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which accounts for the considerable charge gt which 
we found in sections 5 and 6. 

The foregoing discussion has been entirely in 
terms of VB theory. Our computations made in 
the framework of LCAO MO theory correspond of 
course to a somewhat different weighting of reso
nance structures, together with some additional 
ones. Nevertheless there is a sufficient degree of 
coincidence between the two theories so that our 
discussion of VB resonance structures has valid 
qualitative significance for the understanding of the 
distinctions between strong and ordinary conjuga
tion and between strong and ordinary hyperconju-
gation. 

Two further examples of VB resonance struc
tures in conjugation and hyperconjugation may be 
instructive. For allene, Tx and 7ry bonds are equally 
important. The principal resonance structure is 
H2=FFC===C=FFC-H2. The only r-type resonance 
here is (first-order) hyperconjugation involving ex
cited structures H2==?C—C=F=?C—H2 and H 2 - C ^ C 
===H2. In ethylene twisted until the two CH2 

The relative chemical shifts of protons bonded to 
different carbon atoms in polynuclear aromatic 
hydrocarbons are of some interest. Previous 
work2 had shown that the proton chemical shifts 
of alternant aromatic hydrocarbons can be satis
factorily accounted for in terms of the "ring cur
rent" model.3 An earlier proton resonance 
spectrum of the non-alternant hydrocarbon azulene, 
which was measured under conditions of moderate 
resolution,2 did not permit a complete assignment 
of the spectrum. Moreover, the range of chemical 
shifts indicated by the spectrum did not appear to 
be reproduced by the spectrum calculated by the 
ring current model. The proton spectra of the 
non-alternant hydrocarbons, azulene and ace
pleiadylene, which are isomeric with naphthalene 
and pyrene, respectively, have now been measured 
under conditions of higher resolution. A complete 

(1) Visiting Research Associate, National Research Council, 
Summer 1957. 

(2) H. J. Bernstein, W. G. Schneider and J. A. Pople, Proc. Roy. 
Soc. (London), A236, 515 (1956). 

(3) J. A. Pople, J. Chem. Phys., 24, 1111 (1956). 

planes are perpendicular, the principal resonance 
structure is H2===C—C=F=H2. Here there is strong 
hyperconjugation with each of the two structures 
H2-C===C=F=FH2O and H2=±=C=F===C— H2 (also, less im
portant, with H2-C=F^C-H2). 

To illustrate further the new bond symbols intro
duced here, one might use (for one of the principal 
resonance structures in each case) the following 
symbols to make clearer the structures of phenyl-
acetylene and of toluene from the point of view of 
conjugation or hyperconjugation 

{\—C=^CH / \ - C=^H3 

As another example, the VB formulation of CO2 in
volves resonance between two equivalent struc
tures 0=±=C=F=FO and 0===FC==0. 

LAFAYETTE, INDIANA 
CHICAGO, ILLINOIS 

assignment of the spectra has been made on the 
basis of which individual chemical shifts and spin-
coupling constants could be evaluated. 

Experimental 
The proton magnetic resonance spectra were measured 

with a Varian V-4300 NMR spectrometer operating at a fixed 
frequency of 40 Mc./sec. and equipped with a Varian Field 
Stabilizer. The frequency separation of the signals in the 
spectra was measured by the side-band technique in the 
usual manner. 

A sample of purified azulene and 1- and 2-methylazulene 
were kindly provided by Dr. E. Heilbronner. The spectra 
of the methylazulenes provided a useful confirmation of the 
proton assignment. Another sample of azulene was ob
tained from K. and K. Laboratories, Long Island, N. Y. 
The sample of acepleiadylene was provided by Professor V. 
Boekelheide. I t had been purified by chromatographic 
methods and recrystallization and had a sharp melting 
point at 160-161°. 

The spectrum of azulene was measured, above its melting 
point, at 125° and that of acepleiadylene at 175°. Heating 
of the samples was accomplished by means of an apparatus 
previously described2 which had been modified to permit 
simultaneous spinning of the sample by the stream of hot 
nitrogen gas used to heat the sample. The samples were 
contained in a 5 mm. o.d. glass tube together with a sealed 
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The proton resonance spectra of the non-alternant hydrocarbons, azulene and acepleiadylene, have been measured under 
conditions of high resolution. A satisfactory assignment of the spectra to individual protons in the molecules was possible 
and proton chemical shifts and spin coupling constants were evaluated. The chemical shifts are much larger in the non-
alternant hydrocarbons, compared to the corresponding shifts in alternant hydrocarbons. The observed spin coupling 
constants between adjacent protons, increase with the size of the carbon ring, being of the order of 3.5, 7 and 12 c./sec. for 
the 5, 6 and 7-membered rings. The "ring current" model, which gave a fairly satisfactory interpretation of the proton 
shifts in the spectra of alternant hydrocarbons, is inadequate for the non-alternant hydrocarbons. This failure of the 
model is attributed to the highly asymmetric nature of the electron charge distribution in the non-alternant molecules. 
Surprisingly large shifts of the proton resonances were observed on dilution in various solvents. These dilution shifts were 
anomalous; the protons on the 7-membered carbon ring gave rise to a much larger dilution shift than the 5-membered 
carbon ring on the same molecule. This behavior is discussed in terms of an intermolecular interaction characteristic of 
these hvdrocarbons. 
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Fig. 1.—Proton resonance spectrum of azulene: (a) pure 
azulene (at 125°); (b) 20 mole % solution in dioxane; (c) 
3 mole % solution. 
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Fig. 2.—Proton resonance spectra of the 5- and 7-membered 
ring protons. 

glass capillary containing decalin which served as an exter
nal reference compound for the frequency measurements. 

Further measurements were carried out at room tempera
ture on solutions of azulene in dioxane, cyclohexane and 
chloroform and a 3.8 mole % solution of acepleiadylene in 
dioxane. In each case a sealed capillary containing a refer
ence liquid was introduced into the sample tube. For the 
solutions of azulene in dioxane, water was used as a reference; 
for azulene in cyclohexane and chloroform, dioxane was 
used; and for acepleiadylene in dioxane, cyclohexane was 
used. 

In order that all measurements could be referred to a com
mon reference, the water-dioxane, decalin-dioxane and cy-
clohexane-dioxane signal separations (with dioxane in a 
sealed capillary) were determined in separate experiments. 
To reduce all the measurements to a comparable basis with 
dioxane as external reference, bulk susceptibility corrections 
were applied to each measurement. The volume susceptibili
ties of azulene and acepleiadylene were assumed to be equal 
to naphthalene and pyrene, respectively.2 The change in 
chemical shift in azulene and acepleiadylene due to change 
in bulk susceptibility with temperature was assumed equal 
to the change in bulk susceptibility of the reference decalin 
over the same temperature range. The volume susceptibility 
of the solutions was computed on the assumption of addi-
tivity of the volume susceptibility of the components accord
ing to their respective volume fractions. 

Results and Discussion 
(a) Azulene.—Figure 1 shows reproductions of 

the proton resonance spectra of (a) pure azulene 
(at 125°), (b) a 20 mole % solution of azulene in 
dioxane and (c) a 3 mole % solution in dioxane. 
The direction of increasing applied magnetic field is 
from left to right and the separation of the lines in 
the spectra in p.p.m. relative to the lowest field 
signal, A, is indicated by the scale at the bottom of 
the figure. The three spectra appear strikingly 
different from each other. On dilution of azulene 
in dioxane the set of five lines labelled a, b, c, d, e 
shift to higher field relative to the remaining lines 
in the spectrum. Moreover the frequency sep
aration of the lines of this set, which evidently form 
a related group, are only slightly altered in the three 
spectra. The mutual separation of the remaining 
lines in the spectrum likewise vary only slightly in 
the three spectra. Thus we have two distinct sets 
of signals, the two sets being displaced relative to 
each other on dilution with dioxane. This obser
vation was a valuable aid in arriving at an assign
ment of the spectrum. 

The formula of azulene, together with the num
bering of the carbon atoms to which the protons 
are attached, is shown in Fig. 2. The 5-membered 
carbon ring has three protons, two of which are 
equivalent, H1 and H3, whereas the 7-membered 
ring has two such sets, H4 and H8, and H5 and H7. 
On subtracting off the set of five lines a, b, c, d, e 
from the azulene spectra shown in Fig. 1 the two 
separate spectra shown in Fig. 2 can be constructed. 
This procedure is, of course, rather inaccurate and 
the relative intensities of the lines in each of the 
two spectra are subject to considerable error. 
Nevertheless the spectrum of Fig. 2a is readily 
identified as an AB2 spectrum,4'6 and this can rea
sonably be assigned to the three protons of the 5-
membered ring. According to reference 4 the 
spectrum should consist of eight lines with the 

(4) H. J. Bernstein, T. A. Pople and W. G. Schneider, Can. J. Chem., 
35, 65 (1957). 

(5) The notation employed here is that of reference 4. The letters 
A, B refer to two sets of nuclei giving rise to a chemical shift, 
?iffo(ffA — VB), which is of the same order of magnitude as the spin-
coupling constant, J. The notation ABi indicates that the spectrum 
arises from three nuclei, two t f which are equivalent. 
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relative spacings shown at the bottom of Fig. 2a. 
When the ratio of J/tjfZoAo- is between 0.1 and 0.2, 
three of the observed signals (b, d and e) are closely 
spaced doublets and are not resolved, giving rise 
to only five signals with the approximate relative 
intensities observed. Analysis of the spectrum of 
pure azulene (using Table V of reference 4) gives a 
value of 0.60 ± 0.01 p.p.m. for the chemical shift 
and 3.8 ± 0.5 c./sec. for the spin-spin coupling 
constant. Analysis of the spectra of the 20 mole 
% and 3 mole % solutions in dioxane give 0.53 ± 
0.01 p.p.m. and 3.5 ± 0.5 c./sec, and 0.51 ± 0.01 
p.p.m. and 3.5 ± 0.5 c./sec, respectively. There 
has been a small but significant change in the 
chemical shift on dilution but within experimental 
error the spin-spin coupling constant is unaltered. 
The relative intensities calculated4 for the a, b, c, d 
and e lines of the spectrum for the 20 mole % solu
tion of azulene in dioxane are 0.8, 2.0, 1.2, 4.3 and 
3.7, respectively, which compare favorably with 
those observed in Fig. Ib. The signals a, b, c 
which occur at lower field are assigned to the pro
ton H2 of the 5-membered ring and signals d, e 
which together have twice the intensity of a, b and 
c are assigned to Hi and H3. 

This assignment of the five-membered ring sig
nals was confirmed by an examination of the spec
tra of 1-methylazulene and of 2-methylazulene. 
In the spectrum of the latter the a, b, c signals were 
absent, while in the 1-methyl compound they ap
peared as a doublet and the d, e signals were re
duced in intensity by one-half. The assignment is 
also consistent with that of the tri-substituted com
pound, 5-guaiazulene, previously reported.4 

The spectrum shown in Fig. 2b is accordingly 
assigned to the protons of the 7-membered carbon 
ring. There are two well separated band systems, 
preliminary intensity considerations suggesting 
that the low field part corresponds to two of the 
five protons. At this point the analysis of s-
guaiazulene4 is again useful. This compound has 
a signal from position 4 at lowest field so the low 
field part of Fig. 2b is assigned to protons 4 and 8. 
The 7-ring spectrum is of type AB2X2, that is, one 
single nucleus, one pair with a small chemical 
shift relative to that of the first nucleus, and an
other pair with a large chemical shift. It has, in 
fact, many features in common with the proton 
spectrum of pyridine which has recently been an
alyzed.6 The amount of detail available was 
rather less than for pyridine, so no attempt was 
made to estimate spin-coupling constants be
tween non-nearest neighbors. Also, any coupling 
between protons in different rings was neglected. 
This seems reasonable on account of the simple 
form of the 5-ring spectrum. A similar result was 
found for naphthalene.7 It was found that the 
main features were reproduced using 

rjHa(<Tn — 0-4) = 0.92 p.p.m. 

yH0{ab — 0-4) = 1.33 p.p.m. 

for the chemical shifts relative to proton 4, and 

(6) W. G. Schneider, J. A. Pople and H. J. Bernstein, Can. J. Chem., 
36, 1487 (1957). 

(7) J. A. Pople, W. G. Schneider and H. J. Bernstein, ibid., 36, 
1060 (1957). 

/45 = JM = 10.0 c./sec. 

for the spin-coupling constants. 
I t is to be noted that the assignment noted here 

differs in several respects from that given pre
viously2 on the basis of a spectrum of lower resolu
tion. In particular the protons H4 and H8 were 
incorrectly assigned; these are now found to give 
rise to the extreme low field signals. 

As mentioned above, the position of the two sets 
of signals relative to one another depends on the 
concentration of azulene. For purposes of inter
pretation, we consider the relative chemical shifts 
in a dilute solution (3 mole % ) . The displacement 
of the center of signal 2 from the center of signal 4,8 
is then 

yH0(<T2 — en) = 0.45 p.p.m. 

The complete set of relative chemical shifts is il
lustrated in Fig. 3a. 

4,8 1,3 5,7 

2 6 

( a ) ' 

(b) 

(C) 

2,5,7 

4,8 1,3 
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CoIc. 
(ring model) 

4,8 5,7 1,3 

6 2 

Est., (charge 
density) 

0.5 1.0 1.5 
(p.p.m.) 

0.95 

0.89 
1.05 

Fig. 3.—Diagram showing the comparison of observed and 
calculated relative chemical shifts: (a) observed spectrum; 
(b) calculated by the ring-current model; (c) estimated 
from the charge density diagram shown in (d). 

Turning to the theoretical interpretation of the 
chemical shifts, there are two effects which might 
be expected to contribute. 

(1) The aromatic ring currents induced in the 
molecule will produce different secondary magnetic 
fields at different protons and will lead to a sep
aration of signals. A simple calculation based on 
this effect gave a satisfactory interpretation of the 
proton spectra of a number of alternant aromatic 
hydrocarbons.2 

(2) The local charge density will vary from one 
carbon atom to another leading to different effec
tive shieldings. Any effect of this sort will be more 
marked in non-alternants since, according to molec-
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ular orbital theory, the charge density is nearly 
uniform in al ternant molecules. 

The chemical shifts due to the ring current effect 
can be estimated by a calculation similar to t ha t 
employed for the al ternant hydrocarbons.2 Ac
cording to this method, the shift to low field of the 
signal due to a proton a t distance R from an aro
matic ring of radius a is proportional to a2/R3. 
Assuming tha t the current induced in each ring is 
the same as tha t in benzene and sufficient to ex
plain the chemical shift of 1.9 p.p.m. between ben
zene, and ethylene, we can obtain the shifts in 
azulene from the geometrical dimensions. In this 
calculation, the pentagon and heptagon have been 
taken as regular figures with side 1.40 A. and the 
length of all C - H bonds as 1.10 A. This leads to 
the set of chemical shifts illustrated in Fig. 3b. 
This is drawn to the same scale as the experimental 
figure above. I t is clear t h a t the ring model does 
not give a quant i ta t ive explanation of the spread of 
the spectrum. The total spread predicted is only 
0.5 p.p.m. whereas tha t observed is 1.3 p.p.m. 
Further , the ordering is incorrect, the principal 
inconsistency being tha t the 1,3 signals are pre
dicted to lie on the low field side of the 2 signal 
while the opposite is observed. A more detailed 
quantum-mechanical theory of the ring current8 

indicates tha t a slightly larger current flows in the 
5-ring, but this does not affect the results sub
stantially. 

The effect of the non-uniformity of charge dis
tribution is difficult to estimate quantitatively, but 
we may a t least t ry to correlate the order of the 
signals, by supposing tha t the signal is displaced 
by an amount proportional to the 7r-electron charge 
density on the neighboring carbon atom predicted 
by self-consistent molecular orbital theory. These 
charge densities have recently been calculated by 
Pariser9 and are shown in Fig. 3d. The set of 
chemical shifts predicted in this way is illustrated 
in Fig. 3c. No significance is to be at tached to the 
scale here. I t is interesting to note tha t the 4,8 
signals are predicted to lie at lowest field. This 
correlation with charge density also gives the sig
nals 1, 2 and 3 in the correct order. I t appears, 
then, tha t if these two effects are superposed, we 
obtain a set of positions quite close to those ob
served except for the relative order of 2 and 6. 

We now return to the question of the relative 
displacement of some signals in the spectrum of 
azulene on dilution with dioxane, which was men
tioned above. Dilution shifts of this kind can 
usually be a t t r ibuted to association effects. On 
the basis of the assignment made, it is clear tha t 
the proton signals of the 5- and 7-membered rings 
are displaced relative to each other. In order to 
obtain the absolute shifts of both sets of signals, it 
is necessary to refer all signals to a common refer
ence. The proton signal of dioxane was used as 
an external reference for this purpose. The results 
are shown in Table I. Since it had been established 
tha t the separation of signals within the 5-ring 
spectrum and within the 7-ring spectrum change 
but slightly, it was only necessary to measure the 

(8) J . A. Pop le . unpub l i shed resu l t s . 
(B) R. Par i se r , J. Chem. Pllys., 25 , 111. ' (1956). 

position of one signal in each to determine the 
shifts as a function of concentration. For this 
purpose signal A (see Fig. 1) was chosen for the 7-
ring spectrum and signal b for the 5-ring spectrum. 

TABLE I 

EFFECT OF DILUTIO.V IN DIOXANE ON THE CHEMICAL SHIFTS 

(IN P.P.M.) OF THE 5- AXD 7-MEMBERED R I N G S OF AZULENE 

DiIu-
Concn . of azu lene t ion 

(mole %) shift 
100 20 3 (p .p .m.) 

5-Ring spectrum" (sig
nal b) - 3 . 5 2 - 4 . 2 3 - 4 . 3 3 0.81 

7-Ring spectrum" (sig
nal A) - 3 . 6 7 - 4 . 6 5 - 4 . 9 0 1.23 
" Chemical shifts are given in p.p.m. relative to an exter

nal dioxane reference. Negative sign denotes that the 
signal appears on the low field side of the reference signal. 
Appropriate corrections have been made for differences in 
bulk susceptibility. Signal b and signal A, respectively, 
are indicated in Fig. 1. 

From Table I it may be seen tha t both the 5-ring 
and the 7-ring spectrum shift to lower field on 
dilution with dioxane. (The proton signal of 
dioxane appears on the high field side of the azulene 
spectrum.) Dilution to 3 mole % of azulene shifts 
the 7-ring spectrum by 1.23 p.p.m., whereas the 
corresponding shift for the 5-ring spectrum is 0.81 
p.p.m. Thus as shown in Table I, in pure azulene, 
the separation between the A and b signals is 0.15 
p.p.m., and in a 3 % dioxane solution it is 0.57 
p.p.m. Dilution in cyclohexane and chloroform 
shows similar results. 

In general, all aromatic molecules show a shift 
of the proton signals to low field on dilution. Such 
shifts have been observed previously in benzene on 
dilution in hexane by Zimmerman and Foster,10 

and in toluene, mesitylene, chlorobenzene and 
benzonitrile on dilution with aliphatic solvents by 
Bothner-By and Glick.11 Dilution shifts of this 
kind can be accounted for satisfactorily in terms 
of the ring-current model for aromatic hydrocar
bons. Because of the mobile 7r-electrons, a large 
diamagnetic current is induced in the plane of the 
ring by a magnetic field perpendicular to the mole
cule. This ring current gives rise to a small second
ary magnetic field which is such as to reinforce 
the primary field at points outside the ring but in 
its plane. In the direction a t right angles to the 
molecular plane, on the other hand, the two fields 
are opposed. In a concentrated solution of aro
matic molecules, the protons of a given molecule 
will find themselves close to the ring current of 
neighboring molecules, the position of closest ap
proach being on top of or below the molecular plane. 
This, then, leads to a shift to high field with in
creasing concentration, or a shift to low field on 
dilution. 

Polynuclear aromatic hydrocarbons may be ex
pected to show even larger dilution shifts of the 
proton signals because of their larger "r ing" di-
amagnetism. This was confirmed by a direct 
measurement of the dilution shift of naphthalene 
in dioxane which was found to be approximately 

UO) J . R. Z i m m e r m a n a n d M . K. luister , J. Phys. Chem., 6 1 , L'S2 
(1957), 

(11) A. A. Bo thne r -By and R, Ii. Gliek, J. Chem. Phys.. 26, Ki.)! 
(1957). 
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0.9 p.p.m., to be compared with 0.6 p.p.m. for ben
zene.11 The dilution shift of the 7-ring spectrum 
in azulene (Table I) is 1.23 p.p.m.12 

The effect of different dilution shifts for the 5-
and 7-membered rings is more difficult to inter
pret. A possible explanation for which there is 
some supporting evidence is the following: Be
cause of the different size of the two rings, the effec
tive secondary magnetic fields resulting from cur
rent circulations in them will be different. Since 
the 7-membered ring encloses a larger area, it will 
give rise to a larger magnetic dipole and protons in 
its neighborhood will have a larger shift to high 
field. Thus, in order to explain the required result 
(larger shift for protons on the 7-ring), we have to 
postulate a preferred mutual orientation in which 
the 5-ring of one molecule interacts with the 5-ring 
of another, or the 7-ring of one molecule with the 
7-ring of another, or both. In the latter orienta
tion the planes of the two molecules may be ex
pected to be very roughly at right angles to each 
other, on the average the long molecular axes tend
ing to be parallel. But in such orientations the 
electric dipole13 directions of neighboring molecules 
would be parallel, which represents a rather un
favorable configuration for maximum dipole inter
action. This, however, is the configuration found 
in the crystal structure of azulene, where the mole
cules are lined up with their long axes parallel as 
in naphthalene and with like rings closest.16 

(b) Acepleiadylene.—Proton resonance spectra 
of acepleiadylene are shown in Fig. 4. Figure 4(1) 
is that for a 3.8 mole % solution in dioxane while 
Fig. 4(11) is that for the pure hydrocarbon meas
ured at 175°. A dilution displacement of some 
of the signals relative to others is again apparent. 
The two spectra of Fig. 4 are placed above each 
other so that the first signal in each are aligned. 
Signal separations are indicated approximately on 
the p.p.m. scale and the direction is such that shifts 
to higher applied magnetic fields are from left to 
right. 

The formula of acepleiadylene is 

The protons may be divided into those attached to 
5-, 6- and 7-membered rings, respectively. If 
spin-coupling between protons attached to differ
ent rings is negligible, the two 5-ring protons 1 
and 10 will give rise to a single sharp signal. This 
is immediately identified as line e in the observed 
spectra. The 6-ring protons 2, 3, 8 and 9 are equiv
alent in pairs so they will give two superposed 

(12) Although the ring model was found not suitable for interpret
ing the spectrum of azulene itself, it will still have validity for compar
ing dilution shifts. 

(13) The electric dipole moment of azulene is about one debye, the 
5-membered ring forming the negative end of the dipole.14 

(14) G. W. Wheland and D. E. Mann, / . Chem. Phys.,- 17, 264 
(1949). 

(15) J. M. Robertson, private communication, 1956. 

AB spectra. This consists of a characteristic set 
of four symmetrical lines, the inner pair being 
more intense than the outer. This group is readily 
identified as the two pairs c and d. The magni
tude of the chemical shift between 2 and 3 (or be
tween 9 and 8) is 0.60 ± 0.03 p.p.m. for the pure 
liquid and 0.4 ± 0.03 p.p.m. for the dilute solution. 
It is not possible to determine which protons give 
the signal at higher field. The spin coupling con
stant /23 = -/89 is found to be 7.5 ± 1 c/sec. 

I J'1 '1A f I 

6-ring) 

I Il 1 

^ " V * V ^ 

I I Il I I ( 7 - r i n g ) 

b a 

Fig. 4.—Proton resonance spectrum of acepleiadylene: 1, 

spectrum of a 3.8 mole % solution of acepleiadylene in di

oxane; II , pure acepleiadylene (at 175°). 

This now leaves only the 7-ring spectrum unac
counted for. The four protons here form two equiv
alent pairs, but there is now likely to be a coupling 
constant between the members of one pair (5,6). 
The spectrum will therefore be of type A2B2 and 
should be similar to that observed in naphthalene.7 

As shown in Fig. 4(11) two groups of about six 
lines can be distinguished, symmetrical about the 
mid-point. These can be assigned with some confi
dence to the 7-membered ring. From the details 
we can derive fairly good values for the chemical 
shift and spin coupling constant between neighbor
ing protons.7 The chemical shift is 0.8 ± 0.05 
p.p.m. in the pure liquid and 0.85 ± 0.05 p.p.m. in 
dilute solution. The spin coupling constants are 
/45 = Jm = 13 ± 1 c./sec. and J66 = 13 ± 3 
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c./sec. Once again it is not possible to say which 
of the pairs (4,7) and (5,6) give the signal a t high
est field. 

I t has not proved possible to give a detailed dis
cussion of the interpretation of the relative chemi
cal shifts for this molecule. In the first place, a 
complete assignment has not been made and, 
secondly, self-consistent charge densities are not 
available. However, the application of the ring 
model is again unsuccessful as it predicts too small 
a spread for the spectrum. 

The dilution shifts for the individual signals were 
found to consist of a displacement to low field by 
about 1.7 p.p.m. for the 6- and 7-ring spectra, and 
1.32 p.p.m. for the 5-ring spectrum. The general 
situation is therefore very similar to azulene, where 
the 7-membered ring shifted to low field more than 
the 5-ring, and a similar type of preferred molecular 
interaction between neighboring acepleiadylene 

The general expression for the nuclear magnetic 
shielding constant u has been given by Ramsey.1 

However, his expression is rather unpractical even 
for the simplest molecules and, therefore, a simpler 
expression2 is desirable even if it is less rigorous. 
In the present paper, the simplification of Ramsey's 
expression is studied and the results are examined 
by numerical examples. 

1. A Simple Expression for Nuclear Magnetic 
Shielding.—The nuclear magnetic shielding con
s tant (7 can be expressed1 for real wave functions, 
using a second-order perturbation method, as 

a = (e2/2mc2) ( o | Y (xk
2 + }'k

2)/7k
3 |o) -

OVm2C2) Y [1/(En - E 0 ) ] X 
n 

[YoI Y mlk\n)(n\ Y m*/r\\oY\ (1) 

where Xk and y^ are the x and y coordinates of an 
kth electron, respectively, with the s-axis along an 
external magnetic field and the origin a t the 
nucleus for which the shielding is desired, r^ the 
distance between the k th electron and the origin, 

and ( 0 | Y mA \n\ the matrix element between the 

molecular ground state and a molecular electronic 
(1) N. F. Ramsey, Phys. Rev., 78, 699 (1950). 
(2) Variational calculations of proton shifts have been reported by 

Das and Bersohn (ibid., 104, 819 (1950)) and by McGarvey 
(J. Chem. Phys., 27, 08 (1957)). The variational derivation of eq. 5 
or 0 (see footnote 3) shows that these equations are of better approxi
mation compared with Das and Bersohn's. McGarvey's treatment 
may be of better approximation than the present one but seems to be 
still too complicated to apply on such problems as discussed in b, c and 
d of the present paper. 

molecules would have to be assumed. The crystal 
s tructure of acepleiadylene is not known. 

One point of interest t ha t arises from these two 
spectra concerns the relative values of the spin-
coupling constants between neighboring protons in 
5-, 6- and 7-membered aromatic rings. These dif
fer considerably. For the 5-membered ring of 
azulene the coupling constant is only 3.5 c. 'sec. 
Small values are also found in other 5-membered 
ring molecules such as furan.16 The values for 6-
membered rings in various substi tuted benzenes7'17 

and naphthalene range around 6-8 c./sec. Finally 
all the values for 7-membered rings found in the 
present paper are in the region of 10-13 c./sec. 

(10) Unpublished results. 
(17) H.S.Gutowsky.C. H. Holm, A. Saika and G. A. Williams, THIS 

JOURNAL, 79, 4596 (1957). 
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state n of the orbital angular moment operator for 
the k th electron of mlk = {h/2iri){x^/(jy\ — y^d/ 
C)Xk). 

However, eq. 1 is difficult to apply since the wave 
functions of excited electronic states of molecules 
are seldom available. If En — E0 is replaced by an 
average energy AE of the excited states, the expres
sion can be reexpressed in a simpler form, involving 
only ground-state wave functions, as 

a = (eV2mc*)(o\ Y (%k
2 + ;yk

2)/rk
3 |o) -

(c ' / ra 'cME) ( o | 2 w a k - m « k A k 3 | ( » ) (2J 

where the ground-state wave function is assumed 
to be real. Even eq. 2 is very difficult to evaluate. 

However, the general relations3 

(ra|£>/3*|0) = - OT(27r/A)2(En - E0)(n\x\0) 
and (3) 

(K.|cVd>']0)] = - w(2TrA)2CE0 - E0)(n\y]0) 

are found to be useful for simplifying eq. 2. !Mul
tiplying the both sides of the first of eq. 3 by 

[(0\y2d/r3dx\n) - (0\xyd/r3dy\ n) - (0\x/r3\n)} 

and those of the second by 

[(0\x2d/rsdy\n) - (0\xyd/r3dx\n) - (0\y/r3\v)] 

and adding side by side, one has, upon summing 
over all excited states 

( 0 | n 7 , W r 3 | 0 ) = - ii,Y'(En - E,;)[\(0\y2d/r3'dx\u) -

(3) H. Eyring, J. Walter and G. Kimball, "Quantum Chemistry " 
John Wiley and Sons, Inc., New York. N. Y., 1944, p. 111. 
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A simple formula for the nuclear magnetic shielding constant has been proposed. It has been applied to (a) the hydrogen 
molecule, (b) polynuclear aromatic hydrocarbons, (c) the "induced-current" model proposed by Pople and (d) effects of 
distant electrons localized to non-bonded atoms. The results obtained are quite satisfactory. 


