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Abstract: A significant part of the deshielding of protons in condensed aromatic hydrocarbons is shown to be due to aniso
tropic shielding effects at each of the carbon atoms. The remaining contribution of 50% or less is attributed to delocalized 
contributions, often referred to as ring current (RC) effects. In this study the classical model of a field due to a circular loop 
is used to calculate both the local anisotropic (LA) contributions and the delocalized ring current (RC) contributions. Calcu
lated values for the LA effects are based on the experimentally determined shielding tensor for benzene. However, it is neces
sary to use an empirical criterion to determine the RC effects. The results of these procedures provide a correlation of the ex
perimental data, which are in comparable agreement with recent theoretical results based on uncoupled Hartree-Fock theory 
and semiempirical wave functions. The theoretical formulation presented here is also completely consistent with the rather 
unusual situation which occurs for the [An]- and [An + 2]annulenes. For the [4/i]annulenes the inner protons are more de-
shielded than the outer protons because of the LA effects and the absence of any significant RC effects. However, in the [An 
+ 2]annulenes the very large shielding of the inner protons and the deshielding of the outer protons is due to the very large 
RC effects in these systems. An incidental, but interesting, observation is the excellent correlation of the experimental data, 
which is obtained on multiplying the calculated LA contributions by a factor of 2. Since the dipole approximation is ade
quate for all except the bonded carbons, a very simple, but useful, formula can be used to calculate proton shieldings even in 
those cases in which the protons are presumed to be sterically crowded. 

Both semiclassical2 and quantum mechanical3 ring cur
rent concepts have been used to interpret anisotropic mag
netic susceptibilities.4 These currents are presumed to flow 
in the cyclic -ir-electronic systems on application of a mag
netic field perpendicular to the ring. With the development 
of the techniques of high resolution nuclear magnetic reso
nance (NMR) spectroscopy, it was found5"8 that the ring 
current concept elegantly accounted for the deshielding of 
the protons in benzene and the polycyclic hydrocarbons. 
The ring current hypothesis was bolstered by the observa
tion of very large upfield shifts in the series of annul-
enes.9-15 Indeed, the ring current concept has been used ex
tensively12-16 as a criterion for aromaticity, although con
siderable caution has been advised l7,18 in the inference of 
aromaticity from N M R data. 

The Pople7 and McWeeny8 modifications of the London3 

theory used simple LCAO-MO considerations. These have 
been extended to a variety of SCF methods'9"21 including 
density matrix perturbation methods,22 and coupled23 and 
uncoupled24,25 versions of Hartree-Fock theory. Another 
formulation26,27 of ring currents uses a classical model in 
which magnetic fields are produced by n electrons circulat
ing in loops above and below the plane of the ring. This 
model has been applied28 to condensed ring aromatics with 
ring current intensities based on the London theory.2 A 
more recent treatment29 uses the one-dimensional gas 
model. 

It should be noted that the entire question of the exis
tence of ring currents has been questioned30,3 ' but this pro
posal has been strongly criticized13,32 on the basis that the 
ring currents are essential in explaining the chemical shift 
data for the annulenes. Using a crude estimate for the local 
paramagnetic susceptibility in benzene and the simple dipo
lar formula for neighbor anistropy effects in chemical shift 
theory,33,34 Pople35 estimated a contribution of almost 50% 
of the deshielding of the protons in benzene as due to local 
anisotropic (LA) effects. 

In this study use is made of the recent experimental36 

values of the carbon-13 tensor shielding components for 
solid benzene to show that LA effects make substantial con

tributions to proton chemical shifts for condensed ring sys
tems as well as for benzene. It was the intention of this in
vestigation to establish the importance of such contribu
tions, so that no parameters were varied in the calculations 
of the anisotropic shielding {LA) contributions. The re
mainder, which must necessarily be determined empirically, 
is attributed to the delocalized (RC) effects. The introduc
tion of only one parameter permits an excellent correlation 
of a large amount of experimental data. A consideration of 
the combined LA and RC effects provides a useful explana
tion of the reversal of the chemical shifts of the inner and 
outer protons in the series of [4M]- and [An + 2]annulenes. 

Results and Discussion 

A. Local Anisotropic (LA) Contributions to Proton 
Shielding. Anisotropic shielding at carbon will occur in 
those cases in which the electronic environments deviate 
from spherical symmetry. The LA effects at carbon are 
large (in comparison with protons, for example) because the 
one-center integrals involve the 2p atomic orbitals on car
bon, and these have a 1 /r3 dependence. Contributions from 
the delocalized terms would involve the multicentered inte
grals and when combined with the 1/r3 dependence drop off 
rapidly with distance. There would also be an effect on the 
' 3 C anisotropic shielding because of the decreased excita
tion energies (in aromatic and unsaturated systems), which 
enter the denominators of certain terms in the second-order 
perturbation sum.31 

By means of the technique of proton-enhanced nuclear 
induction spectroscopy,37 the ' 3 C principal components of 
the shielding tensor of a number of organic solids have been 
determined.36 For solid benzene at -5O 0 C the three compo
nents are as follows: 5 n c = 117 ± 1 ppm, 822° = 533C = 
- 6 3 ± 1 ppm relative to liquid benzene.36 To estimate the 
importance of this large '3C anisotropy on the proton 
shielding constants, consider a free electron model26 in 
which the components of magnetic induction due to a loop 
of radius a are given in cylindrical coordinates, p, z, by the 
expressions38 
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B =tL
 z 

" 2* p[(a + p)2 + z2] 

B2 = 
M/ 1 

mi-1 a2+ p2+ z2 

{a-p)2 + z2 

a2-p2-z2 , 

E\ (D 

(2) 
2ir[(a + p)2 + z2y/2l (a-p)2 + z2 

where n is the permeability, / is the current, and K and E 
are the complete elliptic integrals of the first and second 
kind with argument 

k2 = 4a[{a + p)2 + 22]-1 (3) 

For points situated along the p = 0 axis,38 Bp = 0 and 

B2 = 
p.a2I 

2(a2 + z2y?2 ( 4 ) 

Now consider currents /, flowing in atomic loops with 
radii a, arising from magnetic fields perpendicular and in 
the plane of the aromatic ring as depicted in Figures la-c. 
For 2 = 0 it follows from eq 4 that 

/, = 2a,B„c/t (5) 

For a magnetic field perpendicular to the plane of the aro
matic ring, local atomic currents of radius a\ will be set-up 
in the plane of the ring as depicted in Figure la. In this case 
z = 0, p = rcH, and it follows from eq 1-5 that B\p

c = 0 
and 

filzH=' a\ K + O±±1CHE B i (6) 
ir(ai + /-CH) L a\- rCH 

Consider a current loop of radius a2 arising from a mag
netic field parallel to the C-H bond as depicted in Figure 
lb. In this case p = 0, z = rcH, and the magnetic induction 
follows from eq 4 and 5, 

B22" = . "2^ ^nB22
0 (7) 

(a2
2 + rcH2)3'2 

In the case where the external magnetic field lies in the aro
matic ring but perpendicular to the C-H bond, a local 
atomic current of radius 03 will be set up as depicted in Fig
ure Ic. From eq 1-5 it follows that the components of mag
netic induction at the hydrogen atom will be Z?3„H = 0 and 

Bi" = 
«3 \K + E2±l£»E\B3c (8 ) 

L 03 - rCH J ir(03 + rCH) 

Division of eq 6-8 by the applied field B2
0 gives expressions 

for the proton shielding components <rnH, a22
H, and anH in 

terms of the carbon shielding components <r\\c, <r22
c, and 

<T33C. The isotropic proton shielding is given by averaging 
the components over the three equally probable orienta
tions. 

U H > =(1/3)[<7llH + <r22
H + (T33H] (9) 

The expression for the averaged proton shielding can be 
simplified by noting that <T22C = <̂ 33C from the work of 
Pines, Gibby, and Waugh.36 Furthermore, it may be as
sumed that atomic loops all have the same radii a, = a. Be
cause the effective nuclear charges differ for the a- and 
^-electronic systems39 the various a, might also be expected 
to differ. However, in view of the crudeness of the model 
adopted here, this refinement was not thought to be justi
fied. From eq 6-9 it follows that 

<*H> = a W • + 
{(a2 + r C H

2 ) 3 / 2 

a{a\\c + <T22
C) r ^ + £ ± r c H £ - i i 

L a - rcH JJ 
(10) 

ir(a + /-CH) L a - rcn 
On expanding K and E in terms of k2 and assuming that a 
« rcH, eq 10 reduces to the usual dipole-dipole type of ex-

Figure 1. Schematic representations of the local anisotropic currents at 
one of the benzene carbons. In diagrams (a) and (c) the external field 
is perpendicular to the C-H bond, but perpendicular to and parallel to 
the plane of the ring, respectively. In (b) the field is directed along the 
C-H bond. 

pression 
<<rH>=a

3 (<Tn c -<T22C ) /6/ -CH3 ( H ) 

The approximation of eq 11 is reasonable in all cases except 
for the contribution to the proton shielding from the bonded 
carbon as the assumption a « rcH is not valid. For <rnc — 
<722

c = 180 ppm36 and a = [<2pc]/-3 |2pc>]-' /3 = 0.047 
nm (this is the theoretical value for this integral using a 
Slater radial function with | = 1.625), and the usual aro
matic C-H distance rcH = 0.108 nm, a value of —2.47 ppm 
is obtained for eq 11 for the effect on proton shielding due 
to LA effects of the local carbon atom. With the same ex
perimental and theoretical quantities (and one further as
sumption discussed below), eq 10 gives a value of —3.29 
ppm. The difference in the results obtained via eq 10 and 11 
is indicative of the error of the dipole approximation for 
shielding at the proton due to the directly bonded carbon. 

In order to use eq 10 it is necessary to estimate the abso
lute value of the anisotropic 13C shielding components 
whereas the experimental data36 refer to shifts relative to 
benzene liquid. It is important to note that only the above 
calculated result for the directly bonded proton is sensitive 
to this derived number, and it becomes increasingly unim
portant as the separation between the carbon atom and the 
hydrogen atom increases. Since methane has spherical sym
metry, each of the principal components must equal the iso
tropic value of 131 ppm relative to benzene.40 A recent the
oretical value41 of 205 ppm for the 13C shielding for meth
ane was based on an ab initio coupled Hartree-Fock scheme 
with gauge-invariant atomic orbitals. Since the calculated 
values were typically within 10 ppm of the experimental 
ones, this constitutes a reasonable value for estimating the 
absolute magnitudes of the components of the shielding ten
sor. Therefore, the addition of about 74 ppm (205 minus 
131 ppm) to the experimentally determined anisotropic 
components36 gives the following 13C shielding components 
for benzene: <xuc = 191 ppm and (J22

0 = <r33C = 11 ppm. 
With these values in addition to a = 0.047 nm, rcH = 0.108 
nm, rcc = 0.140 nm, and the assumption that all rings are 
hexagonal, local anisotropic proton shieldings in parts per 
million for benzene 1 and a series of condensed ring aro-
matics 2-15 were based on the equation 

* i 
*W 

(a1 + r c ,H , 2 ) 3 / 2 

a{o\\c + <T22C) r * + g + r c - H ' i - ~ i i (12) 
L a - rCiHj J J *{a + rClHj) 

where /*c,-H/ denotes the distance from the ith carbon atom 
to the y'th hydrogen atom and the summation is over all of 
the carbon atoms in the ring system. Calculated results are 
entered in Table I. 

The calculated LA results for benzene (1 in Table I) in
clude the summation over all six of the carbon atoms in the 
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Table I. Calculated Values of Local Anisotropic and Delocalized Contributions and Their Sum Compared with Experimental Values of 
Chemical Shifts of a Series of Condensed Ring Aromatics 2-15 Relative to Benzene 

Compd 

(1) Benzene 
(2) Naphthalene 

(3) Anthracene 

(4) Phenanthrene 

(5) Chrysene 

(6) Triphenylene 

(7) Pyrene 

(8) 1,2-Benz-
anthracene 

(9) 1,2-Benz-
pyrene 

H/ 
1 
1 
2 
1 
2 
3 
1 
2 
3 
4 d 
9 
Id 
2 
3 
4 
5 
6<* 
1<* 
2 
1 
3 
4 
I'd 
2' 
3' 
4' 
3 
4 
5 
6 
7 
8 
9d 

10 
I'd 
2' 
3 d 

Local 
anisotropic Delocalized 
contribu-

tion,a ppm 

(-4.177) 
-0.286 
-0.084 
-0.345 
-0.112 
-0.567 
-0.330 
-0.119 
-0.143 
-0.622 
-0.368 
-0.706 
-0.429 
-0.355 
-0.158 
-0.161 
-0.664 
-0.669 
-0.154 
-0.398 
-0.429 
-0.167 
-0.692 
-0.168 
-0.134 
-0.348 
-0.395 
-0.429 
-0.368 
-0.128 
-0.133 
-0.402 
-0.905 
-0.615 
-0.691 
-0.188 
-0.704 

contribu
tion,6 ppm 

(-0.219) 
-0.151 
-0.097 
-0.172 
-0.131 
-0.321 
-0.178 
-0.119 
-0.129 
-0.264 
-0.210 

-0.285 
-0.129 
-0.312 
-0.292 
-0.233 
-0.312 
-0.138 
-0.122 
-0.181 
-0.292 
-0.246 
-0.224 
-0.143 
-0.145 
-0.237 
-0.418 
-0.332 
-0.319 
-0.154 
-0.370 

Total, 
ppm 

(-4.396) 
-0 .44 
-0 .18 
-0 .52 
-0 .24 
-0 .89 
-0 .51 
-0.24 
-0 .27 
-0 .89 
-0 .58 

-0 .95 
-0 .28 
-0 .71 
-0 .72 
-0 .40 
-1 .00 
-0 .31 
-0 .26 
-0 .5 3 
-0 .69 
-0 .67 
-0 .59 
-0 .27 
-0 .28 
-0 .64 
-1 .32 
-0.95 
-1 .01 
-0.34 
-1 .07 

Exptl,c 

ppm 

-0.46 
-0 .11 
-0 .66 
-0 .12 
-1 .09 
-0 .53 
-0.24 
-0 .30 
-1.35 
-0.38 
-1 .39 
-0.66 
-0 .63 
-0.25 
-0.35 
-1.45 
-1.34 
-0 .31 
-0 .73 
-0 .83 
-0 .66 
-1 .50 
-0 .32 
-0 .26 
-0 .49 
-0 .28 
-0.45 
-0 .68 
-0 .20 
-0 .20 
-0 .76 
-1 .81 
-1 .01 
-1 .49 
-0.38 
-1.54 

Compd 

(10) Perylene 

(11) 1,2:3,4-
Dibenz-
anthracene 

(12) 1,2:5,6-
Dibenz-
anthracene 

(13) Pentaphene 

(14) 1,2:7,8-
Dibenz-
anthracene 

(15) Coronene 

*i 
4 
5 
6 
Id 
2 
3 
I'd 
2' 
3' 
4'd 
7 
8 
Qd 

I'd 
2' 
3' 
4' 
3 
4 
9d 

1 
2 
3 
4 
5 
6 

13d 
I'd 
2' 
3' 
4' 
3 
4 
9 d 

10 
1 

Local 
anisotropic 
contribu

tion,3 ppm 

-0.227 
-0.418 
-0.425 
-0.709 
-0.224 
-0.389 
-0.739 
-0.202 
-0.193 
-0.687 
-0.148 
-0.425 
-0.952 
-0.716 
-0.179 
-0.143 
-0.360 
-0.416 
-0.486 
-0.952 
-0.425 
-0.144 
-0.136 
-0.380 
-0.632 
-0.475 
-0.975 
-0.790 
-0.197 
-0.148 
-0.362 
-0.411 
-0.452 
-1.244 
-0.456 
-0.460 

Delocalized 
contribu

tion,6 ppm 

-0.238 
-0.288 
-0.316 
-0.230 
-0.129 
-0.169 
-0.298 
-0.131 
-0.125 
-0.254 
-0.144 
-0.235 
-0.400 
-0.333 
-0.151 
-0.134 
-0.196 
-0.245 
-0.283 
-0.441 
-0.181 
-0.083 
-0.078 
-0.158 
-0.323 
-0.248 
-0.481 
-0.360 
-0.158 
-0.138 
-0.199 
-0.243 
-0.269 
-0.528 
-0.354 
-0.550 

Total, 
ppm 

-0.46 
-0.71 
-0.74 
-0 .94 
-0 .35 
-0 .56 
-1.04 
-0 .33 
-0 .31 
-0.94 
-0 .29 
-0 .66 
-1.35 
-1.05 
-0 .33 
-0 .28 
-0 .56 
-0 .66 
-0 .77 
-1 .39 
-0.61 
-0 .23 
-0 .21 
-0.54 
-0 .96 
-0 .72 
-1 .46 
-1.15 
-0 .36 
-0 .29 
-0 .56 
-0.65 
-0 .72 
-1 .77 
-0 .81 
-1 .01 

Exptl,c 

ppm 

-0.66 
-0.80 
-0.67 
-0.84 
-0.11 
-0 .30 
-1.41 
-0.27 
-0.26 
-1.21 
-0 .19 
-0.70 
-1.70 
-1.54 
-0 .36 
-0 .28 
-0.55 
-0 .40 
-0.61 
-1.81 
-0.80 
-0 .23 
-0.21 
-0.68 
-0.91 
-0.31 
-1.91 
-1.69 
-0.39 
-0 .29 
-0.56 
-0.39 
-0 .53 
-2 .71 
-1 .02 
-1.55 

"Local anisotropic contributions were based on eq 12. The entry for benzene (1), enclosed in parentheses, is the absolute value from the 
equation. Subsequent entries exclude the contributions from the six carbons in the immediate ring associated with the hydrogen atom Hy. 
bDelocalized contributions were based on eq 14 with ring currents relative to an empirical one for benzene. Ring currents for compounds 
2-4,6, and 7 were from ref 28, and for compounds 8-15 from ref 42. Values for chrysene, item 5, appear not to have veen reported. 
CC. W. Haigh and R. B. Million,MoI. Phys., 18, 737 (1970). dSterically crowded protons. 

ring. Most of the calculated value of -4 .18 ppm arises from 
the contribution due to the attached carbon atom (-3.29 
ppm). Therefore, it must be concluded that a significant 
part of the deshielding of the protons in aromatic systems is 
due to LA effects at the carbon atoms. The remaining 
entries in Table I (items 2-15) excluded the contributions 
from the six carbon atoms in the ring to which the hydrogen 
atom was attached. This was done so that the calculated re
sults could be compared with the experimental values (last 
column of Table I) relative to benzene. 

An interesting and useful result (without theoretical jus
tification) can be obtained if it is noted that the LA results 
in the third column of Table I are very nearly one-half of 
the experimental results in the last column. Indeed, multi
plication of the results in the third column by a factor of 2 
provides an excellent empirical correlation of the experi
mental data. If this is done for the 72 proton shielding 
points in Table I, linear regression gives a slope of 1.010, in
tercept -0 .10 , and correlation coefficient 0.93. It is impor
tant to note that this correlation includes the sterically 
crowded protons, which are ordinarily omitted from com
parisons of experimental and theoretical results for chemi
cal shielding with the statement that the theory is not ade
quate for such situations. Clearly exclusion of LA effects in 
favor of RC effects would lead to greater disparities in just 

these situations. The contributions from the carbons in the 
ring to which the proton is attached are subtracted out of 
the sum for the purposes of comparison with experimental 
results relative to the benzene value. These include the three 
closest carbons and so it would not be unreasonable simply 
to use the dipole-dipole approximation. Empirical multipli
cation of eq 11 by a factor of 2 gives 

<<rH0 = -6 .22 X 10-3 Y. ' C H , - 3 PPm (13) 

where the summation is over all of the carbons C, other 
than those associated with the ring to which H, is attached. 
Values calculated in this way are entered in the third col
umn of Table II for compounds 2-10. These values are plot
ted as a function of the experimental values in Figure 2. 

In a quantum mechanical description the major contribu
tion to the shielding due to LA effects would be associated 
with the large local paramagnetic term arising from mag
netic field mixing of 2pa and 2pT orbitals in orientations b 
and c in Figure 1. Both the excitation energies and p-elec-
tron density are, of course, very favorable for this <r-ir 
shielding mechanism, and such circulations of electronic 
charge lead to large downfield shifts which cancel to. a large 
extent the upfield, isotropic diamagnetic terms associated 
principally with the Is electrons. Thus, both (T22 and 0-33 are 
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Table II. Representative Calculated Values of Chemical Shifts 
(ppm) Relative to Benzene Compared with the Experimental Values 

Compd I" Ub HK Exptld 

relatively small on an absolute chemical shift scale due to 
this mutual cancellation of two otherwise large terms. The 
localized paramagnetic circulation of electrons about each 
carbon in the plane of the ring, however, involves only a 
electrons and as such is considerably reduced. This leaves 
the Is diamagnetic term as the dominant term, and <rn ap
pears at high fields actually above the methane value. The 
concentration of shielding currents into effective current 
loops instead of three-dimensional pathways involving elec
tron distribution along the magnetic field axis would involve 
placing small loops above and below the planes shown in 
Figure 1. There could be some value in this approach which 
might account in part for the factor of 2 which was used to 
obtain the excellent empirical correlation embodied in eq 
13. 

By now it should be clear that the LA contributions as 
distinguished from RC contributions are sufficient to ac
count for the major fraction of the downfield shift of aro
matic protons. Note that the -4 .18 ppm downfield shift in 
benzene constitutes 72% of the approximately 5.8 ppm shift 
separating benzene and rapidly interconverting cyclohex-
ane, and invalidates in a large measure the traditional ex-

(1) Benzene 
(2) Naphthalene 

(3) Anthracene 

(4) Phenanthrene 

(5) Chrysene 

(6) Triphenylene 

(7) Pyrene 

(8) 1,2-Benz-
anthiacene 

(9) 1,2-Benz-
pyrene 

(10) Perylene 

1 
1 
2 
1 
2 
9 
1 
2 
3 
4* 
9 
1« 
2 
3 
4 
5 
6e 

1« 
2 
1 
3 
4 
ye 
T 
3' 
4' 
3 
4 
5 
6 
7 
8 
oe 

10 
ye 
V 
3« 
4 
5 
6 
1* 
2 
3 

-0.54 
-0.16 
-0.66 
-0.22 
-1.09 
-0.63 
-0.23 
-0.28 
-1.19 
-0.71 
-1.36 
-0.82 
-0.68 
-0.31 
-0.31 
-1.27 
-1.28 
-0.33 
-0.77 
-0.70 
-0.33 
-1.33 
-0.33 
-0.26 
-0.67 
-0.76 
-0.83 
-0.59 
-0.20 
-0.21 
-0.65 
-1.73 
-1.20 
-1.33 
-0.35 
-1.35 
-0.42 
-0.78 
-0.82 
-1.48 
-0.50 
-0.83 

-0.48 
-0.21 
-0.70 
-0.28 
-0.93 
-0.63 
-0.30 
-0.23 
-0.67 
-0.67 
-0.90 
-0.69 
-0.75 
-0.41 
-0.33 
-0.85 
-0.73 
-0.36 
-0.88 
-0.79 
-0.56 
-0.68 
-0.21 
-0.31 
-0.68 
-0.74 
-0.88 
-0.86 
-0.33 
-0.25 
-0.71 
-0.96 
-1.09 
-0.81 
-0.38 
-0.86 
-0.54 
-0.91 
-1.08 
-0.55 
-0.32 
-0.65 

-0.44 
-0.18 
-0.52 
-0.24 
-0.89 
-0.51 
-0.24 
-0.27 
-0.89 
-0.58 

-0.95 
-0.28 
-0.71 
-0.72 
-0.40 
-1.00 
-0.31 
-0.26 
-0.53 
-0.69 
-0.67 
-0.59 
-0.27 
-0.28 
-0.64 
-1.32 
-0.95 
-1.01 
-0.34 
-1.07 
-0.46 
-0.71 
-0.74 
-0.94 
-0.35 
-0.56 

0 
-0.46 
-0.11 
-0.66 
-0.12 
-1.09 
-0.53 
-0.24 
-0.30 
-1.35 
-0.38 
-1.39 
-0.66 
-0.63 
-0.25 
-0.35 
-1.45 
-1.34 
-0.31 
-0.73 
-0.83 
-0.66 
-1.50 
-0.32 
-0.26 
-0.49 
-0.28 
-0.45 
-0.68 
-0.20 
-0.20 
-0.76 
-1.81 
-1.01 
-1.49 
-0.38 
-1.54 
-0.66 
-0.80 
-0.67 
-0.84 
-0.11 
-0.30 

"Calculated results from eq 13. ^Uncoupled Hartree-Fock results 
from ref 25. cSum of the local anisotropic and delocalized contribu
tions from Table I. dSee footnote c of Table I. ^Sterically crowded 
protons. 

planation used in almost all textbooks to account for the 
downfield shift in aromatic protons. Furthermore, the LA 
model is based only on simple laws of electrodynamics in 
conjunction with the very fine experimental results of 
Waugh and coworkers on anisotropic shielding tensors. 

The overall aromatic proton shielding range could be ex
plained as entirely due to the anisotropic localized para
magnetic currents on carbon if some empirical parameter 
were to be introduced into the equations. However, it is just 
as plausible to discuss these relatively small discrepancies in 
terms of delocalized shielding currents (RC) involving flow 
of electrons from one atom to another. Providing these loops 
can be closed in some way such as a molecular ring, the RC 
model does find theoretical verification as indicated by a 
very extensive literature. Attention is, therefore, now di
rected to a discussion of RC contributions to proton 
shielding. 

B. Delocalized (RC) Contributions to Proton Shielding. 
Previous estimates of the RC contributions based on the 
free electron model tended to overestimate the deshielding. 
The difficulty in using the model is the absence of any way 
to obtain the ring current / in benzene, and in the absence 
of an estimate of the localized anisotropic contribution, 
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Figure 2. A plot of (aH) in ppm calculated from eq 13 as a function of 
the experimental values for the protons in the condensed ring aromatics 
2-10. The solid line is that corresponding to perfect agreement. "Nor
mal" protons are indicated by circles, "crowded" protons by triangles, 
and those typified by the 9 proton of phenanthrene are represented by 
squares. 

some workers have been tempted to attribute the whole an
isotropic shielding effect in aromatic protons to the delocal-
ized ring currents. For this reason, the current / for benzene 
was scaled in this study to give satisfactory agreement of 
the chemical shifts for representative hydrocarbons in Table 
I after taking proper account of the LA terms. The formula 
which was used to take account of the geometrical depen
dence of the RC contributions follows from eq 2, 

( ^ ) = C I (ty/)[(flR + K/)2 + *2]~1/2X 

[' + 
«R Z Ri2 -

where C = 1.889 X 10 -3 is the empirical scaling value to 
give the best fit, (/,//) is the current relative to the benzene 
value, OR = 0.140 nm is the radius of each ring, Rj is the 
distance from the center of the /th ring to the proton H7, 2z 
= p is the separation between the upper and lower current 
loops. The benzene value of -0.219 ppm which was ob
tained from eq 14 with (/,//) = 1 was subtracted from the 
values for items 2-15 before entering them in the fourth 
column of Table I. For these multicyclic hydrocarbons the 
values of /,// were taken from the works of Jonathan et al.28 

and Memory.42 The value for p is a theoretical value which 
was taken as twice the expectation value of r for the upper 
lobe of a Slater 2pz atomic orbital again with £ = 1.625. 
With this approximation the separation between the two 
ring currents is 0.163 nm which may be compared with the 
empirically adjusted one of 0.128 nm used by Johnson and 
Bovey.27 However, this particular feature of the calculation 
was somewhat superfluous in that the empirical choice for 
C in eq 14 would compensate for a wide variation in p. 

Calculated RC contributions are entered in the fourth 
column of Table I. In most cases the LA values are of 
smaller magnitude than the RC values in the third column. 
It should be noted that the differences from the benzene 
value of -0.219 ppm are much less than the differences of 
the LA contributions from the benzene value of -4.177 
ppm. The sum of the LA and RC contributions is given in 
the fifth column of Table I. These summed values for items 
2-15 in the table are plotted as a function of the corre
sponding experimental values in Figure 3. In view of the 

Figure 3. A plot of the sum of the local anisotropic and delocalized con
tributions to (aH) as a function of the experimental values for the con
densed ring aromatics 2-15. Data points are represented by circles, tri
angles, and squares for the "normal," "crowded," and phenanthrene 
H-9 type protons, respectively. 

empirical nature of the RC calculations, it is essential to ex
amine the areas of disagreement and to compare the calcu
lated results with others based on quantum mechanical con
siderations. The most obvious disparity between calculated 
and experimental results is for the "crowded" protons. Data 
for these are usually omitted from plots such as that in Fig
ure 3 on the basis that other factors are involved. Several 
schemes43 to rationalize the increased deshielding of these 
crowded protons have been proposed, but it now seems clear 
that the inclusion of LA effects may be the most important 
factor. 

The other group of protons in which the calculated values 
tend to be greater in magnitude than the experimental ones 
is typified by the proton at the 9 position of phenanthrene 
(4). However, it should be noted that this inadequacy is also 
present in recent quantum mechanical results,25 which are 
included in the fourth column of Table II. Since these posi
tions (K region) in many of the condensed-ring aromatics 
have been associated with special carcinogenic activity,44 it 
seems likely that this inadequacy may be associated with 
substantial changes in charge densities, for example. The 
single determinant descriptions do not provide an adequate 
description of a number of properties of these systems.45 

C. Localized and Delocalized Contributions in the Annu-
lenes. It is of interest to put the experimental results for the 
annulenes13'14 in the perspective of the theoretical discus
sion in sections A and B of this study. In the [4n]annulenes 
the inner protons tend to be substantially deshielded relative 
to the outer protons, whereas in the [An 4- 2]annulenes the 
inner protons are substantially shielded relative to the outer 
protons. For example, in the [16]annulene (16) the inner 
and outer protons are at T —0.32 and 4.8, respectively,46 

and in the [18]annulene (17) the inner and outer protons at 
T 13.0 and 0.72, respectively.13'47 For purposes of discus
sion, consider the [18]annulene. Since the inner protons are 
closer to more carbons, the LA contributions will be great
er. From the methods of section A it is predicted that the 
LA contribution for the inner protons will be deshielded by 
0.76 ppm more than the outer protons. Steric effects (espe
cially in 16) due to the other inner protons would make this 
difference much greater, and so the direction is consistent 
with the experimental observations for the [4n]annulenes in 
which bond alternation is expected to minimize RC contri-
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butions. The ring current effect will, however, produce 
shifts in the opposite direction. If it is assumed that the Far
aday induction law is appropriate for comparing the annu-
lenes with benzene, then / ' is proportional to the area of the 
ring around which the current flows and / ' = II in the 
[18]annulene. For OR = 0.3403 nm (a weighted average of 
the distance of the carbons from the center of the ring), R 
= 0.172 and 0.474 nm for inner and outer protons, respec
tively, and 2z = 0.1618 nm, eq 14 yields the following re
sults: 

<<rHi"> = 12.6 ppm 

((jH0Ut) = _3 2 ppm 

This calculated difference, 15.8 ppm, between the 
shieldings of the inner and outer protons of the [18]annu-
lene is slightly greater than the experimental value but it 
does not include the effects of local anisotropy or steric ef
fects as discussed above. The important points to note are 
the consistency of both the LA and RC contributions with 
the experimental results for this series of compounds as well 
as for the condensed ring aromatics. A much larger discrep
ancy would have been noted if the greater values used pre
viously for benzene currents had been employed with the 
simple Faraday induction dependence on ring size to esti
mate the current in the [18]annulene. Thus, in the [An + 
2]annulenes delocalized shielding (RC) terms are compara
ble to or greater than the corresponding localized (LA) con
tributions to proton shifts because of the unique structural 
features of these large rings. 
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