57 
0 

13.91 
10.03 
1.67 

12.89 
9.07 
3.38 

30.2 
32.6 
0.0 

50.77 
22.51 
3.24 

100.0 
25.0 
1:6 

53.6 
53.6 
0 

103.6 
53.6 
0 

10.54 
1.66 
1.66 

62.40 
24.00 
0 

33.52 
7.58 
1.54 

2.6 h 0.4 
2.6 i 0.4 
1.9 i 0.4 

34.7 i 0.4 
5.2 i 0.3 
5.2 i 0.3 

46.2 C 0.6 
4.5 =t 0.6 
4 . 5 2 ~  0.6 

25.5 i. 1.0 
2.9 C 1.0 
2.9 i 1.0 

63.2 i 1.8 
32.8 i 1.8 
10.8 + 1.8 

32.3 & 0.5 
9.6 i 0.4 
5.6 + 0.5 

31.5 i 0.6 
3.5 I 0.6 
3.5 i 0.6 
1.9 i 0.7 
1.7 i 0.7 
1.4 i 0.7 

17.8 i 0.2 
13.5 i 0.2 
5.8 + 0.2 

16.3 i 0.4 
13.3 i 0.4 
6.8 i 0.4 

36.2 i 0.7 
37.8 Z!X 0.7 
6.8 i 0.7 

57.2 + 4.0 
28.8 i 4.0 
8.6 i 4.0 

107.6 i 6.0 
32.1 i 6.0 

8.7 & 6.0 
60.1 i 1.5 
60.1 i 1.5 

7.7 5 1.2 
111.8 i 0.7 
60.8 C 0.7 
8.4 i 0.7 

13.0 i 0.7 

3.9 + 0.7 
68.2 i 4.8 
25.2 I 4.8 

37.5 zt 0.5 
11.2 i 0.5 
6.1 i 0.5 

3.9 = 0.7 

5.3 I 4.8 

2.5 
2.5 
2.0 

34.6 
5.3 
5.3 

46.7 
5.0 
5.0 

25.5 
3.2 
3.2 

62.4 
32.6 
10.4 

32.5 
9.3 
5.4 

31.0 
3.5 
3.5 
1.9 
1.7 
1.5 

17.8 
13.5 

5.8 
16.4 
13.5 
6.8 

36.0 
37.7 
6.8 

57.6 
28.7 
8.6 

108.8 
32.0 
8.8 

60.8 
60.8 
8.7 

112.9 
61.8 
9.4 

13.3 
4.0 
4.0 

68.6 
29.4 

5.6 
37.1 
11.2 
6.1 

-19.3 i 1.4 
-19.3 i 1.4 
-22.0 i 1.4 

-44.2 C 0.5 
-169.4 i 1.1 
-169.4 i 1.1 

-38.6 i 2.0 
-215.5 i 2.0 
-215.5 i 2.0 

-24.9 i 3.0 
-120.6 i 2.0 
-128.6 i 2.0 
-185.0 i 3.9 
-314.1 i 5.2 
-407.5 i 5.6 

-64.1 zk 1.4 
-160.4 i 1.8 
-177.4 C 1.8 

-31.0 
-147.9 
-147.9 
-13.4 i 1.0 
-14.3 i 1.0 
-15.4 i 1.0 
-82.3 i 0.4 

-100.4 i 0.4 
-133.4 i 0.4 
-85.4 I 0.9 
-97.7 i 1.1 

-125.4 i 2.0 

-189.5 + 1.8 
-182.5 i 1.8 
-313.9 i 1.8 

-158.9 i 6.0 
-279.6 i 6.0 
-365.5 i 6.0 
-173.0 i 9.0 
-493.7 i 18.7 
-592.7 i 19.0 
-286.0 i 10.0 
-286.0 i 10.0 
-508.0 i 20.0 
-293.3 i 1.7 
-509.7 i 3.6 
-732.4 i 5.0 

-33.1 C 1.6 
-71.9 i 1.8 
-71.9 zt 2.3 

-145.7 i 10.6 
-312.1 I 10.7 
-413.1 i 10.8 
-73.3 i 1.3 

-184.8 i 1 . 6  
-206.6 i 1.7 

-19.2 
-19.2 
-21.5 

-44.5 
-169.3 
-169.3 
-41.6 

-218.0 
-218.0 
-27.6 

-122.0 
-122.0 
-182.4 
-309.1 
-403.4 

-62.5 
-160.1 
-177.0 

-31.0 
-147.9 
-147.9 
-13.4 
-14.6 
-15.3 
-82.2 

-100.5 
-133.0 
-85.5 
-98.2 

-126.0 

-188.0 
-182.0 
-314.0 

-158.6 
-280.9 
-366.3 
-172.9 
-497.0 
-595.0 
-295.0 
-295.0 
-516.0 
-302.3 
-519.0 
-741.0 

-34.1 
-73.0 
-73.5 

-149.0 
-315.0 
-417.0 
-73.3 

-183.5 
-205.3 

"on" the other n nuclei. The prime on the summation indi- 
cates that the n = k term is omitted. If the bonded atom re- 

tains a major share of the free atom electron distribution, w e  
have a free atom term for the first term in eq 129 
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ZA 

We evaluate the second term in eq 129 by using the sub- 
stitution in eq 112 giving 

Z. 

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 

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 

( x 2 ) n  N (y')n N (z2)n N (p'/3)n (132) 

(xy)n  N (xz)n (yz)n O (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 dipoles42 

and 

--- 
I I I  I l l  

(1 34) 

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

(Yn2 + Zn2)(P2/3)n] (1 35) 

IV  

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 aatOmd(A) for several atoms A is given in Table XIV. 
The second terms (11) in eq 134 and 135 are atomic number 
weighted sums over all nuclei. These first two terms (I and II) 
were used in eq 99 to estimate the diamagnetic shielding in 

TABLE XIII. Calculated Values of xnvd = (ezN/6mc*)  ( O ~ Z J , Z ~ O )  
and (O~l/&rzz~O) = ( r Z / 3 ) ,  for Several Neutral Atoms of Interest 

( r3/3h ( r 3 / 3 L  
Atom -xd x l o e  x 1016 Atom -xd x 106 x 1016 

H 2.4 0.28 Ca 44.83 
H e  1.88 sc 42.13 
Li 14.76 1.74 Ti 39.76 
B e  13.72 1.62 V 37.67 
B 12.56 1.48 Cr 30.11 
C 10.93 1.29 Mn 34.14 
N 9.57 1.12 Fe 32.59 
0 8.85 1.04 co  31.22 
F 8.11 0.95 Ni 29.98 
N e  7.43 C n  26.30 
N a  21.50 Z n  27.69 
Mg 23.45 Ga 32.42 
AI 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 B r  32.10 3.78 
C I  21.89 2.58 Kr  31.32 
A r  20.63 Xe 44.85 
K 40.57 

From G. Malli and S .  Fraga, Theor. Chim. Acta, 5, 284 (1966). Only 
(+/3), values for t he  most common atoms in molecules are listed. 
The conversion factor between -xd and (r3/3) is8.4850 X 1010. 

several molecules.26 The third term, I l l ,  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 VIII. The fourth term, IV, only appears 
in axxd(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 uxxd, uyyd, uzzd, and aaVd 
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 aaVd 
are in excellent agreement. The individual diagonal elements 
in ad are also in quite good agreement in most cases. The 
second column lists the values of axxP, ayyP, a&', and CavP 
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, u = & -k up, 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 = '/3(xaa + X b b  + 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. Al l  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 I-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, xxxd ,  
and paramagnetic, x x x P ,  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. 

and 

as defined previously. The vector L," = - in  (ph X V i )  is the 
electronic angular momentum of the ith electron about the 
nth nucleus. xxx and xyy are given by cyclic permutation of 
the indices. 

Considering xxx = x x x P  + xxxd we note from eq 136 that 
the first two terms in xd and xp cancel, removing all explicit 
dependences on molecular coordinates. Hence, x is "gauge 
invariant" while xd and xp are not. What remains is eq 138. 
The bulk value is given by eq 139. 

Z" z. 

Eo - Ek 
t 
k > O  

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 

TABLE XIV. Nuclear Diamagnetic Shielding in Atomsa 

Atom a,$ x 106 Atom U,"d x 106 
H 17.7 
He 59.9 s c  1521.4 
Li 101.5 Ti 1622.7 
B e  149.3 V 1726.6 
B 202.0 Cr 1833.0 
C 260.7 M n  1942.1 
N 325.5 Fe 2052.9 
0 395.1 c o  2166.4 
F 470.7 Ni 2282.3 
N e  552.7 c u  2400.7 
N a  628.9 Z n  2521.7 
M g  705.6 Ga 2638.6 
AI 789.9 Ge 2757.1 
Si  874.1 As 2877.2 
P 961.1 Se 2998.4 
S 1050.5 Br  3121.2 
CI 1142.6 Kr  3245.6 
Ar 1237.6 Rb 3366.8 
K 1329.4 
Ca 1422.9 I 5501.6 

Xe 5642.3 

The values of (OIZt(l/r,)~O) are calculated with the atomic Hartree- 
Fock functions and the resultant values are f rom G. Malli and C. 
Froese, In f .  J. Quonf. Chem., 15, 95 (1967). The value tor hydrogen is  
easily computed. uSvd = (e2/3mc*)(0~2,(l/r,)10). 

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 XII, and the calculated values 
of xd). 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 x~~ 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 xNP 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 = C x n + X  (140) 
n 

where x,, are the empirical constants for each atom in a par- 
ticular bonding situation and X 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- 
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TABLE XV. u Tensor Elements in Several Molecules" 

Molecule 

Atom 

H-H 

H-F 

H-CI 

F- F 

H-CEN 

NEN 

CEO 

o=c==s 

'H 

'H 

18 F 

'H 

14N 

'H 

15N 

13 c 

1 7 0  

13 c 

170 

3 3 s  

35.7 
30.4 
30.4 
32.9 (32.0) 

54 
137 
137 
109 (109) 

480 
487 
487 
484 (482) 

54 (45) 
187 (190) 
187 (190) 
143 (142) 

1146 (1148) 
1155 (1152) 
1155 (1152) 
1152 (1150) 

480 
555 
555 
530 (530) 

348 
398 
398 
381 

48 
121 
121 
97 

349 (338) 
402 (407) 
402 (407) 
384 (385) 

280 (271) 
349 (354) 
349 (354) 
326 (326) 

419 (410) 
456 (461) 
456 (461) 
444 (444) 

299 
483 
483 
421 

421 
538 
538 
499 

1060 
1141 
1141 
1114 

0.0 
-8.4 
-8.4 
-5.6 

0 
-119 
-119 
-80 

0 
- 94 
- 94 
-63 

0 
-166 
-166 
-111 

0 
-300 
-300 
-200 

0 
-1124 
-1124 
-750 

0 
-627 
-627 
-418 

0 
-109 
-109 

-71 

0 
-729 
-729 
-486 

0 
-484 
-484 
-323 

0 
-690 
-690 
-460 

0 
-579 
-579 
-386 

0 
-978 
-978 
-652 

0 
-810 
-810 
-540 

34.7 
22.0 
22.0 
26.3 

54 
18 
18 
29 

480 
393 
393 
421 

54 
21 
21 
32 

1146 
854 
854 
952 

480 
-569 
-569 
-219 

348 
-229 
-229 

-37 

49 
12 
12 
26 

349 
-327 
-327 
-102 

280 
-135 
-135 

3 

419 
-234 
-234 
-16 

299 
- 96 
-96 

35 

421 
-440 
-440 
-153 

1060 
331 
331 
514 

26.6 

29.2 

415 

31.5 

-210 

28 

-101 
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TABLE XV (Continued) 

Molecule 

i, Atom 

H-CSZC-H 'H 50 4 
120 
120 
97 

H 
\ 
/ 
0 

H 

H 
\ 
/ 

r-0 

H 

NH3 

PH3 i, 

'H 103 (103) 

129 (130) 
103 (103) 

78 (75) 

'H a7 (93) 
94 (95) 

137 (147) 
106 (111) 

0 
-99 
-99 
-66 

-71  
-37 

-72 
--loa 

-69 
-70 

-120 
-86 

50 
21 
21 
31 

31 
41 
21 
31 

18 
24 
17 
20 

1 7 0  418 (415) -1600 -1182 

452 (452) -827 -375 

468 (462) -870 -402 
470 (475) -10 460 

'H 111 
60 

115 
95 

' 4  N 364 
358 
358 
360 

'H ao 
165 
136 
127 

3'P 983 

985 
983 

984 

-88 
-16 

-104 
-67 

-117 
-78 
-78 
-91 

-108 
- 98 

-370 
-370 
-421 
-387 

23 
44 
11 
28 

280 
280 

247 

269 

i 35 
28 
29 

612 
612 
564 
597 

30.2 

21.3 

30.8 

266 

28.3 

a The f irst co lumn gives the diamagnetic shieldings f rom eq 134 and 135 with the ab initio results in parentheses. The second co lumn gives U P  
evaluated from the molecular structure, moments of inertia, and sDin.rotation constants(eq 96 and 97). The final columns give the total calcu- 
lated and experimental valuesof u. The results are f rom ref 42. 

stance, the atomic oxygen value of x for an aldehyde or ke- 
tone is positive which indicates a dominant paramagnetic 
contribution. This probably arises because of the low-energy 
electronic transitions in the aldehyde or ketone group. As Eo 
- Ek appears in the sum over excited states, the low-energy 
transitions to states which have angular momentum will con- 
tribute the major share of the paramagnetic susceptibility. 

Equation 140 is identical with eq 139 if we assume local- 
ized atomic (or bond) x n  which are transferrable from mole- 
cule to molecule plus a correction factor which indicates 
the breakdown of the localized model. The constants in Table 
XVll are quite accurate in predicting molar bulk susceptibili- 
ties. For instance, x = -53.15 X erg/(G2 mol) for 
CHsCHZBr from Table XVll compared to the experimental re- 
sult in Table XVI of -54.7 X 

Being satisfied that the bulk or average magnetic suscepti- 
bilities are accurately described by localized atomic values 
we now return to eq 138 to determine a set of localized 
values for the individual elements, xaa. xbb, and xcc of the 
magnetic susceptibility tensor.43 We list the experimental 
values for the individual components of the susceptibility ten- 
sor in a number of nonstrained molecules in Table XVIII. 

erg/(G2 mol). 

TABLE XVI. Average Molar Magnetic Susceptibilities of a 
Number of Molecules" 

Molecule - x  x 106 Molecule - x  x 106 
Aceta ldehyde 22.7 1, l -Dichlorodi f luoro- 60.0 

e thy lene 
Acet ic acid 31.5 D ie thy lamine 56.8 
Acetone 33.7 Ethyl  b r o m i d e  54.7 

Acetyl  ch lo r ide  81.5 N i t robenzene 61.8 

Benzene 54.8 Propionic acid 43.5 

Acetoni t r i le 28.0 Ethylene oxide 30.7 
Ace tophenone  72.05 M e t h y l  chloroacetate 58.1 

Alanine 50.5 Propane 40.5 
Anisole 72.79 Propene 31.5 

Benzyl  ch lo r ide  81.98 Thiazole 50.55 
B u t y l  b romide 77.14 To luene 66.11 

57.4 1,3,5-Trinitrobenzene 74.55 Butane 
Bromobenzene  79.98 Tr ie thy lamine 81.4 
Chloroacet ic acid 48.1 o-Xylene 77.78 

Cyclopropane 39.9 p-Xylene 76,78 
Chlorobenzene 69.97 m-Xylene 76.56 

a The uni ts are cm3/moI. The source is "Handbook of Chemistry 
and Physics," The Chemical Rubber Co., Cleveland, Ohio, 1964. 



682 Chemical Reviews, 1974, Vol. 74, No. 6 W. H. Flygare 

TABLE XVII. Pascal’s Constants for the Computation 
of Molecular Magnetic Susceptibilitya 

Atom or correction -x x 10-0 
~~ ~ 

H 
C 
N open chain 
N ring 
N monoamide 
N diamide, imide 
0 alcohol, ether 
0 aldehyde, ketone 
0 carboxyl group 
F 
CI 
Br 
I 
S 
Se 
P 

Y /  
c=c 

-c=c- 
-C=N-R 
/ 
-N=N- 

Each carbon in aromatic ring 
Each carbon shared between rings 

.c-CI 
3C-Br 
3 c-I 

~ 

-2.93 
-6.00 
-5.57 
-4.61 
-1.54 
-2.11 
-4.61 
+1.73 
-3.36 

-11.5 
-20.1 
-30.6 
-44.6 
-15.0 
-23.0 
-26 I 0 
-43 0 

+5.5 

‘ +10.6 
$0.8 
+8,2 

+1.8 
-0.24 
-3.10 
+3.1 
+4.1 
+4.1 

a 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 c) of the molecule using the following equa- 
tions 

x a a  = ~~~e~~~ + X Y s ’ e a Y 2  + X z z e a z 2  (141a) 

x c c  = x x x e c x 2  + X y r e c r 2  + X z z e c z 2  (141c) 

where Oax 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 xrr 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 

TABLE XVIII.  Experimental and Semiempirically 
Calculated Values of xoa, X b b ,  and xec0  

X a a  
X b b  

- 
Calcd 

Molecule Exptl Atom Bond 

Methyl formate 

Acetaldehyde 

Propene 

Acrolein 

Maleic anhydride 

Cyclopent-2-en-1-one 

Cyclopent-3-en-1-one 

Vinylene carbonate 

2-Pyrone 

4-Pyrone 

Isoprene 

Formic acid 

G lyco la Id e hyd e 

Water 

-28.3 i 0.5 
-30.9 i 0.6 
-36.7 f 0.8 

-20.0 0.9 
-19.5 i 0.9 
-28.6 i 1.5 

-30.9 i 1.0 
-26.2 i 1.0 
-34.9 i 1.1 

-16.0 i 3.0 
-18.3 =k 3.0 
-37.7 f 4.0 

-25.7 i 1.5 
-28.2 iz 1.5 
-53.5 f 1.7 

-33.1 i 4.0 
-39.6 i 4.0 
-55.4 i 6.0 

-34.3 i 4.5 
-40.0 f 4.0 
-53.9 f 6.0 

-35.3 i 4.0 
-30.5 k 4.0 
-47.4 i 5.0 

-36.1 i 4.0 
-34.4 i 4.0 
-60.0 k 6.0 

-31.2 f 4.0 
-31.9 i 4.0 
-54.5 f 6.0 

-35.4 f 4.0 
-34.5 i 4.0 
-52.8 i 5.0 

-18.8 i 1.5 
-16.8 i 1.5 
-24.2 i 2.0 

-27.6 i 4.0 
-23.7 i 4.0 
-38.6 i 4.5 

-12.2 i 2.0 
-13.4 i 2.0 
-13.4 i 2.5 

-28.6 -28.1 
-29.8 -30.2 
-36.7 -36.4 

-21.3 -20.6 
-19.1 -18.0 
-29.2 -28.9 

-28.5 -28.0 
-26.6 -25.9 
-34.9 -35.9 

-18.1 -20.3 
-18.5 -18.5 
-37.7 -39.4 

-25.1 -27.0 
-27.5 -29.4 
-54.3 -54.0 

-37.0 -36.2 
-38.0 -37.6 
-55.7 -52.8 

-39.1 -38.1 
-35.9 -35.7 
-55.7 -52.8 

-32.0 -34.1 
-32.0 -34.3 
-48.1 -48.2 

-32.9 -35.2 
-34.5 -36.3 
-60.0 -61.0 

-32.6 -37.4 
-34.8 -34.8 
-60.0 -61.0 

-36.9 -36.1 
-39.7 -38.8 
-54.3 -56.1 

-16.9 -17.9 
-16.3 -15.7 
-25.8 -25.4 

-28.9 -29.4 
-27.8 .-26.5 
-37.1 -35.1 

-13.0 -11.3 
-13.6 -12.7 
-12.1 -11.0 

‘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 results 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 XVlll that the molecu- 
lar susceptibilities obtained from the local values in Table XIX 



Magnetic Interactions in Molecules Chemical Reviews, 1974, Vol. 74, No. 6 683 

TABLE XIX. Local Atom and Bond Susceptibilities(fr0m ref 43) 

y Atom Susceptibilities 

I (out-of-plane) 
X X Y 

y Bond Susceptibilities 

z (out-of-plane) 
I X X Y z 

H" -2.0 -2.3 -2.3 C-Ha -5.6 -3.1 -3.1 
H 

'C* -9.5 -6.7 -6.7 c-C" -7.9 -0.2 -0.2 
H d y  r-Ca -0.8 +4.0 -13.8 

H 

-6.5 -8.0 -7.1 c-0" -7.2 -6.7 -3.8 
c==@ -1.3 +2.2 -13.0 

-9.2 -8.8 -7.5 0-Ha -4.5 -7.5 -5.5 

-2.9 -3.5 -7.4 C-Sd -12.6 -11.3 -8.9 
\ 
/ 
-e= 
Oa= 

CECb -13.7 -14.2 -14.2 
-C6= -9.9 -7.4 -7.4 C=Nh -16.5 -11.6 -11.6 
Nb= -9.5 -4.5 -4.5 CGPb -30.4 -24.5 -24.5 

-0.1 -0.1 -6.3 r-Sh +5.8 -11.0 -28.8 

-11.3 -14.8 -2.5 
/" 
\ 

-N (planar) 

-18.7 -15.7 -16.8 
/* 
S 
\ 
S b  
P k  

+4.7 -13.1 -23.0 
-24.1 -17.9 -17.9 

a Determined from least-squares fit of molecules in Table XVI I I .  Determined from a limited number of moleculesassumingthe 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 Xnonlocal 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 c bonds are 
virtually additive in their aromaticity while those linked by T 
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 xcc = -44.0 X 
erg/(G2 mol);44 however, a calculation of xcc from local 
values gives xcc = -75.5 X 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  technique^.^^ 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) 

xa (av in-plane) xecC (nonlocal) 
Y J  ,.-- 

Molecule Exptld Calcda 

OH uo 
O=#O 

H 
I 

a > o  
I 
H 

@ 
OH 0 

-34.9 f 2.0 
-94.6 f 2.5 

-30.6 f 2.0* 
-67.6 f 2.5* 

- 3 3 . 3 1  1.0* 
-67.5 & 1.5' 
-31.9 zt 1.5* 
-70.6 zk 2.0* 

-40.7 =t 2.0* 
-90.8 f 2.5* 

-34.4 f 2.0* 
-76.8 f 2.5* 

-79.8 
-143.9 

-101.9 
-163.4 

-49.2 
-103.2 

-25.0 
-65.2 

-60.0 - 
-124.2 

-64.7 
-183.8 

-92.5 
-271.3 

-90.8 
-202.3 

-70.0 
-209.6 

-74.7 
-198.3 

-92.4 
-206.7 

-53.7 
-173.5 

-64.7 
-192.5 

-57.3 
-140.1 

-69.2 
-251.6 

-33.4 
-59.4 

-33.4 
-59.4 

-33.8 
-50.5 
-31.3 
-47.0 

-40.3 
-56.8 

-34.5 
-42.4 

-80.4 
-100.8 

-107.0 
-121.5 

-50.5 
-71.1 

-28.8 
-66.5 

-59.8 
-78.4 

-62.3 
-113.0 

-91.2 
-167.6 

-85.0 
-135.0 

-73.2 
-135.3 

-77.4 
-124.5 

-87.2 
-131.0 

-51.3 
-93.7 

-63.5 
-115.0 

-62.5 
-116.5 

-69.2 
-133.1 

-35.2' 

-8.2 

-17.0 

-23.6 

-34.0 

-34.4 

-43.1 = (-35.2) - 7.9 

-41.9 = (-35.2) - 6.7 

-32.1 = (-35.2) + 3.1 

+1.3 

-45.8 = (-35.2) - 10.6 

-70.8 = 2(-35.2) - 0.4 

-103.7 = 3(-35.2) + 1.9 

-67.3 = 2(-35.2) + 3.3 

-74.3 = 2(-35.2) - 3.9 

-73.8 = 2(-35.2) - 3.2 

-75.7 = 2(-35.2) - 5.3 

-79.8 = (2(-35.2) - 9.4 

-77.5 = 2(-35.2) - 7.1  

-23.6 = (-35.2) + 11.6 

-118.5 = 3(-35.2) - 12.9 
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TABLE XX (Continued 

x a  (av jn-plane) xecC (nonlocal) 
XCCD 

Molecule Exptld Calcde * 0 
-70.3 

-217.6 

-68.0 
-189.0 

-71.3 
-185.5 

-80.6 
-303.0 

-64.6 
-135.1 -82.5 = 2(-35.2) - 12 .1  

-69.1 
-119.0 -70.0 = 2(-35.2) + 0.4  

-69.4 
-116.8 -68.7 = 2(-35.2) + 1 . 7  

-74.2 
-142.6 -160.4 = 4(-35.2) - 19.6 

x (av in-plane) = l/?(xaa + X b b ) .  b X c r  = out-of-plane component. xCc (nonlocal) = xcr  (exptl) - xCc (calcd). Those values marked with an 
asterisk were measured by Zeeman-microwave techniques in th is laboratory (see ref 5). The rest were obtained by single-crystal measure- 
ments. e These valuesare the average of those calculated using the atom and the bond contr ibut ionsfrom Table XVII I .  r -35.2 is the xI. (non- 
I ocal) for benzene. 

among the magnetic susceptibility anisotropy (Ax) .  the elec- 
tric polarizability anisotropy ( A a ) ,  and the electronic distortion 
anisotropy (A?). According to the following equation46 

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 A? (spherical 
d i s t o r t i ~ n ) . ~ ~ . ~ ~  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.48 Table XXI shows the 
results of such calculations on several molecules. The contri- 
bution to mC from A? is certainly significant. Ignoring A? in 
eq 143 may introduce errors of as much as 20% into A x .  

Finally we turn to the most common source of derived 
magnetic susceptibility anisotropies: chemical shift measure- 
ments. M ~ C o n n e l l ~ ~  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 susceptibility contributions in treatments of the chemical 
shift. 50 

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 a/.,51 recently used a series of substituted acetylenes 
and substituted cyanides to obtain the magnetic susceptibility 
of H C S H .  Their result was X I  - xli = (4.5 f 0.5) X 
erg/(G2mol), which is in excellent agreement with the values 
of X I  - xi1 for acetylene obtained from Table XIX which are 
4.4 from the atom values and 4.5 from the bond values. Using 
X I  - = 4.5 and a reliable calculated quadrupole moment 
in HC=CH, Hartford, et a/.,51 were able to show that the g 
value in this molecule must be positive rather than negative 
as reported in the l i t e r a t ~ r e . ~ ~  

It is also gratifying to note that the values of xzz - %(xXx 
+ xw) calculated with the atom contributions in Table XIX 
agree quite well with past attempts to evaluate this quantity 
for groups on a local basis.21-53,54 

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.55 One general result which has been noted 

TABLE XXI. Electronic Distortion Anisotropies 

,C (expt) AXexptl AVOdCd 
X AXealcdb erg G-2 x 1 0 4 2 , b  

Molecule emu mol- '  (Aq = 0) mol -1 emu 

Hz 0.15 0.62 0.55" 0.6 

H3CCH3 -1.4 -2.4 -4.3 4 1  
co -4.0 -10.2 -8.2" -24 

HiCCHi  4.4 3.2 5.1d -96 
CeHo 231 -53.9 -49.7e -906 
a Reference 46. Electric polarizability anisctropies are from N. J. 

Bridge and A.  D. Buckingham, Proc. Roy. SOC. A, 295, 334 (1966). A x  
f rom ref 5. A x  calculated from Table XIX. e Ax f rom 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 ( c  axis) minus the average in-plane magnetic suscepti- 
bility anisotropy, xcc - 1/2(xaa + Xbb) or Ax.55-57 A similar 
trend is evident for the H20, HOF, and F20 series where (see 
Table 111) the following Ax's (X lob6 erg/(G2 mol) were found: 
(H20) -0.13 f 0.03, (HOF) 3.4 f 0.7, (F20) 6.6 f 0.8. We 
see that the first fluorine being added gives a slightly larger 
positive contribution (+3.5 f 0.7) than the second fluorine 
(+3.2 f 1.1). These results are similar to the results for fluo- 
rine-substituted ethylenes and formaldehyde: the first fluorine 
gives a contribution of (+4.8 f 0.7) X erg/(G2 mol), the 
second fluorine +2.2 f 0.8, and the third +0.6 f 0.8.57 

Other recent results show similar trends. Using the local 
atom contributions for A x  in Table XIX gives A x  = -8.8 f 
0.8 for ethylene, and combining this with the vinyl fluoride re- 
sult of A x  = -4.4 f 0.2 gives a +4.4 f 1.0 contribution for 
the first fluorine substitution onto ethylene. Combining the re- 
sults on pyridine and 2-fluoropyridine (see Table VI) which 
have A x  = -57.4 f 0.7 and -52.2 f 1.0, respectively, 
yields +5.2 f 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 erg/ 
(G2 mol): (first fluorine) +4.5 f 1.2, (second fluorine) +2.5 f 
1.1, (third fluorine) +0.6 f 0.8. Note that here the first fluo- 
rine substitution is onto atoms that were originally sp2 - sp3 
hybridized. 

These trends are interesting in light of the results for linear 
molecules (see Table I) where the first fluorine substitution on 
an sp carbon gave essentially no change in A x  [AX(HCN) = 
3.6 f 0.2 and Ax(FCN) = 3.6 f 0.4; Ax(HCCH) = 2.2 f 
0.351 and Ax(HCCF) = 2.6 f 0.11, where A x  = T2(xI - 
xli) 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 
c h a r a ~ t e r . ~ ~  Bernett has extended this work to correlate the 
hybridization or amount of p character in the carbon-substitu- 
ent bond with experimental bond angles.59 In these approach- 
es the bonding is described as involving orthonormal hybrid 
atomic orbitals (HAO's) at carbon formed by linear combina- 
tions of the atomic 2% 2p,, 2p,, 2p, orbitals of carbon. On 
the basis of Bent's conclusion, if a hydrogen is replaced by 
fluorine, the carbon HA0 used in the C-F bond will have high- 
er p character than that of the original C-H bond, and the 
HA0 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 sp2 HAO's, 
two for the hydrogens and one for the other carbon. On the 
other hand, in tetrafluoroethylene the HA0 of carbon used in 
the bond to fluorine is now sp3 while the HA0 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 sp2 carbons 
changes A x  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 HA0 to higher p character than 
sp2 while the C-C HA0 is now less than sp2. Our results indi- 
cate that, when the carbon HA0 is sp, fluorines will not affect 
A x  and a carbon HA0 between sp2 and sp should be af- 
fected less by fluorine substitution than an sp2 carbon HAO. 

Our results support this concept since the second fluorine 
substitution changes A x  by only +2.5. After the second fluo- 
rine is added, the new 0-F HA0 will now be about sp3, and 
the carbon HA0 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 HA0 used in the C-C bond affects the other carbon 
HA0 and also makes it less than sp2, since second fluorine 
substitution onto vinyl fluoride produces nearly equal changes 
in Ax for both cis-CHFCHF and CHpCF2. This interpretation 
also holds for the substituted formaldehydes and the water 
series, where the first fluorine is added to an approximately 
sp3 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 f 1.2, which includes one ring substitution 
result (that of pyridine - fluoropyridine, &Ax) = 4-5.2)- and 
the susceptibility anisotropy for fluorobenzene (Ax = -58.2 
f 0.9), we would predict Ax for benzene to be -62.7 f 2.1, 
which is in fair agreement but more negative than A x  = 
-59.7 obtained from oriented crystal results.60 Sutter has 
also used similar arguments based on the formyl fluoride, flu- 
oropyridine, and fluorobenzene results to predict a A x  for 
benzene of -63.2.61 However, both the gas-phase prediction 
and the crystal work values of Ax for benzene are signifi- 
cantly different from Ax = -54 f 2 obtained by Bogaard, et 
a/.62 Indeed, in view of the pyridine-fluoropyridine series and 
the additive values for fluorine, it appears that the value of 
A x  for benzene must be more negative than the value of A x  
= -58.3 X erg/(G2 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(l)-C(2) 
angle in benzene is 120' indicating an sp2 carbon, while the 
analogous angle in fluorobenzene is 123.4°.63 Based on Ber- 
nett's interpretati01-1,~~ the C-F carbon HA0 of fluorobenzene 
should therefore have greater p character than sp2 and the 
C-C HAO's should be less than sp2. This is consistent with 
the prediction of A x  (C&i5F) as more positive than Ax (C~H~) ,  
since the results show that a positive contribution to A x  re- 
sults as the p character of the C-C HA0 is lowered because 
of fluorine substitution. 

We have indicated that the lower p character of one C-C 
HA0 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 
HA0 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 A x  by a 
somewhat larger amount than our additive values predict for 
a second fluorine. The available results support this idea as 
Ax(C6H6F) = -58.2 f 1.6 and Ax(o-C6H4F2) = -55.064 for 
a change of +3.2 as compared to our additive value of +2.5. 
From consideration of the series 

F F 0 - O - b '  
A x  = -62.7 -58.2 -55.0 



Magnetic Interactions in Molecules 
Chemical Reviews, 1974, Voi .  74, No. 6 687 

we would expect A x  N -(48-55) X erg/(G2 mol) for 
any of the trifluorobenzenes which reflects some changes in 
A x  depending on where the third fluorine is substituted. The 
result on 1,3,5-trifluorobenzene of A x  = -39 f 2 by Bo- 
gaard, et a/.,62 is considerably lower than our above esti- 
mate. However, the difference in A x  between benzene and 
1,3,5-trifluorobenzene given by Bogaard, et aL6* overlaps 
with our estimated differences for the same two molecules. 
However, their absolute values of A x  = -54 f 2 for ben- 
zene and A x  = -39 f 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-difIuorobenzene. 
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