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Induction, Resonance and Dipole Moment* 

BY CHARLES P. SMYTH 

Induction plays such an important role in the 
use of dipole moments for the examination of 
molecular structures that it has seemed worth 
while to obtain certain new moment values and to 
redetermine by measurements on vapors some 
moments previously determined in solution and 
used to draw conclusions as to inductive effects. 
It is desirable, at the same time, to reappraise the 
conclusions drawn from earlier data in the light 
of new information and to point out difficulties 
which remain. The question of bond moment 
values is intimately connected with the problem of 
induction and with that of resonance and will be 
discussed in these connections. The quantitative 
determination of resonance from dipole moment, 
the discussion of which is another object of this 
paper, is also dependent upon these questions of 
induction and bond moment. The effect of induc
tion as discussed here is the displacement of charge 
in a molecule by the ordinary electrostatic forces 
exerted by other charges in the molecule, these 
other charges being treated here commonly as 
forming dipoles and producing additional dipoles 
by their inductive effects. 

The increases in moment of the alkyl halides and 
some other alkyl compounds on going from the 
methyl to the ethyl compound and of the butyl 
halide moments on going from primary to second
ary to tertiary were attributed to dipoles induced 
by the carbon-halogen dipole in the groups im
mediately attached to the primary carbon.1 The 
methyl-to-ethyl moment increase was found, 
through vapor measurements, to increase by 0.07 
X 10~18 for each change from fluorine to chlorine 
to bromine to iodine.2 Groves and Sugden3 pro
posed a qualitative explanation of this change in 
the increase in terms of the size of the halogen 
atom and an effect of the hydrocarbon chain upon 
the field of the primary dipole, but, of necessity, 
left the question in a vague state. They con
cluded from additional vapor measurements listed 
in Table I that there was a further small moment 
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increase on going from ethyl to propyl, the in
crease again becoming greater on going from the 
chloride to the bromide to the iodide. They re
ported a still smaller increase on going from 
propyl to butyl, although it was large enough to 
be experimentally significant only in the case of 
the iodides. These results of Groves and Sugden 
are, on the whole, consistent with the fact4 that, 
in the halogenated fatty acids, the presence of 
the halogen increases the ionization constant of 
the acid to a decreasing extent as the halogen 
is moved along the carbon chain away from the 
carboxyl group, although a slight increase is still 
apparent when the halogen is on the S-carbon. 
It has been pointed out,4 however, that the 
ionization constant should be more sensitive 
than the dipole moment to small displacements 
of charge. 

The moments of homologous series measured by 
Groves and Sugden3 or assembled by them from 
the literature are given in Table I together with 
values for the butyl chlorides and nitroparaffins 
measured by Dr. R. H. Wiswall in this Laboratory 
and designated by a W after each value. The 
values listed by Groves and Sugden are calculated 
from the difference between the total polariza
tion and the sum of the molar refraction for the 
sodium D line plus 5% of this molar refraction to 
take care of the atomic polarization. The omis
sion of this added empirical allowance for the ef
fect of atomic polarization should make Wiswall's 
values 0.01 to 0.02 X 10~18 higher than the values 
of Groves and Sugden for the same compounds 
and 0.04 higher than those found by Smyth and 
McAlpine from the variation of polarization with 
temperature.2 

Although the probable error given by Groves 
and Sugden for their results is only 0.01 X 10_ l s 

and that in Wiswall's values is 0.02 X 1O-18, 
greater discrepancies are occasionally apparents 
which are, presumably, to be attributed to 
impurities or to errors in the measurements. 
When the considerable discrepancy between Wis
wall's values for the nitropropanes and those of 
Groves and Sugden for the nitroparaffins was 
noted, nitromethane was measured as a check on 
the accuracy of the determinations. The exact 

(4) Ref. 1, p. 133. 
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agreement of the polarizations found for nitro-
methane with those found by Smyth and Mc-
Alpine6 some years ago makes it appear highly 
probable that the increase in moment from nitro-
methane to nitropropane is about 0.22 X 10-18. 
However, the fact that (CH3)2CHN02 and (CHg)3-
CNO2 have moments indistinguishable from CH3-
CH2CH2NO2 confirms the conclusion to be drawn 
from Groves and Sugden's values for the straight 
chain compounds that the inductive effect of the 
dipoles of the nitro group is not detectable in the 
moments beyond the first two carbons of the chain. 
This is understandable since the carbon-nitrogen 
bond moment is small9 and the large nitrogen-
oxygen bond moments are separated by the nitro
gen from the carbon chain. The small size of the 
inductive effect calculated approximately by 
Groves and Sugden conforms qualitatively to 
these facts, although the observed inductive ef
fect is larger than the calculated. In the cyanides 
the large dipole lying between the carbon and 
nitrogen of the cyanide exerts a considerable in
ductive effect only as far as the /3-carbon. The 
effect beyond this is of the magnitude of the ex
perimental error. The carbon-halogen dipoles 
are about half as large as the cyanide and nitro 
group dipoles and should, therefore, exert about 
half as large an inductive effect upon the 7-carbons 
as the latter do upon the /3-carbons. This is 
evidenced in the increase of moment from ethyl 
to w-propyl chloride, beyond which any further 
increase in moment is no larger than the experi
mental error. The greater and farther extended 
increase in the bromides and iodides was attrib
uted by Groves and Sugden to the effect of the 
chain upon the field of the dipole and, in turn, its 
effect upon the halogen atom. The increase in 
moment from the w-propyl to the ^-propyl chloride 
and bromide and from the normal to the secondary 

(5) Smyth and McAlpine, T H I S JOURNAL, S6, 1697 (1934). 
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to the tertiary butyl chloride is caused, as pre
viously indicated, by increase in the amount of 
polarizable matter within the effective range of the 
principal dipole. The increase is less than would 
be anticipated in view of the increase from the 
methyl to the ethyl compounds, but it must be 
remembered that, in the i-propyl and s-butyl 
compounds, the induced dipoles partially oppose 
one another, while, in ^-butyl chloride, only the 
components of induced dipoles in the carbon-
chlorine axis are effective in increasing the mo
ment of the molecule as a whole. 

Within the limitations imposed by experimental 
error and the uncertainties in the calculations re
sulting from the treatment of the charge distribu
tion as a single dipole located at a point, whose 
exact location is not really known, it is evident 
that the effects of induction may be estimated 
fairly satisfactorily for these compounds. In the 
cases of the alcohols and ethers when two dipoles 
are close together at the oxygen atom, the calcula
tion of inductive effects must be so uncertain as 
to render extremely doubtful the value 2.30 cal
culated by Groves and Sugden7 for the C-O bond 
moment, a value completely out of line with that 
estimated previously and with those of other 
single covalent bond moments.8 The previously 
advanced explanation of the absence of an in
crease in the moments of the aliphatic alcohols 
with increase in the carbon chain as being due to 
the angle of the resultant of the C-O and H-O 
dipoles with the direction of the chain9 may now 
be amplified, the small C-O bond moment value 
0.9 previously calculated6 being used. The small 
C-O moment should induce small moments in the 
carbon chain, tending to increase the molecular 
moment with increasing chain length as in the 
alkyl halides, though to a smaller extent be-

(7) Groves and Sugden, J. Chem. Soc, 1992 (1937). 
(8) Smyth, J. Phys. Chem., 41, 209 (1937*. 
(9) Ref. 1, p. 88. 
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cause of the smaller primary moment. If the 
larger H-O moment 1.5 were located in a irons-
position relative to that of the methyl group in 
ethyl alcohol, it would exert little effect upon this 
group, but, if it were in a cw-position, the not 
inconsiderable moment induced by it should op
pose and tend to reduce that of the molecule as a 
whole. The average effect of the H-O moment 
should come close to compensating the effect of 
the C-O in increasing the moment of ethyl over 
that of methyl alcohol, leaving the two nearly if 
not quite the same, as observed. Branching or 
lengthening of the chain can bring additional 
polarizable matter within the range of the H-O 
dipole in its as-position, where it should de
crease the total moment slightly as apparent in 
Table I. Although there is a small but con
siderable increase in moment on going from acet-
aldehyde to acetone, the absence of any consider
able increase on lengthening the carbon chain 
in acetone is natural in view of the smallness 
of the increase in the cases of the cyanide and 
nitro compounds which have considerably larger 
moments. 

The moment of methyl chloroform should be 
higher than that of chloroform because of the 
inductive action of each of the three C-Cl dipoles 
upon the methyl group. The moment thus pro
duced by each dipole may be estimated to be a 
little smaller than that arising from the action of 
the C-Cl dipole in ethyl chloride upon the methyl 
group, which causes an increase in moment of 
0.18 from methyl to ethyl chloride in Table I. 
Three times this increase or 0.54 is, therefore, 
the maximum increase to be expected in methyl 
chloroform as compared to chloroform, while Dr. 
Wiswall has found an increase of about 0.8. 
Analogous increases are evident in the solution 
values of 2,2-dichloropropane, 1,1-dichloroethane 
and 1,1-dichloropropane10 as compared to the mo
ment of methylene chloride, the increases again 
being a little larger than the estimated and the re
placement of hydrogen by ethyl increasing the 
moment by slightly more than the replacement of 
hydrogen by methyl. The quantitative treat
ment of these increases in moment is too approxi
mate to establish induction as the only cause of 
the increases, but, qualitatively speaking, it seems 
to be sufficient to be the cause. 

A semi-quantitative application of the calcula
tion of inductive effects to the moments of the 

(10) Gross, Physik. Z., 32, 587 (1931). 

fluorochloromethanes11 gave excellent agreement 
between the observed values and those calculated 
on the assumption of 110° carbon valence angles. 
Although electron diffraction subsequently estab
lished the absence of any considerable distortion 
of these angles,12 it also showed the existence of 

X -

resonance with structures of the type H—C=X+ 

I 
H 

contributing to the structures of the molecules. 
The large moment that this structure must have 
would lead one, at first thought, to look for mo
ments in these compounds abnormally high in 
comparison to those of the chloromethanes. If 
the two X atoms are the same halogen, the con-

X + 

tribution of the structure H—CX- would equal 
I 

H 

that of the form given above and the halogen 
charges would thus cancel one another, the only 
effect of this resonance upon the moment being 
the slight change, presumably a decrease, due to 
shortening of the carbon-halogen distance. I t is 
concluded from the interatomic distances that the 
F - C = C l + interaction13 gives 5% double-bond 
character to the C-Cl bonds and that chlorine has 
about one-half the power to form double bonds 
that fluorine has, a statement which will be re
ferred to again in connection with the resonance 
in the halogenated benzenes. This indicated 
predominance of the contributions of the polar 
structures with positive fluorine and negative 
chlorine over those of the structures in which the 
charges are reversed should tend to increase the 
observed moments. Because of the necessarily 
approximate evaluation of the effect of induction, 
such increases could be observed only if they were 
large. For example, the moment 0.45 of CFCl3 

might arise in large part from the greater contribu-
Cl 

tions of structures such as F+=C Cl- as compared 
I 

Cl 
Cl 

to those from structures such as F~ C=C1+> since 
I 
Cl 

the moments of methyl fluoride and methyl 
chloride differ by only 0.04. If such resonance 
were the major cause of the moment, the moment 

(11) Smyth and McAlpine, J. Chtm. Phys., 1, 190 (1933). 
(12) Brockway, ibid., 41, 747 (1937). 
v13) Pauling, "The Nature of the Chemical Bond," 2nd ed., 

Cornell Uniyersity Press, Ithaea, N. Y., 1940, p. 236. 
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of CF2Cl2, in which electron diffraction shows a 
greater shortening of the C-F distances and, there
fore, greater contributions from structures with 
positively charged, double-bonded fluorine, should 
show a considerable increase over that of CFCl3. 
The fact that the moment value 0.51 of CF2Cl2 

exceeds that of CFCl3 by just the 15% calculated 
from the tetrahedral structures of the molecules 
indicates that the effect of resonance on these 
moments is too small to be detectable. Study of 
the effect is complicated by the fact that the di-
pole due to resonance should have its positive 
end toward the fluorine side of the molecule, while 
the dipole arising from difference in induction 
effects should have its negative end toward the 
fluorine side of the molecule. The amount of 
resonance occurring in the fluorochloromethanes 
appears to be somewhat lower than that in the 
vinyl halides and halogenated benzenes, which will 
be discussed later and the effect of the resonance 
upon the moment depends mainly on the excess 
of the contribution of the form with positively 
charged fluorine over that with negatively charged 
fluorine, while, in the vinyl halides and halo
genated benzenes, all the important polar struc
tures have dipoles with their positive ends on the 
halogen. It is evident, therefore, that the mo
ments of the fluorochloromethanes should be af
fected much less by resonance than those of the 
latter molecules and, indeed, the effects should, 
probably, be so small as to be obscured by those 
of induction. 

In the discussion of the moments of the alkyl 
halides, the inductive effect of the primary carbon-
halogen dipole upon the hydrocarbon chain has 
been shown to be sufficient to account for the 
differences in moment among the different chlorides 
and the effect of the chain upon the primary mo
ment has been disregarded. The effect of small 
atomic charge differences on reaction rates has 
been shown by Ri and Eyring.14 The decrease in 
stability of the halides on going from primary to 
secondary to tertiary suggests, although it does 
not necessitate, the possibility of differences in the 
carbon-halogen moments, but the differences must 
be extremely small since the difference of 0.04 be
tween w-butyl and 2-butyl chloride in Table I is 
slightly smaller than, but only a little different 
from what would be expected of the effects of the 
C-Cl dipoles upon the two hydrocarbon groups. 
The value 1.78 found for the C-Cl bond length in 

(14) Ri and Eyring, / . Chem. Phys., S, 433 (1940). 

^-butyl chloride16 differs from the normal value 
1.76 by less than its probable error. The Raman 
frequency corresponding to the longitudinal car
bon-chlorine vibration in the alkyl chloride16 

shows a rough analogy to the dipole moment in 
its variations and the binding constant calculated 
from it seems to parallel the chemical stability of 
the bond. However, mass effects influence this 
frequency and steric effects influence the chemical 
stability. One can only conclude that any change 
in the primary carbon-chlorine bond moment with 
change in the attached alkyl group is so small as 
to escape detection in these investigations. 

As it is thought that the energy of an H-C 
bond on a tertiary carbon atom may differ con
siderably from that of an H-C bond on a primary 
carbon atom,17 and as a rough relation between 
bond energy differences and dipole moments has 
been indicated,8,18 it has seemed possible that iso-
butane might have a dipole moment of the order 
of 0.2 X 10 -18 because of difference in moment 
between the H-C bond on the tertiary carbon 
atom and the other H-C bonds which are all on 
primary carbon atoms. The experimental investi
gation of this problem by Dr. R. H. Wiswall in 
this laboratory was unsuccessful because of the 
difficulty in removing impurities from the iso-
butane. However, the fact that Groves and 
Baker19 have found zero moment for isopropyl-
cyclohexane, which has one H-C bond on a ter
tiary carbon, as also for methyl, ethyl, and t-
butylcyclohexane, indicates that any difference 
in the moment of this H-C bond must be ex
tremely small. The zero moments found for many 
branched chain hydrocarbons could be cited in 
support of this conclusion, but their evidence is 
somewhat less conclusive because of their meas
urement in the liquid state. I t is quite possible 
that the apparent difference in energy of this H-C 
bond on a tertiary carbon atom from that of the 
H-C bond on a primary carbon may arise from 
steric effects involving no detectable charge shift. 

One would anticipate that the moment of the 
H-C bond in hydrogen cyanide would be larger 
than that of an H-C bond in a hydrocarbon be
cause hydrogen cyanide, although a very weak 
acid, has a certain tendency to lose a proton. 
However, methyl cyanide has a much larger mo-

(15) Beach and Stevenson, THIS JOURNAL, 60, 475 (1938). 
(16) Harkins and Haun, ibid., M, 3920 (1932). 
(17) Taylor and Smith, J. Chem. Phys., 8, 543 (1940). 
(18) Ref. 13, p. 68. 
(19) Groves and Baker, J. Chem. Soc, 1144 (1939). 
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TABLE II 

DIPOLE MOMENTS (X 10u) OF CHLORIDES CONTAINING FOURTH GROUP ELEMENTS AND HYDROGEN, ETHYL OR PHENYL 
GROUPS 

(CHS)SCCI 2.15 (CH6)8CC1 1.95 (CH,)2CC12 1.99 
SiH8Cl 1.28 SiH2Cl2 1.17 
GeH8Cl 2.03 (C6Hj)1GeBr 2.5 GeH2Cl2 2.21 
(C2Hs)3SnCl 3.44 (C6Hs)3SnCl 3.30 (C2Hs)2SnCl2 3.85 
(C2Hs)8PbCl 4.39 (C,H6),PbCl 4.21 (C2Hs)2PbCl2 4.70 

ment 3.94 than hydrogen cyanide 2.93, just as 
methyl chloride has a much larger moment 1.87 
than hydrogen chloride 1.04. In their calcula
tions of induction effects, Groves and Sugden7 

have obtained a value 3.00 for the moment of the 
cyanide group in methyl and ethyl cyanide. If 
this were correct and the cyanide group in hydro
gen cyanide had the same moment, as it should 
have approximately, the H-C moment in hydro
gen cyanide, instead of being larger than that in 
the hydrocarbons, would be negative, which seems 
impossible. I t seems much more probable that 
the calculated cyanide moment value is too high 
and that the H-C moment value in hydrogen 
cyanide is small and close to that in the hydro
carbons. Similarly, the slight difference in the 
moments of acetic acid and methyl acetate shows 
the absence of any large abnormality in the H-O 
bond moment in spite of the considerable ionizing 
power of the acid. 

It has been pointed out in previous work20 that, 
if the bond moments depended wholly on intrinsic 
electronegativities of the bonded atoms and were 
uninfluenced by induction, resonance effects and 
possible unknown factors, the moments of mole
cules with four atoms or groups tetrahedrally ar
ranged around a central atom should be independ
ent of the nature of the central atom and should 
depend simply on the differences in electronega
tivity of the attached atoms. The reasons for the 
great departure of the moments of such molecules 
from the mere differences in electronegativity have 
been previously discussed,6,8,20 but recent mo
ment determinations in this laboratory by Dr. G. 
L. Lewis on many alkyl lead halides and by Mr. 
P. F. Oesper on phenyl lead halides, triphenyl-
germanium bromide and triphenyltin chloride 
have so extended the available experimental in
formation on the subject as to warrant further 
discussion. Table II lists the moments available 
from these measurements or from the literature 
for the compounds in which one or two chlorines 
and three or two hydrogens, ethyl groups or phenyl 

(20) Smyth, Grossman and Ginsburg, T H I S JOURNAL, 62, 192 
(1940). 

groups are attached to the four corners of a tetra
hedron with carbon, silicon, germanium, tin or 
lead at the center. Triphenylgermanium bromide 
is listed as the chloride has not been measured and 
the difference between them would not be large. 
We are essentially concerned with the mono-
chlorides, but the dichlorides are listed as con
firmatory evidence. In the absence of inductive 
effects, the tetrahedral structure should give these 
dichlorides moments 15% higher than those of the 
monochlorides. The lowering of their moments by 
induction and the decrease of this lowering with in
creasing size of the central atom and consequent 
increasing separation of the inducing dipoles has 
already been pointed out.20 As values determined 
in solution have been used for all the substances 
except SiH3Cl, SiH2Cl2, GeH3Cl and GeH2Cl2, small 
discrepancies may arise from solvent effects. Also, 
there are unusually large experimental errors in 
the triphenylgermanium bromide measurements 
and in the lead compound measurements because 
of low solubility and conductance of the solutions. 
From what has already been said, it will be evident 
that the replacement of the hydrogens in SiH3Cl, 
SiH2Cl2, GeH3Cl and GeH2Cl2 by alkyl or phenyl 
groups would raise their moments, but the in
creases would not be sufficient to alter materially 
their magnitudes relative to those of the other mo
ments in the table. 

The drop in moment from the carbon to the 
silicon compounds has been explained already21,22 

as due, in part at least, to resonance with contribu
tions to the structure from structures such as 
H 3 Si - =Cl + , these contributions diminishing 
on going from silicon to germanium to tin com
pounds as shown by electron diffraction measure
ments. Brockway and Coop21 have attributed 
the increase in moment with increasing polariz-
ability and electropositive character of the central 
atom Z to a greater effect of these two factors 
upon the large Z-Cl moment than upon the 
smaller Z-C moment. As the moments of the 
monochlorides written in terms of bond moments 

(21) Brockway and Coop, r ron j . Faraday Soc, 34, 1429 (1938). 
(22) Lewis and Smyth, T H I S JOURNAL, 61, 3063 (1939). 
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are (H-Z) + (Z-Cl) or (H-C) - (Z-C) + (Z-Cl) 
and of the dichlorides are 1.15 times this, the ef
fect of such a greater increase of (Z-Cl) as com
pared to (Z-C) or (Z-H) is evident. If, however, 
the bond moment is approximately equal to the 
electronegativity difference between the two 
bonded elements as seems to be true in the case of 
bonds between hydrogen and other elements,8 this 
increase must be attributed to inductive effects 
of the bond dipoles upon the central atom Z, but, 
when Z is more positive than C, the inductive 
effects of the Z-C dipoles oppose those of the Z-Cl 
dipoles and an increase in one should be partly 
cancelled by an increase in the other. Of 
course, differences in the locations of these ideal
ized point dipoles relative to the polarizable matter 
may and, apparently, do alter the relative sizes 
of the inductive effects. Agreement between the 
bond moments and the electronegativity differ
ences calculated from thermal data23 tends to be 
better when, at least, one of the bonded atoms is 
small in size, which means that it has small polariz-
ability. 

The difference in electronegativity as calculated 
from thermal data depends upon the energy of 
separation of the positive and the negative elec
tricity, which also give rise to the dipole moment 
associated with the bond between the two atoms 
in question. If, instead of being idealized as a 
point dipole of moment /u, the charge distribution 
is treated as + e on one nucleus and - e o n the 
other giving rise to dipole moment /J. = ed, where 
d is the internuclear distance, it is evident that the 
energy of separating the charges and, hence, the 
calculated electronegativity difference should be 
proportional to e2/d. Change in atomic size 
may, therefore, affect a bond moment in a manner 
very different from that in which it affects the 
electronegativity difference calculated from ther
mal data. Professor Henry Eyring, who pointed 
out this relationship to the writer, has found that 
the discrepancies between bond moments and 
thermal effects are actually greatly increased by 
the attempt to apply this relationship between 
them. It has been shown6 that there is no ap
parent reason for the closeness of many of the 
actual numerical values of the bond moments to 
those for the electronegativity differences, al
though a rough parallelism should exist. Dis
agreement between the two sets of values and de
parture from this parallelism tends to increase 

(23) Ref. 13, p. 64. 

with increasing atomic size, the bond moment 
tending to become larger than the electronegativ
ity difference. This rough tendency is explicable 
in terms of the effect of increasing interatomic dis
tance in tending to decrease the energy of separa
tion of the charges and, hence, the calculated elec
tronegativity differences. The failure to find any 
general quantitative expression for this effect 
probably arises from the treatment of the charge 
distribution as + e o n one nucleus and - e o n the 
other, when it may more nearly approximate 
several dipoles, the resultant of whose moments is 
the observed moment. Those of the dipoles which 
were relatively remote from one another would 
add to the resultant bond moment without greatly 
increasing the energy of charge separation. 

Except in the case of the silicon compounds and, 
to a lesser extent, the germanium compounds, the 
lowering of the Z-Cl bond moment by contribu
tions from doubly-bonded forms is small. Sub
tracting a rough correction of 0.3 for the H-C bond 
moment from the moment values of the mono-
halides in Table II gives values which should be 
lower limits for the Z-Cl bond moments, includ
ing the inductive effects in Z and the relatively 
small inductive effects in the hydrocarbon groups, 
which should be of the same order as the H-C 
moment. The values should be lower limits be
cause the unknown Z-C moments oppose the Z-Cl 
moments, leaving the observed molecular moment 
as the resultant except for the small effects just 
mentioned. It has been pointed out6 that even 
the lower limit 3.1 of the Sn-Cl bond moment is 
60% as large as the moment of the sodium iodide 
molecule, in which the valence is typically elec-
trovalent. The lower limit 4.1 calculated for the 
Pb-Cl bond is close to the value 4.9 for the sodium 
iodide molecule and about two-thirds that of the 
potassium chloride molecule 6.3, indicating that 
the Pb-Cl bond in this molecule has a large 
amount of ionic character. This is in accordance 
with the high melting points, low solubilities of 
the compounds in benzene, and appreciable con
ductance of their benzene solutions. It is inter
esting to note that the increase in ionic character 
in the Z-Cl bonds with increase in the size of the 
atom Z in these compounds parallels Fajnas' 
rule that the ionic character of an electrovalent 
bond increases with increasing size of the cation. 
It may be mentioned that the corresponding in
crease in covalent character with increasing size 
of the anion is shown in the decreasing moments 
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of the hydrogen halides from HCl to HBr to HI, 
but tends to be obscured in more complicated 
molecules by the effect of increasing bond length 
and the induction effects which have been dis
cussed. 

The lower limit 4.1 found for the Pb-Cl mo
ment is larger than the largest difference in Paul
ing's electronegativity values28 3.3 calculated be
tween the most positive element, cesium, and the 
most negative, fluorine. The electronegativity 
difference 1.5 between sodium and iodine corre
sponds, according to Pauling's curve for the amount 
of ionic character against electronegativity dif
ference,24 to 43% ionic character in the Na-I bond 
in sodium iodide. The sodium-iodine distance 
in the molecules of the vapor has been found by 
electron diffraction measurements26 to be 2.90 A. 
If this molecule consisted of two undistorted ions, 
its moment should be 4.80 X lO"10 X 2.90 X 
10-s = 13.9 X 10~18. If it is assumed that the 
ionic character of the bond is wholly responsible 
for the moment, the amount of ionic character of 
the Na-I bond in the sodium iodide molecule is 
given by the quotient of its observed moment 
4.9 X 10~18 divided by this calculated value 
13.9 X 10-18, which is 4.9/13.9 = 35% ionic 
character as compared to 43% estimated from the 
curve. Similar calculations give results for the 
K-I and K-Cl bonds and for the Ge-Cl, Sn-Cl, 
and Pb-Cl bonds which are summarized in Table 
III. 

TABLE I I I 

AMOUNTS OF IONIC CHARACTER IN BONDS CALCULATED 

FROM DIPOLE MOMENTS AND FROM ELECTRONEGATIVITIES 

Bond 

Ge-Cl 
Sn-Cl 
P b - C l 
N a - I 
K - I 
K - C l 

Mobsd. 

>2.0 
>3.1 
>4.1 

4.9 
6.8 
6.3 

Anionic 

10.6 
11.5 
12.1 
13.9 
15.5 
13.4 

Electroneg. 
difference 

1.3 
1.3 

1.5 
1.6 
2.2 

% Ionic from 
M Electroneg. 

>19 
>27 
>34 

35 
44 
47 

35 
35 

43 
47 
70 

With the exceptions of the K-Cl bond, the 
moment of which, like those in the other two salts, 
is subject to large error because of its determina
tion by the molecular beam method,26 and the 
Ge-Cl bond, the moment of which is somewhat 
lowered by a very small amount of double bond 
character, the two methods give adequate agree
ment, as they should since the amount of ionic 
character in the hydrogen-halogen bonds given 

(24) Ref. 13, p. 70. 
(25) Maxwell, Hendricks and Mosley, Phys. Rev., 62, 968 (1937). 
(261 Scbeffers, Physik. Z., SB, 425 (1934). 

by dipole moments was used by Pauling to estab
lish the relation between amount of ionic character 
and electronegativity difference. I t seems prob
able that the greater lowering of the Ge-Cl bond 
moment by double bond character is insufficient to 
account for the entire difference in the amounts 
of ionic character in the Ge-Cl and Sn-Cl bonds, 
but rather that germanium is a slightly less posi
tive element than tin, in contrast to the identical 
electronegativity values given by thermal data for 
the two elements. 

This approach to the resonance of the bond 
which has been used by Pauling and in obtaining 
the results in Table III assigns all the dipole mo
ment to the contribution of the ionic structure, 
which is treated as undistorted, and tacitly as
sumes that the covalent structure makes no con
tribution to the moment. Wall,27 in a more rigor
ous treatment of the hydrogen halides, has as
sumed the moment of the covalent structure to be 
zero. This is in contrast to the equation of MuI-
liken28 used by the writer in rearranged form, 
which contained a "homopolar dipole term." As 
we have not as yet any means of determining 
separately the "homopolar dipole term" or the 
covalent structure moment and the secondary 
moment induced in the non-bonding electrons, 
the moment will be tentatively treated in our 
further considerations as arising wholly from the 
contributions of rigid ionic structures. This ap
proach, which has given moderately consistent 
results in Table III, will now be applied to an ex
amination of the determination of the amount of 
double bond character by means of dipole mo
ments as compared to bond lengths. 

In order to show the magnitude of the errors 
involved in the calculation of the amount of double 
bond character x from bond length as given by 
electron diffraction measurements, the values of x 
thus calculated for carbon-halogen bonds by 
means of Pauling's table29 from the bond lengths 
tabulated in the literature,30,81 together with 
their probable errors calculated from those of the 
bond lengths, are given for a number of sub
stituted benzenes in Table IV. 

The only monohalogenated benzene for which 
reliable data are available is chlorobenzene, but 
as the variation of x with variation in the number 

(27) Wall, T H I S JOURNAL, 61, 1051 (1939); 62, 800 (1940). 
(28) Mulliken, J. Chem. Phys., 8, 573 (1935). 
(29) Ref, 13, p. 175. 
(30) Brockway, Rev. Modern Phys., 8, 231 (1936). 
(31) Beach, Pub. A. A. A. S., No, 7, p. 88 (1939). 
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TABLE IV 

AMOUNTS OF DOUBLE BOND CHARACTER X IN CARBON-

HALOGEN BONDS IN SUBSTITUTED BENZENES 

C6H6Cl 
0-C6H4Cl2 

W-C6H4Cl2 

^)-C6H4Cl2 

1,3,5-C6H3Cl3 

C6Cl6 

^)-C6H4Br2 

1,3,5-C6H8Br3 

^-C6H4I2 

1,3,5-C6H3I3 

0.15 =*= 0.05 
.10 ± .06 
.15 ± .09 
.15 ± .09 
.15 ± .09 
.12 ± .07 
.05 * .04 
.05 * .04 
.18 * .10 
.10 ± .07 

of halogens is well within the experimental error, 
an average of the values for the polysubstituted 
compounds may be used for bromobenzene, iodo-
benzene, and even for chlorobenzene in Table V 
for comparison with the values calculated from 
the dipole moments. These lat ter are calculated 
by equating the weighted mean of the moments 
of the principal individual contributing structures 
to the observed moment and solving the equation 
for x. The principal structures, their moments, 
and the amount, expressed in terms of x, which 
each is assumed to contribute to the structure are 
as follows: 

mi 
1 - x 

I. 1 - x 

W2 

1/3« 
0.4x 

W2 

1/3« 
0.4* 

W3 

1/3* 
0.2* 

x is obtained by solving the equation I, \x = 
(1 — x)mi + 2/3xw2 + 1/3IWM3, or II, \x = (1 — 
x)w,\ + O.&WZ2 + 0.2xms, where /* is the moment 
observed for the compound in the vapor state or, 
in the case of iodobenzene, estimated for the vapor 
state from its solution value, and m\ is taken as 
equal to the moment observed for the corre
sponding 2-butyl halide, in which the inductive 
effect should be close to that of the monohalo-
genated benzene. The moment of i-butyl fluo
ride, which has not been measured, is estimated 
from consideration of the moments of methyl and 
ethyl fluoride2 and the values for other halides in 
Table I to be 2.05. I t is not unreasonable to assign 
equal contributions to each of the three polar 
forms as in equation I but, as each of the two ortho 
forms might contribute more than the para, their 
contributions are made double that of the para 
in equation II in order to observe the effect of 

changing the relative amounts of the contribu
tions of the polar forms. The results obtained by 
means of equations I and II are listed in Table V 
in the columns headed correspondingly I and II. 

TABLE V 

AMOUNTS OP DOUBLE BOND CHARACTER * IN THE 
CARBON-HALOGEN BONDS IN THE MONOHALOGENATBD 

BENZENES 

C - F 
C-Cl 
C-Br 
C - I 

From: Bond 
lengths 

0.14 
.05 
.14 

I 

0.036 
.030 
.032 
.040 

Moments 
II 

0.040 
.033 
.035 
.044 

It is unfortunate that the accuracy of the elec
tron diffraction measurements is not sufficient to 
distinguish different degrees of resonance existing 
in the different chloro-, bromo- and iodobenzenes, 
for, in the cases of the dipole moments, the ef
fects of resonance cancel one another in the sym
metrically substituted compounds, are practically 
independent of one another in the meta com
pounds, and are obscured by the effects of induc
tion in the ortho compounds. It is evident that 
doubling the ratio of the contribution of the polar 
ortho structure to that of the para structure has 
only a small effect upon the calculated amount of 
double bond character. Indeed, complete ex
clusion of the para polar structure in chlorobenzene 
raises the calculated amount of double bond char
acter only to 0.038. It seems improbable that the 
contribution of the para structure should be in
creased beyond that used in equation I and, if it 
were, the discrepancies between values of x cal
culated from bond lengths and those from mo
ments would be increased. In the case of the 
C-Br bond, the agreement between the values cal
culated from moment and from bond length is as 
good as could be expected in view of the errors 
shown in Table IV. The amount of double bond 
character calculated for the C-I bond from bond 
length exceeds that calculated from moment by 
an amount greater than its probable error, but the 
large discrepancy could still conceivably arise from 
experimental error. The slightly larger discrep
ancy in the case of the C-Cl bond, the length of 
which is more accurately determined than are 
those of the C-Br and C-I bonds, is definitely too 
large to arise from experimental error. Although 
the calculation of the amount of double bond 
character in the C-F bond in fluorobenzene from 
dipole moments is less accurate than those for the 
other bonds because of the small uncertainty in 
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moment value estimated for i-butyl fluoride, it 
appears almost certain that this C-F bond has 
somewhat more double bond character than the 
corresponding C-Cl bond, but not as much more 
as would be expected from the previously men
tioned conclusion, based on the interatomic dis
tances in fluoromethanes, chloromethanes and 
fluorochloromethanes that chlorine has about one-
half the power to form double bonds that fluorine 
has.13 

Hugill, Coop and Sutton82 have made similar 
calculations, but have assumed that the moments 
of the contributing polar structures are reduced by 
induction and have used for their values 0.6 of 
the algebraic sum of the moment of the undis-
torted structure and the primary moment, for 
which the ̂ -butyl halide moment has been used in 
these calculations. This reduction in the mo
ments assigned to the polar structures increases 
the calculated amount of double bond character 
by an amount too small to alter materially the 
large discrepancies evident in Table V. These in
vestigators have, however, greatly reduced, but 
not eliminated, the discrepancies by using the 
smaller moment values obtained by Groves and 
Sugden7 by correcting for induction. They have 
further found that the use of the polar structure 
moments arbitrarily corrected for induction by the 
factor 0.6 gives amounts of double bond character 
for the carbon-halogen bonds in vinyl chloride, 
bromide and iodide and in chloro- and bromoacety-
lene which are in quite satisfactory agreement 
with the values calculated from bond lengths. 
The basis for the use of this factor 0.6 is the attri
bution to inductive distortion of the difference 
between the observed moments of the alkali 
metal halide molecules in Table III and those cal-
cTilated for the pure undistorted ionic structures 
and a somewhat similar difference between a rough 
moment value observed for trimethylamine oxide 
in very dilute solution and the value calculated on 
the basis of a pure ionic bond between the nitrogen 
and the oxygen. As previously indicated, the 
difference in the case of the alkali metal halides 
may be treated in terms of the contributions of 
pure covalent and undistorted ionic structures as 
may that in trimethylamine oxide, which has 
been shown by recent accurate work33 to be 
smaller than supposed by Hugill, Coop and Sutton, 
the observed nitrogen-oxygen bond moment being 

(32) Hugill, Coop and Sutton, Trans. Faraday Soc, 34, 1518 
(1938). 

(33) Linton, T H I S JOURNAL, 62, 1945 (1940). 

4.4, slightly more than 0.6 of the calculated value 
for the undistorted ionic structure 6.5. In these 
structures on which the value of the factor 0.6 is 
based, the ionic charges are on immediately ad
jacent atoms in contrast to the structures of the 
halogenated benzenes where they are on atoms 
separated from each other by one other atom in 
the ortho structures and by three atoms in the 
para structures. There is an, at least formal, 
analogy between these structures and those of the 
dipolar ions for which Wyman34 has calculated 
from experimental data approximate moment 
values in rough agreement with those calculated 
as the product of the ionic charge and the distance 
separating the positive and negative charges. 

It may be concluded that the amounts of con
tributions of polar structures through resonance 
calculated from dipole moments tend to be lower 
than those calculated from interatomic distances, 
although the differences may be reduced by the 
assumption of inductive distortion of the polar 
structures. Although the absolute values of these 
contributions calculated from moments are uncer
tain because of the uncertainties underlying the 
fundamental approach to the treatment, their 
relative accuracy for molecules of more or less 
similar character is considerably greater than that 
of the values obtained from interatomic distances, 
as the differences in moment caused by resonance 
are usually much greater than the differences in 
interatomic distances. 

The writer wishes to thank his co-workers, Dr. 
R. H. Wiswall, Dr. G. L. Lewis, and Mr. P. F. 
Oesper for the use of the dipole moment values 
which they have determined. 

Summary 

Dipole moments determined in the vapor state 
for alkyl chlorides and nitroparamns are used to
gether with those already in the literature to ex
tend or strengthen previous conclusions as to the 
extent of inductive effects in straight and branched 
carbon chains. Differences in chemical reactivity 
between halogens or hydrogen on primary, second
ary and tertiary carbon atoms are not reflected in 
detectable differences in moment. 

The contributions of polar structures con
taining doubly-bonded halogen to the molecular 
structures of fluoromethanes and fluorochloro
methanes should not greatly affect their mo
ments. The effects of these contributions upon 

(34) Wyman, Chem. Rev., IS, 213 (J<)36). 
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the moments are obscured by those of induction. 
Dipole moments measured in solution for halides 

containing lead or germanium are used to calcu
late minimum values for the Pb-Cl and Ge-Cl 
bond moments. These, together with a previously 
calculated Sn-Cl moment, and the moments of the 
sodium iodide, potassium iodide, and potassium 
chloride molecules are used to calculate percent
ages of ionic character in the bonds in fair agree
ment with percentages calculated from electro
negativities obtained from thermal data. 

The dipole moments of the four mono-halo-
genated benzenes are used to calculate the frac-

Introduction 

Electron density projections and Patterson 
interatomic distance vector projections—both 
types obtained by Fourier series summation—are 
becoming increasingly useful in studying the struc
ture of crystals. Yet, although various ingenious 
devices have been utilized for speeding up the 
process, these summations are still quite laborious 
and time-consuming. A faster and more auto
matic method for obtaining a desired projection 
from the appropriate set of structure factors would 
therefore be highly desirable. 

In 1929, W. L. Bragg1,2 described an interesting 
optical and photographic method for making a 
Fourier summation from crystal diffraction data, 
the final result being a photograph representing 
semi-quantitatively the projected electron density 
distribution over one or more unit cells. 

The present paper describes an extension of 
Bragg's method. I t will be shown how the pro
cedure can be made more automatic and much 
faster and how the results can be made more 
quantitative. 

The Method 

In principle, the method is very simple. Suc
cessively, onto a single photographic film or paper, 

* Presented at the Fifth Annual Symposium of the Division of 
Physical and Inorganic Chemistry of the American Chemical Society, 
Columbia University, New York, December 30, 1940 to January 1, 
1941. 

U) W. L. Bragg, Z. KHst., 70, 475 (1929). 
(2) W. L. Bragg, "The Crystalline State," The MacmiUan Co., 

New York, N. Y., 1934, p. 229. 

tions of double bond character in the carbon-
halogen bonds in these molecules. The results are 
lower than those obtained from the carbon-
halogen bond lengths given by electron diffrac
tion. It is concluded that the absolute accuracy 
of the amounts of resonance contributions calcu
lated from dipole moments is uncertain, though, 
in some cases, at least, the values are close to those 
given by interatomic distances. However, the 
relative accuracy of values obtained from moments 
for more or less similar substances is greater than 
that obtained by the use of interatomic distances. 
PRINCETON, N. J. RECEIVED OCTOBER 8, 1940 

exposures are made—one for each Fhk0 value—in 
which the product of light intensity at a point 
x,y times the time of exposure is given by the 
equation 
Ehk = Ihkhh = Ki[\Fm\ + Fm cos 2v(hx/a + ky/b)] 

(D 
Here, h and k are the indices of the X-ray reflec
tion concerned, a and b are unit distances on the 
projection, and kx is an arbitrary proportionality 
constant, the same for all the exposures. For the 
total exposure 
E = 2£ftt = K{L\Fm\ + K1S1FhK1 cos 2r(hx/a + ky/b) 

(2) 

The second term on the right side of Equation 
(2) represents the desired density distribution. 
The first term, KiZ\Fhk0\, produces an unwanted 
uniform background over the whole photograph. 
This background, however, can, to a large extent, 
be eliminated, as will be shown. 

Bragg projected through a single photographic 
plate, on which was a set of alternating light and 
dark bands, the transmitted light varying approxi
mately in proportion to (1 + cos 2 imx) in the 
direction perpendicular to the bands. For each 
exposure, both the distance, r, from the plate in 
the projector to the projection paper and their 
relative orientation were suitably changed. The 
exposure time was made proportional to r2{Fhk0\. 

In the present technique, two separate films or 
"hk masks," in which the bands are properly 
spaced and oriented, are prepared, once for all, for 
each pair of hk values. (One is for use when Fhk0 
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